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Direct Oxidation of Methane to Methanol on Fe-O
Modified Graphene

Sarawoot Impeng®’, Pipat Khongpracha®’, Chompunuch Warakulwit“’, Bavornpon
Jansang‘, Jakkapan Sirijaraensre®’, Masahiro Ehara’ and Jumras Limtrakul®”¢"

Introduction of functional groups to graphene can be used for the rational design of catalysts
for the oxidation of hydrocarbons to alcohols. We have employed the PBE-D2 level of theory
to study the direct oxidation of CH, to CH;OH on a Fe—O active site generated on graphene by
the decomposition of nitrous oxide (N,O) over Fe-embedded graphene. Restricted and
unrestricted spin state of systems were also taken into account. The calculations show that
FeO/graphene provides excellent reactivity for the oxy-functionalization of methane to
methanol. The oxygen-centered radicals (O7) on the catalyst can activate the strong C-H bond
of methane leading to its homolytic cleavage. The C-H bond activation requires an energy of
17.5 kcal/mol, which is comparable with the barrier on traditional effective catalysts.
Comparing the molecular adsorption complex, the formation of the iron coordinated fragments
of C-H activation on the graphene support is found to be less energetically stable than on the
Fe sites in the zeolite support. As a result, the conversion of the grafted species to the methanol
product in the second step of reaction is much more facile than for Fe-exchanged zeolite
catalysts. An activation energy of 16.4 kcal/mol is required to yield the methanol product. Fe—
O modified graphene materials could be promising catalysts for the partial oxidation of
methane with N,O as an oxidant.

be the rate-limiting step in the catalytic partial oxidation of
methane. Therefore, over the past few decades many

Methane, the major component in natural gas and also a
product of fermentation, is one of the useful raw materials for
the synthesis of more valuable products such as methanol,
formaldehyde, formic acid and also larger hydrocarbons.'?
Because the strong tetrahedral C-H bonds of methane (104
kcal/mol),® the direct conversion of methane to products is
extremely difficult at low temperatures. As a result, a catalyst is
needed and the C-H bond activation of methane is considered to
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experimental and theoretical investigations'**'* have focused
on discovering catalysts which can potentially provide not only
a high methane conversion rate under mild conditions but also
a high selectivity towards the desired product, and to better
understand the catalytic processes over metal active sites. In
heterogeneous catalysis, optimally accessible metal active sites
are needed for the activation of reactants. In order to achieve
this, the size of metals becomes one of the most critical factors
for the performance of a catalyst. To obtain a fine dispersion of
metal, support is needed to prevent aggregation of the metals.
Single metal atoms have been anchored on supports such as
metal oxides''"'” and also the inclusion of ion-exchanged metals
into porous materials like metal-organic frameworks (MOFs)'®
% and zeolites has been successful.'*'** Another class of
supports, carbonaceous materials such as nanotubes, fullerene
and graphene have become promising support materials for
metals as well.”>2® Owing to its high surface area and several
unique properties, graphene has extensively been used to
investigate many reactions via theoretical and experimental
approaches.”>**>° The physical and chemical properties of
graphene can be tuned by doping alien atoms or nanoparticles.
Wang et al.>® have successfully synthesized metal atom doped
graphene using a two-step process. In their work, vacancy sites
were firstly created by high-energy atom bombardment and
then the desired metals were placed on them. A theoretical
study by Krasheninnikov et al.*' found that the binding of a
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metal atom on defective graphene was stronger than on perfect
graphene. This finding corresponds well with the work by
Wang and coworkers.”> Therefore, the metal sites might be
stable enough as well as might exhibit significant catalytic
activity. Recently, we demonstrated theoretically that iron-
embedded graphene exhibits good catalytic activity for N,O
decomposition with a low activation energy of 8 kcal/mol.*
The active Fe—O species is able to oxidize effectively carbon
monoxide to carbon dioxide with a low activation barrier.
Based on this recent work, it is of interest to look at the product
that has been activated from nitrous oxide decomposition with
respect to its suitability as the active site for methane activation.
The conversion of methane over the FeO/graphene material
resembles the catalytic conversion of methane to methanol over
the Fe-silicalite zeolites with N,O as the oxidant.*®%4942 The
details of the reaction mechanisms and energies and
geometrical structures along the catalytic process will be
discussed and compared to related systems such as the iron-oxo
zeolite mentioned above and bare [FeO]".

