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Mechanistic Understanding of Methane-to-Methanol Conversion
on Graphene-Stabilized Single-Atom Iron Centers

Sungil Hong and Giannis Mpourmpakis*

The functionalization of methane to value-added liquid chemicals remains as one of the “grand challenges” in chemistry. In
this work, we provide insights into the direct methane-to-methanol conversion mechanisms with H,02 as an oxidant on
single Fe-atom centers stabilized on N-functionalized graphene, using first principles calculations. By investigating a series
of different reaction paths on various active centers and calculating their turnover frequencies, we reveal that a H,0»-
mediated radical mechanism and a Fenton-type mechanism are energetically the most plausible pathways taking place on
di- and mono-oxo centers, respectively. Due to the thermodynamic preference of the mono-oxo center formation over the
di-oxo at the reaction conditions, the Fenton-type mechanism appears to determine the overall catalytic activity. On the
other hand, a hydroxy(oxo) center, which is thermodynamically the most favorable center, is found to be catalytically
inactive. Hence, the high activity is attributed to a fine balance of keeping the active centers as oxo-species during the
reaction conditions. Moreover, we reveal that the presence of solvent (water) can accelerate or slow down different
pathways with the overall turnover of the dominant Fenton-type reaction being decreased. Importantly, this work reveals
the nature of active sites and a gamut of reaction mechanisms for the direct conversion of methane to methanol rationalizing

experimental observations and aiding the search for room temperature catalysts of methane to liquid products.

Introduction

Methane (CHy), the simplest hydrocarbon, is one of the most
important energy sources because of its vast reserves. Natural
gas is one of the most widely used fuels having generated
energy of 3.8 x 1013 kWh in 2018 and is expected to reach 5.9 x
1013 kWh in 2050, accounting for 20% of primary energy
consumption over the globel. Taking into account the presence
of other methane sources (e.g., crystalline hydrates?, shale gas3,
and biogas?), which have the potential to be fully utilized with
advancements in technology and infrastructure, establishes
methane as an undoubtedly vital feedstock in our future energy
portfolio. Nevertheless, there are technical hurdles in
transporting this gaseous C; feedstock from remote production
locations to chemical plants for its utilization and chemical
conversion. Thus, developing efficient methane conversion
processes to transportable liquid products is a critical issue to
reduce the cost of the energy-intensive methane storage under
low temperatures and high pressures>. In particular, methanol
(CH3OH) is an ideal target product, because it can be used as a
diesel-blended fuel® and in direct methanol fuel cells?, as well as
in commercial technology to produce C,+ hydrocarbonsg10. The
current industrial process to produce CH3;OH from CH, operates
indirectly involving syngas production (a mixture of CO and H,).
Despite the high vyields, syngas production suffers from high
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cost and low energy efficiency because of the high operation
temperature (> 850 °C) and large infrastructure, which limits the
use of methanol in the fuel industry!1-14, Thus, many efforts
have been made to discover industrially viable processes for the
direct methane conversion to methanol over the past decades.
However, the direct conversion is extremely challenging
primarily due to the low intrinsic reactivity of CH4 resulting from
the strong C-H bonds and absence of a dipole moment, which
necessitates harsh reaction conditions (e.g., high temperatures
and reactive oxidative reagents)!>. Unfortunately, the use of
harsh conditions mostly leads to over-oxidation and/or very low
selectivity to desired products, because of the higher reactivity
of the latter than that of methanel4-16, Therefore, it is of high
importance to discover catalytic systems that directly convert
methane to methanol under mild conditions with low energy
input and high selectivity.

