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Abstract

Isolated Fe-sites on silica substrate have recently been reported for direct and non-oxidative
conversion of gaseous methane with high selectivity. The activated catalyst was proposed to be
FeCsy cluster embedded in silica. Using a combination of density-functional theoretic methods
and micro-kinetic modeling, we show that under the same reaction conditions (1223 K, 1 atm)
FeCs sites convert to FeCs and the latter is instead responsible for the observed activity. We
investigate the detailed mechanism of conversion of methane to methyl radical and hydrogen
on FeC3@QSiOs under different conditions of methane partial pressure. We find that methyl
radical evolution is the rate-determining step for the overall conversion. Our calculations also
indicate that the conversion of embedded FeCjs to FeCy4 competes with methyl radical evolution
from the active catalyst. However, due to the higher stability of FeCs sites, we anticipate that
formation of higher carbides can be inhibited by controlling the hydrogen partial pressure.

Introduction

Ever growing demand of methane as a cleaner
alternative to the traditional non-renewable en-
ergy sources, such as coal and oil, and as a
feedstock material for other useful chemicals, '
such as olefins and aromatics has been con-
stantly propelled over the decades, thanks to
continuing discovery of its new potential reser-
voirs in the form of natural gas, shale gas and
gas hydrates. Given the typically remote loca-
tions of such sources, transportation in the gas
phase has serious drawbacks in terms of safety
and economics. An established way to tackle
this problem is by inducing a phase change
to produce liquefied natural gas. However, an
even more attractive route can be opened up if
methane can be chemically converted into other
high-density, high-value chemicals.

Methane conversion to other valuable mate-
rials is conventionally realized by an indirect
route ,*% involving formation of the intermedi-
ate syngas (CO-+H;). The overall process, how-
ever, takes place through various energy inten-
sive intermediate steps, leading to high opera-
tional cost. A potentially cheaper, eco-friendly,
but currently challenging, alternative route is
the direct conversion of methane ™® to other
hydrocarbons. The main bottleneck is its sta-
bility, with the energy required to break the first
C-H bond equal to almost 104 Kcal/mol. The
high activation energy of methane comes from
its highly symmetrical geometry and non-polar
nature, which makes it both poor electron ac-
ceptor and donor.

Nevertheless, owing to its huge potential,
both theoretical as well as experimental efforts
over the past few decades have aimed at design-
ing new catalysts which can be used effectively
to facilitate CHy activation.? In this regard, the
catalysts based on noble materials like Pt, Ru,
Au, Ir and Ag have been shown to exhibit ex-
cellent activity as well as reasonable selectivity
towards the formation of desired products .08
However, their high cost and susceptibility to
deactivation, especially at higher temperatures,
hinder their industrial scale utilization. Possi-
bly due to these drawbacks, currently catalysts
designed using cheap and easily available first-
row transition metals,!® 2! such as Fe and Cu,
are gaining prominence.

Single atom catalysts (SACs), a relatively
new class of catalysts, consist of well dispersed
metal atoms or their small clusters with same
or different material atoms are embedded in or
adsorbed on different support materials.?? As
shown in various studies, carefully chosen sup-
port materials can vitally modulate overall ac-
tivity of the catalyst.?3?* In comparison to the
traditional heterogeneous catalysts which con-
tain different kinds of catalytic activity centers,
SACs provide isolated, uniform and well char-
acterized catalytic activity centers which lead
to better activity and selectivity.

In a recent seminal work, Guo and co-
workers?® have synthesized a new catalyst for
methane activation, which exhibits very high
selectivity towards ethylene and aromatic for-
mation. The catalyst was formed by fusing
quartz with ferrous meta-silicate at elevated



temperature, followed by leaching with aqueous
HNOj. The catalyst was shown to convert 48.1
% of methane without any formation of coke or
COs. Further, the catalyst was found to be very
stable, able to work up to 60 hrs without any de-
activation at 1293K. The catalyst was reported
to contain isolated iron carbide (FeCy) clusters
embedded in silica matrix (FeCy@Si0O,), in the
activated form, which was argued to be critical
towards suppression of coke formation.

Recently, a combined experimental and com-
putational study,?® in which reactivity of vari-
ous iron-carbide cluster anions (FeC;) towards
methane was investigated in high tempera-
ture conditions (300K-700K), has revealed that
FeCy cluster is much more active than FeC; .
Based on these works, it is of interest to in-
vestigate stability as well as catalytic activity
of different iron-carbide clusters embedded in
SiOy framework.

In the present study, we provide a detailed
and systematic discussion of the CH; decom-
position pathways over the silica embedded
FeCjs catalyst. The complete reaction proceeds
through various elementary reaction steps, each
one consisting of intermediates and transition
states. We calculate the energy of different
possible states along the reaction network and
construct associated potential energy surfaces,
which clearly illustrate the possibility of inter-
conversions taking place during the reaction.
Aided by microkinetic modeling, this analysis
enables us to explore the activity of FeCy@SiO,
and FeC3@Si0O, towards the methane decompo-
sition.

Our analysis also renders the formation of
other higher analogues of iron-carbide clusters
in the reaction conditions less likely, thus sub-
stantiating the absence of coke formation dur-
ing the reactions. By re-examining the C-
H activation reactions on the previously re-
ported FeC,@QSiO, catalyst, we are also able to
predict in situ formation of FeC3@SiO, from
FeC,@SiO4 through a favorable path that was
not considered in the earlier study.? Thus,
the experimentally observed catalytic activity
may not be exclusively due to FeCyQSiO, as
previously claimed. Further, we compare the
activities of the two systems and show that

the sequential C-H activation barriers of two
methane molecules (where two CH4 molecules
are used to ensure full catalytic cycle) are
higher for FeC3@Si0O4 than FeC,@SiO, whereas
methyl radical and hydrogen evolution pro-
cesses are kinetically and thermodynamically
more favourable in case of FeC3@SiO,. In
essence, this analysis underlines the importance
of in situ formed FeC3;@SiO, sites in the over-
all observed experimental activity of the iron
carbide clusters towards methane conversion.