Methodology

In this work, a hexagonal graphene supercell with 4x4 graphene
unit cells containing 32 atoms was used as a model. Optimal
cell parameters a and b in the graphene plane of 9.91 A were
used.® The distance between the graphene sheet and its mirror
images was set to 20.0 A, which is sufficient to exclude the
interaction between images.*> One carbon atom at the center of
the graphene sheet was removed to model an atomic vacancy
defect. This defect is the simplest one that can occur naturally
in all crystalline materials.>*** The Fe-O species was
incorporated into the model by locating the Fe atom over such a
defect point for catalytic study. Spin-restricted and unrestricted
periodic DFT calculations were carried out using the DMol®
code implemented in the Materials Studio package.*>** All
results were obtained with the Perdew-Burke-Ernzerhof (PBE)
functional which belongs to the class of generalized gradient
approximation (GGA) functionals.*® A DN basis with
polarization functions (DNP) and the semicore pseudopotentials
(DSPPs) were employed for this investigation. In the DSPPs
scheme, all electrons are treated explicitly for C, N, O, and H
atoms and a relativistic effective potential is used to represent
the core electrons of the Fe atom. During the geometry
optimization and the transition state (TS) searching steps, the
Brillouin zone integration was performed with the Monkhorst-
Pack 3x3x1 k-point sampling. The real-space global orbital
cutoff radius at fine quality (4.6 A) and a thermal smearing of
0.005 Hartree (0.136 eV) were used for all calculations. In our
calculation, all atoms in the unit cell were allowed to relax. The
transition state structures were confirmed to have one
imaginary vibrational frequency corresponding to the reaction
coordinate. The charge distribution in each system was
calculated with the Hirshfeld population analysis.*® In order to
include dispersion interactions, single point calculations with
Grimme's method (DFT-D2)*’ were performed. In a recent
study,” PBE plus Grimme's DFT calculations provided
excellent results for geometric, energetic and electronic
properties of the graphene/metal interface as compared to
experimental data.

Results and discussion

In the previous work mentioned in the introduction,*® Fe-O
deposited on a defective vacancy site of graphene exhibited
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catalytic activity to oxidize the CO. In this work, the aim is to
investigate its catalytic ability for the C-H bond breaking of
methane and the conversion of the dissociated fragment to
methanol. Mechanisms for the oxidation of methane to
methanol by metal-oxo species have been explored by
theoretical and experimental approaches."*'%*'** In most cases,
the reaction starts with a H abstraction step from methane to the
oxo species either via a nonradical or a radical process, leading
to the formation of the hydroxyl-grafted metal complex. After
the first C-H bond cleavage, the second step is the
recombination of two fragments: The —OH and —CH; moieties
form a C-O bond, leading to the formation of the methanol
product adsorbed on the metal active center. The spin state has
been shown to have an influence on the reaction mechanism. In
recent works about catalysis on Fe-based systems,*””! the spin
inversion has been suggested to play an important role in the
catalytic reaction of molecules with the Fe active metal center.
Therefore, our investigation considers several spin states of this
system.

Geometrical structures and electronic properties of Fe-O
modified graphene (FeO/graphene)

The optimized structures of the FeO/graphene for singlet and
triplet spin states are shown in Fig. S1. All calculations were
performed with a fixed spin multiplicity corresponding to the
most stable configuration of the initial iron complex. From the
calculations, the lowest energy electronic configuration of
FeO/graphene can be either the triplet or the singlet spin state.
Both are more stable than the quintet spin state by 31.1
kcal/mol. Because of the insignificant difference in the energy
of the two lowest spin states (0.1 kcal/mol), spin-crossing
between them would play an important role for the relativity of
FeO/graphene and the reactivity of FeO/graphene for methane
activation was always compared for these two spin states.. The
Fe-O bond distances are almost equal too, with a length of
1.615 and 1.619 A for the singlet and triplet, respectively. This
Fe-O bond distance is similar to the bond distance of 1.61-1.65
A for the Fe-O bond length in the zeolite and in enzyme
systems.”**>* The oxygen atom has a negative partial charge of
-0.25%¢ and -0.265¢ (singlet and triplet states, respectively, cf.
Table S1 in the Supporting Information). The oxygen deposited
on the active iron site protrudes perpendicular from the
graphene plane, making it more accessible to incoming
adsorbates.