From the pioneering works by Staleyl718  Freiser1?20,
Armentrout?1.22, Schwarz?3-25, and Yoshizawa?26-28 in 1980s and
90s, cationic transition metal oxides have been extensively
investigated for C-H activation of unsaturated hydrocarbons in
the gas phase, among which FeO* attracted particular interest.
The biradical double bond of FeO* in the high spin ground state,
which is produced from Fe* accepting an oxygen atom from
N.O, was revealed to be highly reactive for hydrogen
abstraction from hydrocarbons?426, When methane is added as
a reactant, the methyl group forms a Fe*-C bond after C-H
activation and then migrates to hydroxyl to produce methanol;
this reaction is characterized by two important spin inversions
from sextet to quartet and back to sextet26-28, |n turn, the
discovery of biomimetic activity of iron complexes embedded in
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zeolites for hydrocarbons conversion by Panov et al.29.30
motivated extensive research on transition metals loaded on
stable and porous supports. Especially, Fe-containing MFI, BEA,
CHA, and AEI type zeolites have shown remarkable activity for
selective partial oxidation of methane3138, Geometric
constraints and confinement effects by zeolite microporous
structures result in enhanced activity of a-oxygen of ferryl iron
([Fe=0]?*) active center, showing a low C-H activation barrier for
methane (< 0.3 eV)33-3537, However, the strong hydrophilicity of
zeolite frameworks leads to strongly bound reaction product
(methanol) inside the pores, limiting activity to relatively high
temperature regime (> 200 °C)32:37.38, This limitation might be
overcome by using metal organic frameworks (MOFs), which
are highly tunable microporous solid materials. However,
currently Fe-loaded MOFs seem to be far from low-temperature
applications: Fe(ll) loaded on MOF-74 is unstable for long
time3249, Fe(ll) on some MIL families requires overwhelmingly
high oxidation energy*?, and Fe(lll) on MIL-53 suffers from very
low loading limitations42.

Recently, single Fe-atom catalyst stabilized by N atoms on
graphene carbon nanosheet (FeN4s/GN) was reported to be
active for the selective CH4 conversion to C; products with a
very low CO; selectivity (6 % for 10 hr.)43. The authors showed
that H,0, oxidizes the Fe site to form active oxygenated sites
that can convert CH; into CH3OOH or CH30OH, which can be
further oxidized to HCOOH or HOCH,00H#43. The energy barrier
for the first C-H cleavage was so small that the reaction could
proceed even at ambient temperature, avoiding over-
oxidation?3. This catalytic system is remarkably promising in
that a non-precious metal (Fe) shows high activity and remains
stable even longer than the other coordinatively-unsaturated
metal systems because of the highly stable C-N bonds in N-
doped graphene**. Furthermore, the graphene support is
advantageous because not only it allows high dispersion of the
stabilized FeN4 centers, but also its carbon network enhances
the catalytic activity of the active site43.44,

Herein, driven by the aforementioned experimental discoveries
we conduct a detailed computational study for methane
activation and conversion on the FeN4/GN catalyst. We
specifically focus on obtaining a mechanistic understanding of
methane-to-methanol conversion in the presence of the
oxidant, H,O3, by investigating a series of possible reactions. We
also consider solvent effects (water) to account for
experimental report estimated turnover
frequencies (TOFs) addressing the overall reactivity of the
catalyst. Our results reveal the nature of the active center and
provide an in-depth mechanistic understanding of methanol
synthesis from methane. Overall, this work can further guide
efforts on the discovery of energy efficient methods for
methane conversion to liquids.

conditions and

Computational Details

Density functional theory (DFT) calculations were performed
with the Gaussian 09 software package at the B3LYP/6-31G(d)
level of theory45-47. Benchmark calculations validate that the
level of theory chosen can accurately capture the reported
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catalytic trends (see supporting information). All the geometries
at local minima or saddle points were fully optimized and
verified with the mode and number of imaginary vibrational
frequencies (transition state has one and ground state does not
have an imaginary frequency). Furthermore, intrinsic reaction
coordinate (IRC) calculations*® were carried out for the
optimized transition states (TS) to confirm that they accurately
connect the corresponding reactants and products. The catalyst
system is composed of central single Fe atom and 4 N atomes,
surrounded by 26 C atoms with the graphene edges terminated
by H atoms (Figure S1). In the lowest energy spin state (triplet)
of the system, the C-C bond lengths vary between 1.37-1.43 A,
which is close to that of pure graphene (1.42 A). The Fe-N bond
length is 1.895 A, which is consistent with previous reports4%.5°,
The Gibbs free energies of the elementary
oxidation/hydroxylation reactions of the Fe site for the
formation of active sites were calculated from eqn. (1) and (2):