Computational details

In the present study, all calculations were
performed using Vienna Ab Initio Simulation
Package (VASP),?" 3% with the generalized gra-
dient approximation (PBE)3! used to describe
the exchange-correlation interactions. In the
calculations, ionic cores were described by
projector augmented wave (PAW)3233 pseudo-
potentials and electron wave function was ex-
panded using plane waves with an energy cutoff
of 800 eV. Spin-polarized calculations were per-
formed due to the presence of Fe atom in the
system.

Similar to the previous study,? an O ter-
minated (001) surface of crystalline silica ((-
tridymite phase, due to its stability in the given
temperature range) was taken as support ma-
trix and the catalyst surface (FeC3@QSiOy and
FeC,@Si0,) was constructed by substituting
one of its surface SiO3 unit with FeCqy or FeCs
clusters, while saturating dangling bonds asso-
ciated to surface O atoms with H atoms (see
Fig. 1).

A three-layer slab of SiOs, periodically re-
peated in v/3 x /3 supercell geometry with the
vacuum region of > 20 A between two succes-
sive slabs was used. The lattice parameters of
the passivated slab were optimized. The opti-
mized lattice parameters are in good agreement
with experimental lattice parameters (see SI).
To study the reaction on FeC, cluster embed-
ded silica surface, one bottom layer was kept
fixed, whereas top two layers were allowed to
relax. Geometry relaxation calculations were
carried out by using conjugate-gradient algo-



rithm.3* For geometry optimization and tran-
sition state search calculations, a 3 x 3 X 1
['-centered Monkhorst-Pack k-point mesh was
used to sample Brillouin zone.

Transition states (T'Ss) associated to differ-
ent elementary reactions were obtained us-
ing Climbing Image Nudge Elastic Band (CI-
NEB)?% and Dimer schemes.?” In NEB cal-
culations, spring constant between two adja-
cent intermediate images was taken equal to
5.0 eV/A. A quasi-Newton algorithm,?® as pro-
vided with VTST tools,? was used for opti-
mization of NEB images. All the transition
states (intermediates) were further verified via
frequency calculations, which yield single (no)
imaginary frequency. In reactions steps cor-
responding to evolution, TSs were estimated
from enthalpy change of the reactions. The
Hellmann-Feynman force threshold for opti-
mization and transition state calculations were
taken as 0.001 eV/A and 0.01 eV/A, respec-
tively. Additionally, energy convergence thresh-
old were taken to be 107® eV and 107% eV for
the two calculations, respectively. The total en-
ergy convergence with respect to various crucial
parameters such as energy cutoff, k-point grid
and vacuum size was affirmed before performing
actual calculations. Graphics of all the struc-
tures, charge density isosurfaces were created
using VESTA .40

The adsorption energy of methane molecule
over the catalyst was calculated by using the
definition E,qs = EcH,—Fec,asio.) — Lo, —
E(pec,asio,), where Ecp,—rec,asi0,), Ecm,
and E(rec,asi0,) are the total internal energies
of absorbed system, isolated methane molecule,
and the catalyst, respectively. In order to ana-
lyze charge transfer during elementary reaction
steps Bader charges and electron density dif-
ferences were calculated. The electron density
difference was calculated as Ap = pap—pa—ps,
where pap(pa/ps) is the electron density of
structure AB (A/B), and AB is the combina-
tion of A and B, formed either by adsorption or
embedding of one into other.

Energy values of various intermediates and
TSs, as reported in the results and discus-
sion section, are Gibbs free energies calculated
with respect to a reference state consisting of

the catalyst (IS) and two isolated methane
molecules. Additionally, the absolute free en-
ergy of a given species is calculated using defi-
nition G = E+ZPFE—-TS, where F/, ZPFE, and
S are associated internal energy, zero point en-
ergy, and entropy, respectively, and T is the re-
action temperature. The entropies of gas-phase
species were taken from literature.*! However,
in the subsection describing methane adsorp-
tion, energies E,4s are reported in terms of in-
ternal energies to make an explicit comparison
with earlier studies.
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Figure 1: Ball and stick model of (a) Side view,
(b) Top view, and (c) Active site of the initial
geometry of the the catalyst

To better interpret the energetics of the var-
ious reactions we modeled the kinetics of the
system. We calculated the rate constants of
all the reaction steps, except the adsorption of
methane, using the following expression:

kgT A
k= BTeXp {_1613_(71 . (1)

The rate constant of the methane adsorption
depends on the methane partial pressure at the
adsorption site and the size of the site,*? which
is difficult to know under actual reaction con-
ditions. We, therefore, determined the kinetics
as a function of the rate constant of methane
adsorption and varied that over many orders
of magnitude. We used the functions for solv-
ing sets of stiff ordinary differential equations
from Matlab for the rate equations.*® By look-
ing at large times, all the steady-state proper-
ties, such as relative concentration of all struc-



tures and the rates of all reactions, could be
determined. We also did a simple sensitivity
analysis by reducing the rate constants of the
forward and reverse reactions for each reversible
processes. Irreversible processes were treated as
a reversible process with a reverse reaction rate
constant equal to zero. (Note that changing
the rate constant of only a forward or only a
reverse reaction would effectively mean a viola-
tion of the conservation of energy.) By looking
at how this changes the kinetics we could de-
termine the rate-determining reactions.

Results and discussion

The overall reaction procedure described here
consists of successive activation of two methane
molecules, where each activation takes place
through the following three reaction steps: (1)
methane adsorption on the catalyst surface, (2)
transfer of one or more H atoms from methane
to the C atoms of FeCj consequent to C-H
bond breaking, and (3) methyl radical evolution
(i.e. release of methyl radical from the surface
into gas-phase and assuming C, formation via
methyl radical evolution in gas-phase). An ad-
ditional step that completes the reaction and re-
generates initial catalyst surface, is the eventual
H, evolution. These reaction steps, with the
various alternative pathways contained therein,
are presented in this section, subsequent to de-
scribing structure and stability of the active
site. In addition to this, some important states,
such as adsorbed states of the two methane
molecules and the transition states (T'Ss) in-
volved in the C-H bond breaking, are described
explicitly and compared with the available lit-
erature in the present section. For brevity,
adsorption of the two methane molecules and
the geometries of these transition states are de-
scribed together in separate subsections.