Methane oxidation on the FeO/graphene

The C-H bond activation step

Activation of methane starts with the adsorption of methane on
FeO/graphene with one of its hydrogen atoms pointing towards
the oxygen atom with an intermolecular distance of about 2.6
A. The C-H intramolecular distances of methane change only
slightly. An electron is transferred from FeO/graphene to
methane by 0.033e and 0.035e for the singlet and triplet spin
states. As a result, the charge of the carbon atom becomes more
negative by 0.016e and the charge of the interacting hydrogen
atom becomes less positive by about 0.010e for both spin states.
The electron density differences are plotted in Fig. 2. The
adsorption energy for both spin states is -2.1 kcal/mol.
Comparing with the results for PBE without dispersion
correction which are given in the Supporting Information
indicate that the adsorption energy is mainly dominated by
dispersion interaction. For the singlet spin state, the C-H
activation takes place in a nonradical manner. It proceeds
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and, concurrently, the formation of the Fe-C bond (Fig. 1).

Steps Singlet state

Triplet state

ADS

TSI
(C-H bond

cleavage)

INT
(nonradical
and radical

for singlet
and triplet
states,
respectively)

TS2
(C-0 bond
formation)

PROD

Fig. 1. Optimized structures for the direct oxidation of methane to methanol
over FeO/graphene in the singlet and triplet states.

At the transition state of the singlet state spin state, the C-H
bond has been elongated from 1.10 to 1.57 A. At the same state
the O-H bond and the Fe-C bond lengths contracted to 1.15 and
2.08 A, respectively. For the triplet spin state, the C-H cleavage
takes place via the radical manner. As a characteristic feature of
the direct H-abstraction from methane to the oxygen atom of
FeO/graphene an almost linear angle of the C-H-O bond angle
(178.8 degrees) can be seen. The C-H bond of methane
increased to 1.41 A and the O-H forming bond is shortened to
1.14 A. The spin density at the methane moiety increases as
shown in Fig. 3. Taking into account the possibility of spin
crossing, the C-H bond breaking would take place via the

This journal is © The Royal Society of Chemistry 2013

radical process. The energy barrier for this step is to be 17.5
kcal/mol, which is similar to the energy barrier reported values
for various catalysts: FeO" gas phase (20.1 kcal/mol),”® the
different active forms of the Fe-ZSM-5 zeolite (15-40
kcal/mol),**"*8 Cu-ZSM-5 zeolite (15.7 kcal/mol),*® the direct
C-H bond activation on the Pt;, nanoparticles (7.6 kcal/mol),®
the surface O™ radical anion of MoO; (16 kcal/mol)®! and the
MMO enzyme (14-18 kcal/mol),** respectively. After this step,
the methyl radical and the hydroxo Fe/graphene are formed.
The methyl radical has two different ways to proceed. It can
bind to the hydroxyl moiety to form the methanol product as
shown in the TS 2 profile for the triplet state or it can bind to

RSC Adv., 2013, 00, 1-3 | 3
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the metal active center to form a methyl-hydroxo- Fe/graphene
intermediate (CH;-Fe-OH/graphene), “INT nonradical” in the
singlet state profile. The formation of the Ilatter is
thermodynamically preferred to the formation of the methyl
radical intermediate. As a result, the first half of the hemolytic
C-H cleavage would end with the formation of the CH;-Fe-
OH/graphene intermediate in the singlet state. The formation of

Singlet state

Fig. 2. Electron density difference map calculated from the electron
densities of the adsorption state minus its two isolated parts. The
isosurface value is = 0.03 e/A’. Regions of electron
accumulation/depletion are indicated in blue and yellow colors,
respectively

this intermediate is slightly more exothermic than the
adsorption complex by 4.4 kcal/mol. One can compare this to
the similar case of a FeO species on another support material,
Fe-ZSM-5 zeolite, where the direct conversion of methane on
the FeO-ZSM-5 was theoretically reported by Yoshizawa et al.®
The C-H bond activation over the FeO-ZSM-5 leads to the
formation of CHj;-Fe-OH/ZSM-5 which is much more (22
kcal/mol) stable than the adsorption complex, leading to a very
high activation energy of 41.6 kcal/mol for the recombination
of ligands to the methanol product in the latter step. At the
CHj3-Fe-OH/graphene intermediate, the charge of the Fe atom is
reduced to 0.175¢ and the charge of the methyl and hydroxyl
moieties have values of -0.014e and -0.131e, respectively.
Interestingly, the charge of graphene moiety reversed from
positive to negative after the C-H activation (Table S1). The
bond between the Fe center and two dissociated fragments are
2.02 and 1.80 A for the Fe-C and Fe-O bonds, respectively. By
thus increasing the coordination number of iron, the
geometrical structure between the iron and its surrounding
graphene carbon atoms becomes distorted as one of the bonds
between iron and graphene carbon is elongated from 1.82 to
1.95 A. These observations are in agreement with the ones for
the C-H bond activation on the oxygen atom of a Fe,Oj-like
structure,® where a homolytic cleavage was taking place.
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Methanol formation step