®
2

Goxi = (Geat-0) + Gr,0)) = (Geeary + Geay0,))
1

Ghydroxy = G(cat-on) — (G(cat) + EG(HZOZ))

where Gcq) stands for the Gibbs free energy of the catalyst
before reaction, and G(cqt—0) and G(cqr—on) are those of the
catalysts obtained one oxygen and hydroxyl on the Fe site,
respectively. Also, Gy, 0y and Gy, 0,) represent the Gibbs free
energies of H,O and H,0, molecules, respectively. The energy
changes along the reaction pathways were described in terms
of Gibbs free energy. Through all the Gibbs free energy
calculations, enthalpy and entropy corrections were applied to
the electronic energy assuming 1 atm and 298.15 K. Solvent
effects were taken into consideration applying the conductor-
like polarizable continuum model (CPCM)3! using water as the
solvent, since the reaction experimentally takes place in the
presence of water43. Turn over frequencies (TOFs) of different
pathways were calculated based on the energetic span model
of S. Kozuch and S. Shaik52 at room temperature.

Results and Discussion
1. Active site formation

The FeN4 center embedded on the graphene structure can be
oxidized by the oxidant (H,0,), forming highly reactive oxygen
sites?3, as well as hydroxyl sites. To understand the active site
nature, we calculated the oxidation and hydroxylation energies
of the catalyst at the ground spin state as shown in Figure 1. The
detailed profiles of the active center formation under various
spin states are presented in the Supporting Information (Figure
S2). Both the first oxidation and hydroxylation steps from the
bare FeN4/GN are exothermic, where the former is energetically
more favorable. The second oxidation from the mono-oxo
species is endothermic, while hydroxylation is slightly
exothermic forming hydroxy(oxo) center. The formation of the
hydroxy(oxo) species is the most preferred among all
considered (-1.77 eV), followed by the mono-oxo center (-1.71
eV). Two consecutive hydroxylation reactions result in di-

This journal is © The Royal Society of Chemistry 20xx
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hydroxy center, which is also stable with a formation energy of
-1.57 eV.

2. Methane-to-methanol conversion mechanisms
(1) Di-oxo FeN4/GN

Even though our calculations demonstrate that the mono-oxo
FeN4/GN structure is more favorable than the di-oxo one, the
latter is considered first as Deng et al.#* suggested that the Fe
site exists in a symmetrical O=Fe=0 structure. We investigated
three different mechanisms of methane-to-methanol
conversion on the triplet di-oxo structure as shown in Figure 2
and S3. The di-oxo centers in triplet and quintet spin states are
isoenergetic (Figure S2), but we confirmed that an intersystem
crossing (ISC) will not alter the energetics in all pathways
presented, since there were no transition states that were
lower in energy in the high spin state (i.e. quintet). All
mechanisms are radical-based as the first step is a homolytic C-
H bond cleavage through a H abstraction by the reactive O,
resulting in the formation of a free methyl radical and a hydroxyl
ligand (TS 1). The H abstraction has been regarded as a key
concept of methane activation by transition metal oxide
cations/complexes and enzymes. The energy required for the C-
H cleavage step is 0.67 eV, which is comparable to relevant
methane activation barriers that have been reported in
literature (i.e., homolytic C-H cleavage that involves free methyl
radical formation): 0.76 eV on Fe-O modified graphene53, 0.72-
0.99 eV on Fe-ZSM-55455, 0.72 eV on Fe-loaded MOF-7439, and
0.64-0.79 on Fe-loaded MIL families#142, The generated methyl
radical, in turn, produces CHsOH via reaction with hydroxyl
(called “oxygen rebound process”), which was suggested to
occur on heme iron containing enzymes (cytochrome P-450)
and non-heme iron center of soluble methane
monooxygenase?2>56-58, This step has very small reaction barrier
(0.14 eV, TS 2). Thereafter, CH30H is desorbed to leave the Fe
site exposed to H,0;, which regenerates the oxo center (TS 3)
and completes the catalytic cycle. Even though the cleavage of
the strong C-H bond (which normally limits the methane
activation) is facile (0.67 eV, TS 1), the whole cycle is limited by
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Figure 1. Free energy profiles of formation of various active centers by
oxidation/hydroxylation on the Fe center of the FeN4/GN system.
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the energy-demanding O recovery step (1.24 eV, TS 3). In other
words, the active site regeneration appears to govern the
activity of the di-oxo FeNs/GN catalyst for the methane
conversion through path 1a.