In the description, initial state, intermedi-
ates, and TSs are denoted by symbols IS, I
and FS, and TS, respectively, with each sym-
bol suffixed and prefixed (as superscript) by dif-
ferent numbers representing their order in the
overall reaction and associated spin states, re-
spectively. TSs estimated from enthalpy change

calculations are represented by an additional
asterisk (*) symbol. To distinguish between
the pathways initiated from FeC,@QSiOy and
FeC3@SiO,, symbols for the initial state, in-
termediates, and TSs are prefixed by r in the
former case. The numbers in red superscript
represent the spin multiplicity of corresponding
states.

All the significant elementary reaction steps
associated to methane activation on FeC3@QSiO,
are listed in Table 1, while the associated reac-
tion pathways and energy surfaces are provided
in Figs. 3 and 4. Note that same color code is
used in the two Figs. 3 and 4, and in Table 1
for representing various reaction steps. Similar
information describing activity of the catalyst
FeCy@Si0O, is given in the Figs. 6, 7 and 8 and
Table S1 in supplementary information.

Structure and stability of active
site

As reported previously, ?® lattice confined single
Fe sites embedded in SiO, matrix can be con-
verted into corresponding FeC, sites on treat-
ment with CH, at elevated temperature. In our
study we find that, under the same reaction
conditions (1223 K), conversion of FeCs, site
into corresponding FeCj site is also thermody-
namically as well as kinetically favorable. De-
tailed discussion for in situ conversion of FeC,
sites into FeCs sites at SiO, is provided later in
this section.

Geometry of an active site of the catalyst
containing of FeC; embedded in SiO, matrix
(FeC3@Si0,) is shown in Fig 1. During FeC,
to FeCs conversion, a new C atom is inserted
between the two C atoms of FeC, resulting in
a fan-like geometry. Bond distances of Fe with
two terminal C atoms (Fe-C;;, Fe-Ci2), and one
middle C atom (C.) are 1.925, 1.923 and 1.922
A, respectively. We find that in FeCs@SiO,,
net excess electronic charge on the FeCz moiety
is -1.19 e making it structurally and electron-
ically similar to the gas phase FeC3 species.?
The charge density difference plot shows (see
Fig 2) that this excess charge is transferred from
neighboring Si atoms of the support to terminal
C atoms. The FeC3@SiO, catalyst is in quartet



Figure 2: Active-site geometries and resulting
charge density differences during embedding of
FeCj3 into SiO, support |*IS,; (a) and (d)], dur-
ing adsorption of first [*I1, (b) and (e)| and sec-
ond methane molecule [*I2, (c) and (f)] on the
catalyst surface FeC3@QSiO,, respectively. Yel-
low (blue) color represents region of charge ac-
cumulation (depletion). Isosurface value used
is 0.005 a,® where ap is Bohr radius. The
solid spheres represent the atoms: Si (blue), C
(black), Fe (golden), O (red) and H (white).

state with all its unpaired electrons primarily
located on the Fe atom.

CH, Adsorption

Overall reaction starts with the adsorption of
methane molecule on the active site of catalyst.
During adsorption, methane binds through its
C atom (Cy,) to Fe atom of the catalyst with
two of its H atoms (Hx and Hg ) pointing to-
wards the catalyst surface. Fe-C,,, Fe-H, and
Fe-Hp bond distances are equal to 2.79 A, 2.36
A and 249 A, respectively. As a result of
adsorption, intramolecular bond distances be-
tween C and H atoms slightly elongate from
1.09 A to 1.10 A. The H-C-H bond angle di-
rected towards the surface (Ha-Cp-Hp) and
towards vacuum (H¢-Cp-Hp) are 112.35° and
110.94°, respectively. The adsorption energy of
a methane molecule is -0.09 eV. During adsorp-

tion, a small amount of electronic charge (0.009
e) is transferred from the CH, to surface.

After the second CH, adsorption, C,,-Fe, Fe-
Ha and Fe-Hp bond distances are 2.32 A, 1.85
A, 2.15 A, while the Cp,-H bonds closest to the
surface are elongated to 1.13 A(Cn-Ha) and
1.11 A(Cp-Hp), respectively. In this case, elec-
tron density builds up in the region between C
and Fe atoms. This electron density redistri-
bution during adsorption leads to the change
of multiplicity from quintet to triplet. How-
ever, overall charge transfer from CH, to the
catalyst is 0.03e and adsorption energy is -0.07
eV, which is similar to corresponding values in
first methane adsorption. Bader charge analysis
of both adsorption processes indicates that the
CH,4 molecule and embedded FeC3 moiety lose
electron charges of 0.009 e and 0.022 e during
first adsorption, and 0.033 e and 0.03 e dur-
ing second adsorption to SiOs substrate. This
is also confirmed by the gain of corresponding
charges by silica support during first and sec-
ond methane adsorption. Therefore, it can be
said that the silica support plays electrophilic
role in adsorption processes.

In general, on transition metal surfaces, stick-
ing properties of methane are found to be
very low. Therefore, particularly in high tem-
perature reaction conditions, methane activa-
tion is assumed to take place through dissocia-
tive adsorption,* in which colliding methane
molecules with kinetic energy greater than the
associated reaction barrier undergo a direct C-
H bond rupture without any intermediate re-
orientation.