The resulting -CH; and -OH moieties bound on the Fe center
must recombine to methanol, which can occur in the singlet
spin state as shown in Fig. 4. At the transition state, two
moieties are approaching each other. The bond distances are
2.02 and 1.87 A for the carbon with its bond to oxygen being
formed, and oxygen-iron bond breaks. The transition state for
this step is again similar to that for the bare FeO" complex** and
for the Fe-ZSM-5 zeolite.>® However, a activation energy of
only 16.4 kcal/mol is needed, comparing to the similar process
over the Fe-ZSM-5 with an activation energy of 42-53 kcal/mol
for CH;-Fe-OH/ZSM-5 zeolite.>® For the Fe-ZSM-5 catalyst,
water also needs to be introduced during the methane oxidation
reaction in order to increase the rate of methanol formation
from the surface methyl intermediates. In that respect,
Fe/graphene would have an advantage over Fe-ZSM-5 for this
step of the heterogeneously catalyzed methanol formation
reaction.

Fig. 3. Spin density distribution for methane activation in the triplet
state: (a) ADS, (b) TS and (c) INT _radical complexes. The isosurface
value is = 0.03 e/A®. The green isosurface represents a-electron density
and the red one represents f-electron density.

The Fe-O distance in the methanol adsorption complex is 2.03
A and the C-O bond length is 1.46 A. The adsorption energy of
methanol on Fe/graphene is 28.5 kcal/mol, mostly through

This journal is © The Royal Society of Chemistry 2013
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lone-pair electron interaction with the metal center. The strong
interaction of methanol over the Fe center is similar to the
adsorption energy in the Fe-ZSM-5 zeolite (28.8 kcal/mol).>”

TS1
30 1 29.0
Singlet
P Triplet
- 10 1
=}
E
= O-Fe-Graphene
?} + CH4
= 0.1
0
-10 A
_20 -

INT_nonradical

RSC Advances

As aresult, here a solvent is also needed to extract the methanol
products from the catalytic centers.

Fe-Graphene
+ CH3:0OH

179

PROD

Fig. 4. Energy profile for the direct oxidation of methane to methanol over Fe/O-graphene at the PBE-D2 level of theory. The notation “ADS” and
“PROD” refer to the molecular adsorption complex of methane and methanol, respectively. “TS” is the transition state and “INT” the reaction
intermediate.

Altogether, however, the results of this work demonstrate an
excellent catalytic activity of Fe-graphene as a catalyst for the
partial oxidation of methane to methanol. The troublesome
conversion of iron hydroxide to the methanol product that
occurs in the catalysis using Fe-ZSM-5 zeolite does not occur.
After the release of methanol from the metal center, the active
oxo species over the iron center can be regenerated through the
decomposition of N,O. Whereas the theoretical results of this
study clearly indicate the significant role of the iron-oxo unit
deposited on the graphene supporter in the catalytic oxidation
of methane to methanol, competitive pathways such as the
direct conversion of methane over the Fe-doped graphene or the
decomposition of N,O on the FeO-doped graphene still remain
to be thoroughly investigated.

Conclusions

The dispersion-corrected DFT (PBE-D2) was employed to
investigate the catalytic conversion of methane to methanol by
the FeO/graphene which is generated from the decomposition
of N,O. The catalytic process is divided into two steps. First
step is the C-H bond activation process over the oxygen-
centered anionic radicals. Through the homolytic cleavage, the
C-H bond activation takes place. The activation energy of this
step is 17.5 kcal/mol, which is comparable with the values for
various catalysts reported for this process. This catalytic
process is thermodynamically and kinetically favorable, leading
to the hydroxo- methyl- grafted Fe species. This intermediate is
expected to be the major species of methane activation rather
than the radical intermediate. The methanol product is formed
through the recombination of two ligands on iron centers on the

This journal is © The Royal Society of Chemistry 2013

singlet spin state. An activation energy of 16.4 kcal/mol is
required in this step. The product desorption from the active
site, which requires 28.5 kcal/mol, is the difficult step of the
catalytic process.
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The reaction mechanisms and energetic profiles of the partial oxidation of methane to
methanol over the FeO-unit deposited graphene have been theoretically investigated by
means of the PBE functional with Grimme's dispersion correction (PBE-D2).