Mechanistically, there is no difference between path 1a and the
pathway suggested to occur on the single non-heme Fe center
stabilized on several MOF families#l. However, the di-oxo
FeN4/GN is more active than these MOFs since the latter require
higher energy input to regenerate the active site from N,O
oxidant (1.24 eV, TS 3 vs. 1.45 eV), even though the C-H
activation is energetically similar (0.67 eV, TS 1 vs. 0.62 eV)41,
The di-iron complexes on Fe-ZSM-5 were also reported to
homolytically dissociate the C-H bond of methane, but these
intrinsically complicated systems involve multiple mechanisms
to produce methanol>5. On the other hand, the single Fe site in
the Fe-ZSM-5 catalyzes methane in a different pathway36: a
hydroxymethyl (HO-Fe-CHs) center is formed through a single C-
H dissociation step, which in turn, produces methanol via
recombination of methyl and hydroxyl. This mechanism is
essentially similar to how metal oxide cations ([MO]*) catalyze
methane as suggested by Yoshizawa et al.2627 The
hydroxymethyl intermediate can also be generated on the iron-
oxo centers of the FeN4/GN catalysts. This non-radical type C-H
dissociation, however, does not occur in the ground spin state
(triplet). Furthermore, the activation energies of this C-H
activation were found to be 2.89 and 2.35 eV on the mono-oxo
and di-oxo centers, respectively (results not shown). Therefore,
the pathways that involve the hydroxymethyl intermediate are
ruled out in this study.

Since H,0; is used as an oxidant, this energetically demanding
active site recovery step (TS 3) can be bypassed. In an
alternative pathway (path 1b, Figure 2(b)), after the first C-H
cleavage, the produced methyl radical can react with a H,0;
molecule (from the liquid phase) to produce CH3OH and a
hydroxyl radical with a small activation energy (0.60 eV, TS 4).
The remaining hydroxyl radical attacks the H of the hydroxyl
ligand on Fe, regenerating the active O site with a negligible
reaction barrier (0.02 eV, TS 5). As a H,0, molecule participates
in the middle of the pathway rather than simply recovering the
active site as in path 1a, this pathway is characterized as H;0;-
mediated. Considering that the highest energy barrier in the
whole cycle is only 0.67 eV for the C-H activation (TS 1), this
pathway is energetically plausible, plus, there is an exothermic
adsorption of H,0; from the liquid phase (step 22) compared to
path 1a. Nevertheless, the two identified transition states to
produce methanol, i.e., TS 2 in path 1a and TS 4 in path 1b, are
competing as the reactants are essentially the same except for
the additional H,0, molecule in 22. Therefore, the ratio of
intermediates (19 vs. 23) can be determined by the difference
in the activation energies in accordance with the Curtin-
Hammett principle®. From the commonly shared
intermediate (18), the energy barriers for TS2 and TS 4 are 0.14
and 0.37 eV respectively, which give the dominant population
of intermediate 19 (6.74E3 times more than intermediate 23).
In other words, most of the di-oxo centers will end up being in
a mono-oxo form (3) as being trapped by the demanding active
site recovery step (TS 3) instead of completing the cycle. This

J. Name., 2013, 00, 1-3 | 3
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leads to the investigation of the mono-oxo center mechanisms,
which will be presented in the following section.

Additionally, one more pathway on the di-oxo center is found
as given in the Supporting Information (path 1c, Figure S3),
where the produced methyl radical is stabilized by one of N
atoms surrounding the Fe center. Due to the larger reaction
barriers (0.75 eV, TS 6 and 1.34 eV, TS 7), however, this pathway
is less likely to occur than path 1a and b. Also, a pathway with a
singlet di-oxo FeN4/GN (energetically unfavorable spin state)
was investigated for comparison, which can be found in the
Supporting Information (path2, Figure S4).