At this point, it is also important to mention
that in some previous studies where methane
adsorption takes place directly over the Fe'
containing active sites, adsorption energies have
been found to be larger?:#546 than those com-
puted here. However, unlike these studies, Fe
atom does not behave like an electrophile in the
present context, which is evident from the al-
most equal charge densities on the Fe atom be-
fore and after both first (-0.70 e and -0.75 e)
and second (-0.69 e and -0.63 ¢) methane ad-
sorption. Furthermore, in the present scenario,
the small adsorption energy observed can also
be attributed to geometrical frustration arising
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Figure 3: Elementary reaction pathways which can contribute significantly in the overall reaction.
Discontinued reaction branch I1—I1" can be ruled out on the basis of energy considerations. TSs
of some evolution reactions, which are estimated from associated enthalpy change, are not shown
in the figure. The numbers in red superscript are the spin multiplicity of corresponding states.

due to embedding of FeCj in silica support.

First methane activation

As a result of dissociative adsorption, gas phase
methane molecule (‘IS) transfers its H atom to
one of the two terminal C atoms (Cg; or Cyg)
of embedded FeC3 moiety. However, transfer
of H atom to Cy; is thermodynamically more
favourable than to Ciy by 0.11 €V. Reaction en-
ergy and transition barrier (YTS1) of this H-
transfer step with respect to *IS state, are es-
timated as 2.49 eV and 3.54 eV, respectively.
The alternative possibility involving transfer of
methane H atom to middle C atom (C.) of FeCj
led to an unstable intermediate geometry and,
hence, was not considered further.

After H-transfer step has taken place,
CHse evolves in an exergonic reaction step
(12 — 5FS1, -1.37 V), with an associated re-
action barrier equal to 1.96 eV. Methyl radical
evolution at the end of first methane activation
reaction step makes the Fe site available for
adsorption of another methane molecule.

An alternative pathway to the CHgze evolu-
tion step involves transfer of another H atom
from the attached methyl group in 12 to one of
the three C-atoms of FeCs, leading to an inter-
mediate, having a CHy group bonded to Fe and
two H atoms bonded to either same or different
C atoms of FeCs. 2FS1’ is one such interme-
diate, in which both transferred H-atoms are
attached to the same terminal C atom. Other
possible alternatives are those in which the two
H atoms are transferred one by one to each of
the two terminal C atoms of FeC3 (*FS1") or to
one terminal and one middle (FS1”) C atoms.
Intermediate FS1” is not shown in the Fig 3.

Reaction energies for the formation of in-
termediates 2FS1’ and 2FS1” from ?I2 state
are estimated as 0.29 eV and 0.69 €V, respec-
tively. These intermediates are important as
they can act as precursors to the formation
of FeCy from FeCj3 through two successive Hy
evolution steps, one from CH, group attached
to Fe atom and one from the C atoms of
FeCs. Asis evident from the estimated reaction
energies (see Fig. 4(b)), these reaction steps



are themselves thermodynamically unfavorable
with respect to the competitive reaction, i.e.
methyl radical evolution, under the given re-
action conditions, thus inhibiting formation of
FeC,@Si0,. However, energy barriers for 2FS1’
(0.89 €V) and ?FS1” (1.38 eV) formation are
smaller than the CHse evolution barrier to form
’FS1, suggesting that the 2FeC,@SiO, forma-
tion through these intermediates is kinetically
favourable over CHze evolution. If the forma-
tion of higher carbides by dehydrogenation of
methane continues then coke formation is ex-
pected at the silica surface.

Second methane activation

Second methane activation takes place in the
same manner as the first one, i.e. during re-
action, gaseous methane molecule transfers its
H atom to one of the C atoms of FeCs moiety
through a weakly adsorbed intermediate state.
Depending on which of the C atoms — Ciq,
Ci2 and C, — receives the H, this yields one of
the three possible intermediates, 314, *14a’ and
314a”, respectively.

Reaction energies and transition barriers for
the reaction FS1— 314 are estimated to be 3.32
eV and 3.60 eV, while those for °FS1— 314a’ are
3.01 eV and 3.88 ¢V. It is evident that, under
the given reaction conditions, both these ele-
mentary reaction steps contribute significantly
to the overall reaction. However, the third pos-
sibility of H-transfer, >’FS1— 314a”, has reaction
energy of 3.79 eV, almost equal to the transition
barriers of its alternatives, making it less likely
to occur (see 4(d)).

Subsequent to the H-transfer step, second
methyl radical evolution from the catalyst sur-
face takes place. Similar to the first methyl
radical evolution, the three possible evolution
steps (’14 — 1FS2, 3Mda’ — 16a’, *14a” —
115a”) are also exergonic with reaction ener-
gies of -1.52 eV, -1.44 €V and -1.53 €V, respec-
tively. The associated transition barriers are
1.81 eV, 1.89 €V, and 1.82 eV, respectively. Al-
ternatively, a second H-atom from the methyl
group could be transferred to one of the three
C atoms of FeCsz. The rupture of C-H bonds
of CHge in 314 and 3I4a’ involve activation bar-

riers of 1.80 eV and 1.20 eV, respectively lead-
ing to the formation of 'FS2b’ which eventu-
ally forms 2FeC,H@SiO, after two successive Hy
evolutions (see Fig. 4(c)).

Transition state geometries associ-
ated to C-H activation

As shown in the previous studies,*” in transi-
tion metal catalyzed methane activation reac-
tions, it is the deformation of methane during
adsorption which paves path for eventual C-H
bond scission through transition state. In the
present study, the transition states TS1, TS3
and TS3a’ are associated to this class of transi-
tions states where C-H bond scission takes place
as a result of CH4 adsorption. Other transition
states, such as TS2', TS2” and TS3b, TS3b’
are associated with C-H bond scission of methyl
group bonded to Fe.

The geometries of the different T'Ss are shown
in Fig. 2 and important structural parame-
ters characterising these are listed in Table 2.
In congruence with earlier studies,*® all three
TSs can be conveniently characterized as late
TSs, given their structural similarity to the
corresponding final rather than initial states.
This becomes evident when considering (a) well
elongated C-H, bond-distances as compared to
those in methane molecule and, (b) short Fe-C,,
and Fe-H, bond distances, comparable to those
in optimized geometries having direct Fe-CHj
and Fe-H bonds, in the TS structures. Another
characteristic feature that is ubiquitous in the
computed TSs is that both the reacting H atom
(Ha) and CHjy are attached to the Fe atom.

H, evolution and catalyst regener-
ation

Major intermediates *FS2 and “I6a’, formed
as a consequence of H-transfer followed by
CHge evolution through two different pathways,
undergo Hy evolution reactions that eventually
lead to the regeneration of initial catalyst.

H, evolution from *FS2 takes place in three
consecutive intermediate steps. In the first step
(*FS2 — “I5), one of the two H atoms at-
tached to the terminal C atoms of FeC3 moves



Table 1:

been estimated by enthalpy of associated reactions (evolution reactions) are shown by entries ‘ — 7,

Various elementary reaction steps with associated free/internal energy barriers
(Ga(1223K)/E,) and reaction free/internal energies (AG (1223 K)/AE). Those reaction barriers
which either do not exist or have not been calculated (in insignificant reaction pathways), or have

NA, and G,*, respectively.

Y

Sr. No.  Elementary step E.(eV) AE (eV) G, (eV) AG (eV) Remarks
1 41S+2CH, — *I1+CHy - -0.09 - 3.46 1st CH4 adsorption
2 411+CH4 — *I2+CH,4 0.23 -1.01 0.08 -0.96 H-transfer from CHy
to FeC3 C (Cy)atom
3a 419 CH, — 5FS1}CH,+ CHge - 2.31 1.96* 1.37  CHze evolution
4a 5FS1+CHsze+CH, — 313+ CHse - -0.07 - 3.52 second CH, adsorption
5a 3[3+CHz*— 314+CHgze 0.24 -0.19 0.09 -0.20  H-transfer from CHy
to FeC3 C (Cyz)atom
6a 314+CHze— 4FS2+2CH3 - 2.17 1.81%* -1.52 Second CHz® evolu-
tion
Ta 4FS24+-2CHse— “I5+2CH3e 0.16 0.09 0.003 0.08 H-transfer from C;s to
Fe
8a, 4154+2CHg*— *16+2CHge 0.04 -0.07 -0.10 -0.09 H-reorientation on Fe
9a, 416+2CH5*— “IS+H,+2CH3e - 1.82 1.48* -0.70 Hs evolution
3b 4124+ CH, — 2FS1’+CHy4 1.07 0.26 0.89 0.29 Transfer of 2nd H of
CHy to (Cyy) of FeCy
4b 2FS1’4+CHy4 — 214’+H,+CHy — 2.40 2.03 -0.15 H, evolution
5b 214’+Hs+CHy — 2FeC4@SiO4 1.22 0.86 -1.32 Hs evolution
+2H5+CHy
3c 4124+ CH4 — 2FS1”+CHy 1.53 0.70 1.38 0.69 Transfer of 2nd H of
CH4 to (Ctg) of F603
4c 4FS1”+CH4 — 214" +H,+CH, - 1.61 1.26 -0.93 Hs evolution
5¢ 214" +H,+CHy — 215"+H,+CHy NA -0.17 NA -0.18 H-reorientation on Fe
6¢ 215" +Hy+CHy — 2FeC4@SiO, — 1.74 1.42 -0.77 Hs evolution
+2H5+CHy
5d 313+CHse— 3I4a’+CHge 0.54 -0.52 0.37 -0.51 H-transfer from CHy
to FeC3 C (Cy1) atom
6d 314’ + CHzo— 416a’ + 2CHz® - 2.23 1.89% 144  CHge evolution
7d 4162’ +2CHzo— *IS+H,+2CH;e - 2.11 1.69%* -0.49 Hs evolution
5e 3134+ CHje— 314a” +CHge NA 0.29 NA 0.27 H-transfer from CHy
to FeC3 C (C.) atom
Ge 314a”+ CHge— 2I5a’+2CH;e - 2.15 1.82* -1L53 CHse® evolution
Te 2152 +2CHge— 4IS+Hy+CHge — 1.39 1.00%* -1.18 H, evolution
6f 314+CHge— 'FS2b/+CHge 1.97 -1.47 1.81 0.53 Transfer of 2nd H of
methane to (Cy) of
FGC;g
6g 314a/ +CH3e— 'FS2b/+CHge 0.99 0.84 1.20 0.84 Transfer of 2nd H of
methane to (Cu) of
Fng
7t (7g) IFS2b/ + CHse— 15/ + CHse-+H, - 1.35 0.93 -1.25 H, evolution
8f (8g) I5b +CHse+Hy — 'FeC,H@SIO, - 1.81 1.49 -0.69 H, evolution
—+ 2H2+CH3'
7h 4FS2+4 2CHse— 215a” +2CHse NA 0.45 NA 0.47 H-transfer from Cis to
C. of FeCs
8h 2152 +2CHso— 4162’ +2CHge® NA -0.72 NA -0.69 H-transfer from C. to
Ctl of F603
9h (7d) *16a’ +2CHz®— *IS+Hy+2CHze® - 2.11 1.69 -0.49 Hs evolution
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Figure 4: Detailed free energy surface showing various elementary pathways which can contribute
to the overall reaction: (a) energy surfaces shown in black and blue color represent two pathways
- R1 and R2 - (also highlighted in other subfigures for comparison) which contribute significantly
in the overall reactions, (b) energy surfaces which may lead to formation of FeC,@SiO,, (c) energy
surfaces which lead to FeC,H@QSiO, formation, and (d) a less significant pathway that leads to C-H
activation. Solid ( broken ) bold horizontal lines represent various intermediates (TSs). Active site
geometries of intermediates/T'Ss are shown in the vicinity of the corresponding energy levels. The
T'Ss marked with an additional asterisk (*) symbol are estimated by associated enthalpy change of
the reactions, and hence, no active site geometries are shown in such cases. The difference in free
energy of the initial and final states of the overall reaction corresponds to the reaction free energy
of the reaction under the reaction conditions of 1223 K and 1 atm: 2CH, — 2CH3* + H,.
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Table 2: Important bond-distances and bond-angles of the T'Ss associated to the elementary relation
steps involving C-H bond breaking, CH; — CH3+H