(2) Mono-oxo FeN;/GN

As presented in Figure 1 and S2, our DFT calculations indicate
the mono-oxo FeN4/GN in the triplet spin state to be the second
most stable form of the catalyst. This is in contrast to
computational results reported by Deng et al.#4, where the di-
oxo structure was energetically more stable than the mono-oxo.
It should be noted that the thermodynamic preference of the
mono-oxo over the di-oxo state, reported in Figure S2, can be
further supported from an oxidation state perspective. The
oxidation state of Fe at the FeN, center embedded in six-
membered rings (or pyridinic FeNy site) is +249.50, This, in turn,
increases to +4 and +6 forming mono-oxo (Fe=0) and di-oxo
(O=Fe=0) centers respectively. Despite the presence of Fe(VI)
species in the highly oxidized form (e.g., Fe042)61, this high
oxidation state is relatively uncommon compared to the Fe(IV)-
oxo complexes®2, This ferryl moiety (Fe(IV)=0), in fact, has been
identified as the active site of heme-containing
monooxygenases (cytochrome P-450)5657 and Fe-ZSM-534 for
hydrocarbon activation. Finally, our mechanistic scenario in the
previous subsection indicates that the di-oxo center will
eventually be converted to the mono-oxo form, which is the
thermodynamically most stable between the two forms. Under
this consideration, we investigated the methane-to-methanol
conversion mechanisms on the mono-oxo FeN4/GN.

It becomes apparent that all reaction mechanisms considered
in the di-oxo FeN4/GN catalyst (Figure 2 and S3) can take place
on the mono-oxo as the single O-site exists in both cases. The
equivalent pathways to path 1a and b are presented as path 3a
and b in Figure 3 (the counterpart of path 1lc was not
investigated due to the high TS energies involved). The
activation energy for the first C-H cleavage from methane (1.58
eV, TS 10) is more than twice as high as that found on the di-oxo
catalyst (0.67 eV, TS 1). The activation energy is lower than the
value reported by T. Roongcharoen et al. (1.91 eV)®3, but both
values are consistently high so that the O site on the mono-oxo
catalyst is inactive under ambient temperature. This lower
activity comes from the lower basicity of the active site,
compared to that of the di-oxo center. The H affinity®4%5 or H
binding energy®-68 has been reported to be a descriptor for the
hydrocarbon activation via homolytic C-H bond cleavage. Here,
we calculated the H atom binding energy (BEy) from eqn. (3)
and related it to the activation energy for the homolytic C-H
cleavage (AG._y) on all the active centers presented in Figure
1. The BEy and AG._y (Figure 4) show a clear scaling relation,

4| J. Name., 2012, 00, 1-3

confirming the BEy as a good descriptor for methane activation
via homolytic C-H bond cleavage. This indicates that the O site
on the mono-oxo catalyst has low activity because of its low
basicity, while that of the di-oxo catalyst is a relatively strong
base resulting in the facile C-H cleavage. Furthermore, we found
a strong relationship between the oxidation state of the Fe
centers and basicity of the active sites, in such a way that the
basicity increases with the oxidation number of Fe from +3
(mono-hydroxy) to +6 (di-oxo). Notably, the mono-oxo and di-
hydroxy centers form the same Fe(IV) oxidation state and have
almost same BEy of ~-0.8 eV. The two different active sites of
the hydroxy(oxo) center (Fe(V)) also show close basicity. These
results reveal an interesting observation: the homolytic C-H
dissociation of methane by the oxo or hydroxy active sites on

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Detailed free energy profiles of methane conversion to methanol by the di-oxo FeN4/GN catalyst (triplet state)
following (a) path 1a and (b) path 1b. “Fe” on the profiles stands for FeN4/GN catalyst structure, and “TS” represents a transition

state. Asterisk (*) denotes adsorbed species on the catalyst surface. The first four steps are identical in both pathways. Select
interatomic distances (in A) are shown on the molecular structures.

the FeN4/GN catalyst is modulated by the oxidation state of Fe, oxygenates under mild conditions with the presence of H,0;
rather than a type of the active site. and O3, where transition metals generate hydroxyl radicals from
H,0,, and the radicals abstract H from CH,4 to produce methyl
radicals®®-71; this is known as Fenton-type reaction’2. This type
of C-H activation has also been previously suggested to occur
with a small barrier (0.77 eV) on Fe-ZSM-5 catalyst>s.
Specifically, the authors reported that the dissociation of O-O
bond of H,0, and methane activation via the C-H cleavage took
place in a single step5. Considering that methyl hydroperoxide
(CH300H), which is one of the major products from the Fenton-
type methane oxidation®>>, was experimentally observed in large
quantity43, the Fenton mechanisms seem plausible. However,
Hammond et al.”3 reported that the mechanism of methane
conversion to methanol with H,0, by Cu-promoted Fe-ZSM-5
was different from the Fenton-type reaction. Further
considering the complicated nature of the Fenton
chemistry?475, this highlights the challenge on elucidating
radical chemistries.