Bond Distance (A)

Bond Angle (°)

Fe—Cm Fe—HA Cm—HA Cm—Fe—HA

TS1 1.95 1.54 2.96 115.74

TS3 2.06 1.52 1.53 47.64

TS3a’  2.01 1.51 1.62 52.63

TS2  1.72 1.53 2.38 93.49

TS2”  1.78 1.46 2.07 79.00

TS4b  1.80 1.57 2.51 95.97

TS4b  1.68 1.50 1.58 59.43
electronic enthalpy (DFT energy) is smaller in
Hy o’}* magnitude than the negative changes in ZPE
4 and thermal correction to enthalpy at 1223K.
As a consequence, the H-rearrangement reac-

TSl 183 83 tion becomes barrierless.

(a) Alternatively, the intermediate *I6a’ under-
goes one step Ha-evolution reaction (*16a’ —
%\ : R 41S), in which CHy group yields its H atoms in
e \ ° § % the form of Hy molecule, leading to the regen-
H ‘*{. eration of initial state. Transition barrier and
_— — T4b TS4b' reaction energy of this reaction are estimated
(b) as 1.69 eV and -0.49 eV, respectively (see Fig.

Figure 5: Transition states associated to ele-
mentary reaction pathways involving C-H bond
rupture. (a) TS1, TS3 and TS3a" are associ-
ated to reactions 2, ba and 5d in Table 1, re-
spectively; (b) TS2', TS2”, TS4b and TS4b' are
associated to reactions 3b, 3¢, 6f and 6g in Ta-
ble 1, respectively.

to Fe atom (*I5). In the second step (*I5
— 416), H atom transferred to Fe atom re-
orients itself to come in proximity of the H
atom attached to Ci;. Then, in the final step
(*I6— “IS), these two H atoms evolve as the Hy
molecule, giving back the initial state “IS. As-
sociated reaction energies of the H-transfer, H-
rearrangement and Hs-evolution reaction steps
are estimated as 0.004 eV, -0.08 ¢V and -0.71
eV, respectively, whereas the corresponding re-
action barriers are 0.003 eV, -0.10 eV and 1.47
eV, respectively. Note that the negative barrier
is due to the fact that the positive change in

11

4(a)).

One additional pathway which starts from the
state *F'S2 and connects it to the state ‘I6a’ is
as follows: *FS2 — 415a” — “I6a’. This step is
less likely to occur as 4FS2 — 4I5a” competes
with H-transfer and H-rearrangement (*FS2 —
415 — “16”) which are highly likely steps. Addi-
toinally, 415 — *I6a’ or “I6 — *I6a’ may ocuur

before H, evolution due to extra stability of
16a’.

Conversion of FeC,@SiO, sites into
FeC;@SiO, sites

In situ formation of FeCs; from FeC,y is ex-
ergonic and the reaction free energy is -0.94
eV. The reaction mechanism (shown in Fig. 6)
for FeCs formation involves two successive C-
H bond activations from the same methane
molecule, followed by the evolution of two Hy
molecules. The activation barrier for first C-H
activation is calculated to be 3.52 eV. Two pos-
sibilities arise for the H transfer during second



C-H activation. One results in the geometry in
which both H atoms are bonded to the same C
atom of FeCy (*rFS1’) and other results in the
geometry in which one H is bonded to each C
of FeCy (*rFS1”, mechanism shown in Fig S1 in
supplementary information). The reaction free
energies (see Fig 7 and Fig 8) show that for-
mation of 2rFS1” is endergonic reaction (0.28
eV), whereas formation of >rFS1’ is exergonic
(-0.06 eV). Although, the formation of 2rFS1’ is
thermodynamically more favourable than that
of 2rFS1”, it passes through a kinetic barrier
with energy 0.16 eV higher than that for 2rFS1”.

An alternative to C-H activation of the ad-
sorbed methyl group involves the exergonic
methyl radical evolution wvia ?r[2—3rFS1. In
fact, Guo et al.?® eliminated the formation of
FeCs3 by comparing the thermodynamic feasi-
bility of methyl radical evolution with the for-
mation of 2rFS1”, concluding that the former
is more likely given that its exergonic nature.
However, the methyl radical evolution is kinet-
ically hindered due to a high barrier (free en-
ergy of r'T'S2* is 0.48 eV higher than that of
2yTS2') on free energy surface. Instead, at the
reaction conditions, it is more likely that C-H
activation of the adsorbed methyl group would
take place via the formation of 2rFS1’ since this
step has a lower activation barrier and is also
exergonic. Given the overall lower free energy
of the embedded FeCjs, this pathway would be
all the more preferred. It is important to note
that this possibility was not considered by Guo
et al.? Our detailed thermodynamic analysis
clearly indicates that FeC,@QSiOy converts to
FeC3@SiOs at reaction conditions. This conclu-
sion is further strengthened by the kinetic anal-
ysis presented below. Hence, it is important to
understand the catalytic activity of FeC3@SiOq
for methane conversion.

Dominant pathways on FeC;@SiO,

Based on the thermodynamic feasibility of the
elementary reactions, their activation barriers,
and the stability of intermediates involved, the
two dominant pathways of CH, activation at
elevated temperature are as follows:

R1: YIS — 1 — ['TS1] — 412 — [TS2*] —

12

PFS1 — 313 — [*TS3] — *14 — [TS4¥] —
1FS2 — [*TS5] — 415 — [*TS6| — 116 —
[TS7*] — 4IS.

R2: 1S — 11 — [*TS1] — ‘12— [TS2%
— SFS1 — %13 — [’TS3a/| — 314a’ —

[TS4a’*| — 416a’ — [TST*] — “IS.

Furthermore, if the endergonic transfer of H
atom from the Fe-bound methyl group to the
C atoms of FeCjz (112 — 2FS1’/2FS1”) is pre-
sumed to occur at reaction conditions then the
FeC,@SiO, formation becomes favourable us-
ing either of the following paths:

R3: 11S — *I1 — ['TS1] — 12 — [*TS2]
— 2FS1'— |TS3*| — 214'— [TS5*] —
2F€C4@SiOQ.

R4: 11S — 11 — |'TS1] — 12 — [*TS2’]
— 2FS1” — [TS3"*] — 214" — 215" —
2TS5*| — 2FeC,@SiOs.

Results of the kinetic model

The kinetics of the methane activation on FeCs
depends in a characteristic way on the methane
partial pressure. There is a low pressure limit
in which the overall activity is proportional to
the pressure. The activity increases and then
levels off when the pressure is increased. There
is a high pressure limit in which the activity is
constant. We present here the results for both
limits separately.

The net rates (i.e., the difference between the
rates of the forward and reverse reaction) for
the elementary reactions IS — 411 — 4[2 —
313 that are common to paths R1 and R2 are
necessarily the same at steady state because of
mass balance. The same holds for the rates of
the elementary reactions I3 — 314 — 4FS2 —
415 — 416 — 4IS in R1 and for the rates of the
elementary reactions I3 — 3I4a’ — 416a’ — IS
in R2 as well. Moreover, the sum of the net
rates of these two branches is equal to net rate
of IS — 4I1 — 412 — 313. Consequently, ex-
actly half of the methyl radicals are formed by
the 412 — °FS1 4 CHge reaction. The sec-
ond methyl radical is either formed by 314 —
4FS2 + CHse or by 3I4a’ — 4I6a’ + CHge. It
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Figure 8: Free energy profile for methane conversion on FeCy@SiO, surface. The color of curves
are in line with the Fig S1 in SI. The colored numbers represented the free energy (in eV) of
corresponding states. The difference in free energy of the initial and final states of the overall
reaction corresponds to the reaction free energy of the reaction: 2CH; — 2CHgze + Hs.

turns out that the latter reaction has a rate that
is about nine times the former, both in the low
and the high pressure limit. This factor agrees
quantitively with exp(AFErs/kgT) with AFrg
being the difference in energies of the transition
states T'S4* and TS4a™. This factor of nine is
necessarily then also found for the formation of
hydrogen via the two branches since the over-
all rate is dictated by the transition state with
highest energy. i.e. TS4a'".

We have determined the rate-determining
steps by halving the rate constants for forward
(and reverse, if applicable) reactions and look-
ing at how this affects the activity. Table 3
shows that the rate-determining steps are the
same in both methane pressure limits although
their relative importance varies. Changing the
rate constants for forward and reverse reactions
by a half corresponds to changing the energy of
the transition state of about 0.07¢eV at 1223 K.
However, there was no effect whatsoever on the
activity when the rates of the reversible reac-
tions were altered. It is only the irreversible
reactions forming the methyl radical and hydro-
gen that have an effect, although that of reac-
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tions forming hydrogen is very minor. Chang-
ing the rate constant of the latter changes the
overall activity by only a few percent at most.
The effect of the methyl radical forming reac-
tion 314 — 4FS2 + CHse is also of that magni-
tude. This is due to the fact that this reaction
contributes only about 5% to the total amount
of methyl radicals formed.

The important rate-determining reactions are
412 — °FS1 + CHgse and ®I4a’ — *I6a’ + CHge.
The latter is the only rate-determining reaction
in the low pressure limit. The overall activ-
ity is reduced by 44% when its rate constant
is halved. The former reaction however is the
more important one in the high pressure limit.
Overall activity is reduced by 38% if its rate
constant if halved, compared to 21% for halv-
ing the rate constant of 3I4a’ — *I6a’ + CHse.
This may be surprising as the energy of the
transition state TS2" is much lower than that
of TS4a™. We think that the reason for the
importance of 412 — °FS1 + CHgze in the high
pressure limit is that a small fraction of the ad-
sorption sites for methane are vacant as shown
in Table 4. Changing the rate constant of



Table 3: Reduction of the rates with which the
methyl radical and hydrogen is produced when
the rate constant of one forward reaction (and

the corresponding reverse reaction, if present)
is halved.

Methane pressure limit

Reaction Low High

1 = 412 0% 0%

412 — °FS1 + CHgze 0% 38%
5132314 0% 0%

514 — 1FS2 + CHge 5% 2%
iFS2 =415 0% 0%

415 = 116 0% 0%

416 — *IS + H, 0% 0%
313 = 314a’ 0% 0%
T4a’ — *16a’ + CHse 44% 21%
162" — IS + H, 0% 4%

42 — 5FS1 + CHge affects the concentration
of 412 and indirectly, via the rapid equilibrium
4IS = 412, also *IS and hence the overall activ-
ity.

In order to compare simulation results with
the experimental turnover frequencies (TOFS)
it is essential to know values of a few pa-
rameters, especially the sticking coefficient of
methane on the catalyst under study. Brass and
Ehlrich*® carried out experimental studies on
chemisorption of methane on evaporated films
of rhodium and provided a temperature depen-
dence of the sticking coefficient. Extrapolating
their correlation to high temperatures, we esti-
mate a sticking coefficient of 2.6x107! s7%. In
the absence of a known value for FeC,@QSiO,
catalysts, we assume it to be on the same or-
der of magnitude as that for Rh. With this
value of sticking coefficient, the microkinetic
modelling leads to the TOF of ~ 10 s for
methane activation for FeC3@QSiO, catalyst at
P=1 bar and T=1223 K. To get experimental
TOFs, the data provided by Guo et al.?® was
utilized to estimate an active site density of
0.254 nm~? (for isolated FeC, centres) based
on the high resolution TEM image (details in
SI). This site density resulted in an estimated
catalyst TOF of ~ 10 s™! at 1223 K, which is
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Table 4: Relative concentration of the various
structures during reaction at steady state. The
sum of the relative concentrations is set equal
to one.