It is worth noting that the structure obtained after the water
desorption on path 4 (18 in Figure 3(c)) was already found on
path la-c (on the di-oxo catalyst). This shows that, instead of
going through TS 2 as suggested in path 3, the produced methyl
radical can react with H,0, generating CH;OH and OH radical,
steps which are found in path 1b (steps 22-TS 4-23). If this

1
BE, = G(cat—H) - G(cat) - EG(Hz(g)) 3

Interestingly, the methane activation can potentially occur not
only directly by O but also indirectly by Fe, which is exposed to
the reactants at the non-oxidized side of the mono-oxo
structure. Unlike the path 3a and b, this mechanism is initiated
by the H,0, adsorption rather than C-H activation (path 4,
Figure 3(c)). A H,0, molecule is adsorbed on the center in such
a way that the one hydroxyl is closely bound to Fe while the
other one is facing outwards. Overcoming a relatively small
energy barrier (0.64 eV, TS 15), a hydroxyl radical is formed,
simultaneously hydroxylating the Fe center. In turn, the
produced hydroxyl radical abstracts H from CH4 to generate
water and methyl radical (TS 16). Due to the highly active nature
of the hydroxyl radical, the activation barrier for the homolytic
C-H cleavage is only 0.35 eV. After water desorption, the methyl
radical reacts with the remaining hydroxyl ligand to produce
CHsOH. The highest barrier corresponds to the O-O bond
dissociation of H,0; for OH radical generation at only 0.64 eV
(TS 15). Indeed, it is known that CH4 can be catalyzed into its

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00,1-3 | 5
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Figure 3. Detailed free energy profiles of methane conversion to methanol by the mono-oxo FeN4/GN catalyst (triplet state)
following (a) path 3a, (b) path 3b, and (c) path 4. Select interatomic distances (in A) are shown on the molecular structures.

occurs, the mono-oxo center will be converted to the di-oxo partway, the methyl radical can also be stabilized by N (as TS 6
configuration by being oxidized rather than acting as a catalyst, in path 1c), but this pathway will be energetically demanding.
which indicates the possibility of a dynamic oxidation behavior

of the Fe center. However, as also pointed out in the previous (3) Hydroxy(oxo) FeNs/GN

section, our statistical analysis based on the Boltzmann
probability shows that this is not likely to occur. As shown in
Figure 1, the free energy of the mono-oxo is lower than that of
the di-oxo by 0.30 eV, and this leads to the dominant population
of the mono-oxo over di-oxo at 298.15 K. In an alternative

Both the oxygen and hydroxyl active sites on the hydroxy(oxo)
FeN4/GN catalyst are shown to have a high activation energy for
the initial C-H cleavage (around 1.2 eV) as presented in Figure 4.
Nonetheless, the bifunctional hydroxy(oxo) center may play an
important role as one of the key species, because it is the most
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Figure 4. Linear relationship between the H binding energy (BEy)
and the energy barrier for the homolytic C-H cleavage of methane
(AG¢_p)- The oxidation states of each Fe center are displayed along
the data points.

stable form of the catalyst (Figure 1) and seems to appear in the
middle of reactions on oxo-catalysts along with adsorbed
radical species (intermediate 18 in path 1la and 4, and
intermediate 23 in path 1b). Therefore, the mechanisms of
methane-to-methanol conversion by the hydroxy(oxo) center
are studied in detail. The catalysts in ground spin (doublet) and
high spin (quartet) states are isoenergetic (Figure S2), and we
found ISC may occur in one pathway as discussed below.