Methane pressure limit

Structure Low High
1S 1.7-1072 1.1-1073
1 9.3-107° 6.2-107°
12 7.0-107¢ 6.1-107¢

°FS1 9.8-107! 6.5- 1072
313 3.1-1077 2.0-1073
314 2.0-107° 1.3-1072

4FS2 76-1078 5.1-107%
115 3.8-1078 2.5-1074
16 81-1078 5.4-107*

314a 3.9-107° 2.6-1071

162’ 7.0-107° 4.6-1072

in quite good agreement with the predictions
from the microkinetic model. Note that the ex-
perimental TOF is inversely proportional to site
density, which means that even if the estimated
site density is off (high or low) by a factor of 2,
estimates of TOF will still fall in the range of
5-20 s~! which is in quite good agreement with
our predictions.

Kinetics of the conversion of FeC,
into FeC3; and FeC,

It is clear from the energetics that FeCj is
thermodynamically more stable than FeCy and
FeC,. Kinetically things are more complex.
Our kinetic models assume that the reactions
that produce methyl or hydrogen are irre-
versible. Readsorption of methyl or hydrogen is
ignored. One reason for this is that these prod-
ucts will be removed. Another is that the rate
of readsorption depends on the partial pressure
of these species which is controlled by experi-
mental conditions. The formation of FeC; from
FeCy and FeC, from FeCjs involves the produc-
tion of hydrogen. As a consequence, once FeCj
and then FeCy is formed, there is no possibility
to convert the system back to the structure with
one fewer carbon atom. This does not change



anything with respect to the thermodynamics
for FeC3 versus FeCy (FeCjy is more stable than
FeC, anyway ), but it does for FeCy versus FeCj.

Unless the formation of FeCy is so incredibly
slow that we can ignore it, the whole system will
ultimately be converted into FeC,. We have
to look at the highest unavoidable transition
state to determine the rate with which this is
formed, i.e. TS3". This should be compared
to TS4a’™, the relevant transition state for the
reaction on FeC3. They have energies of 4.44
and 6.03 eV, respectively. This means that the
rate of formation of FeCy is 3.6 - 10° that of the
reaction.

On the other hand it seems likely that there
will be at least some readsorption of hydrogen,
and that the formation of FeC, should not be
regarded as a purely irreversible process. The
rate of the readsorption will depend on the par-
tial pressure of hydrogen. The endergonicity of
1.31eV of FeC,4 with respect to FeCs is based
on a pressure of 1atm. A lower pressure will
reduce this number, but unless it will be much
lower, we still expect that FeCs is more stable
than FeCj,.

In the overall reaction, the methane molecules
get activated on FeCy@SiO4 sites and convert
them to FeC3@SiO, sites as the formation of
the latter is more favorable than other compet-
itive methyl evolution pathways on FeCy,@QSiOs.
Once FeC3@Si0, is formed, methane molecules
will be activated by FeC3@QSi0O, leading to evo-
lution of methyl radicals, Hy and regeneration
of the catalyst.

Conclusions

In summary, we have performed a systematic
study based on ab initio calculations to elu-
cidate mechanism of methane conversion on
FeC3@Si0, catalyst surface. We have identi-
fied two potential pathways which contribute
vitally to the overall methane conversion. We
have also analyzed the feasibility of formation
of a higher carbide FeC,@QSiO, that could po-
tentially lead to coke formation. In the study,
we have also identified a possible pathway by
which FeC3@SiO, catalyst can be formed in situ
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from FeC,@SiOs, in the reaction conditions de-
scribed by Guo et al.?

Conclusions regarding catalytic activity of
FeC3@SiOy surface, as well as, its formation
from FeCy@SiO,, were drawn on the basis of
two fairly comprehensive free energy surfaces
followed by an kinetic analysis based on mi-
crokinetic modeling, designed especially to de-
scribe methane activation on the two catalysts.
In order to construct these free energy surfaces,
we used free energies of intermediates and TSs
of the various elementary reaction pathways in-
volved in the overall methane conversion.

Kinetic analysis performed during the study,
sheds light on a number of important aspects of
the overall reaction mechanism. Firstly, it un-
covers a characteristic dependence of the over-
all reaction mechanism on the methane partial
pressure. Secondly, it establishes that the two
methyl radical evolution steps act as the rate
controlling steps, both in high as well in low
pressure limit. This analysis also reveals that,
in the given reaction conditions, conversion of
silica embedded FeC, sites into corresponding
FeCj sites is highly likely. The catalytic ac-
tivity predicted in our simulations is consistent
with that seen in experiments, further support-
ing our conclusions. This is indeed an impor-
tant advancement to the present understanding
of the reaction introduced by Guo et al.?®> with
the conversion taking place through a favorable
reaction pathway, not considered in the earlier
work. Similarly, FeCs to FeC,4 conversion is also
possible in the given reaction conditions, but its
efficiency depends on Hy partial pressure.

The mechanism explored here, encompasses
a whole set of elementary reactions important
to the catalytic methane conversion, such as
methane adsorption, C-H bond rupture, evo-
lution of CHgze , and eventual evolution of Hy
molecule resulting in the regeneration of the ini-
tial catalyst. The remarkable activity of silica
embedded FeC, clusters and gas-phase FeCy
clusters toward methane conversion has already
been demonstrated experimentally in the pre-
vious studies. In the present investigation,
we have considered reaction conditions similar
to those described previously?® which imparts
an additional credibility to the theoretical out-



comes, as well as makes the proposed catalyst
suitable for experimental utilization. There-
fore, the FeCj cluster, when embedded in silica
support, can act as an excellent heterogeneous
catalyst at higher temperatures yielding direct
conversion of methane to higher hydrocarbons.
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