All the pathways found on the di-oxo center can take place on
the oxo site of the hydroxy(oxo) center: path 5a and b in Figure
5 correspond to path l1la and b (Figure 2), respectively (the
counterpart of path 1c is not studied). Mechanistically, the only
difference is that the hydroxyl radical produced by the reaction
between methyl radical and H,0; in path 5b abstracts hydrogen
from the hydroxylated center without any barrier (steps 47-45).
Comparing the energetics, however, the hydroxy(oxo) center is
distinctly different from the di-oxo center. Due to the low
basicity of the active O site, the C-H activation is more
demanding (AG, = 1.27 eV, TS 17), but the activation barrier for
the regeneration of the active site from a H,O, molecule is
significantly decreased (1.24 eV, TS 3, path 1a - 0.73 eV, TS 19,
path 5a). Furthermore, as shown in Figure S2, the mono-
hydroxy center (13) is more stable in the quartet spin state,
which indicates that the system may involve ISC between
doublet and quartet spin states through TS 18, although the
activation barrier of TS 18 is higher in quartet. In the high spin
state, the active site recover step is more facile (TS 19, AG, =
0.43 eV; note that this reported value can only be obtained with
partial optimization relevant to the transition state). In turn, the
facile active site recovery eliminates the advantage of the H,0;-
mediated mechanism (path 5b) over path 5a. The hydroxyl site
of the hydroxy(oxo) center can also be an active site; another
H,0;-mediated mechanism is identified as shown in Figure S5 in

This journal is © The Royal Society of Chemistry 20xx
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the Supporting Information (path 5c). However, except that the
methanol production and active site recovery occur
simultaneously (TS 22), path 5c is essentially same to path 5b
not only mechanistically but energetically, and thus the detailed
description is omitted. Lastly, a concerted mechanism is found
on the oxo site (path 5d, Figure S5), which corresponds to path
2 on the singlet di-oxo center. The high activation barrier (1.76
eV, TS 23) makes the pathway unlikely.

3. Solvent effects

In order to demonstrate how the water solvent affects the
reaction mechanisms, the CPCM>! was applied on the important
pathways found on the di-oxo (path 1a and b) and mono-oxo
(path 4) FeN4/GN catalysts, as shown in Figures S6. Solvent
effects on the other pathways were not investigated because of
their unfavorable energetics. Overall, the presence of the
solvent does not modify the reaction mechanism, although the
energetics of the elementary steps are affected. On the di-oxo
center, the water desorption becomes exothermic (steps 21-4),
because the polar water molecule is not favored to be adsorbed
on the catalyst in the presence of the solvent. Likewise,
desorption of a produced CH3OH on path 1b becomes more
facile (steps 23-24). The remaining adsorption/desorption steps
are practically unchanged. Importantly, all the reaction barriers
in path 1a and b decrease except for TS 2, which is still small
although having doubled in the presence of water (0.14 eV >
0.27 eV, TS 2). As a result, the methane-to-methanol conversion
on the di-oxo center becomes more facile in the presence of
water solvent. Nevertheless, the barrier for the O recovery is
reduced slightly by 1.6 % (1.24 eV - 1.22 eV, TS 3) so that path
lais stilldemanding in comparison to path 1b. It is worth noting
that the change of the energetics alters the ratio of
intermediates 19 vs. 23: from the shared state 18, the barrier
for TS 2 is doubled while that for TS 4 is only slightly increased
(by 0.07 eV) as solvent effects are considered. As a result, the
population ratio of 19 to 23 is reduced by one order of
magnitude (6.74E3 on gas phase - 6.87E2 under water
solvation), which means the contribution of path 1b to the
overall activity increases, albeit it remains still small. In case of
path 4 on the mono-oxo center, the energy barrier for C-H
cleavage by OH radical is decreased under the presence of the
solvent (0.35 eV —> 0.28 eV, TS 16). However, the rate-
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Figure 5. Detailed free energy profiles of methane conversion to methanol by the hydroxy-oxo FeN4/GN catalyst (doublet state)
following (a) path 5a and (b) path 5b. The energy profile of path 5a at the high spin state (quartet) is also presented in panel (a)
in orange. The TS 19 in quartet could not be located and the energy value was obtained with partial optimization. Select
interatomic distances (in A) are shown on the molecular structures. In panel (a), only doublet structures are presented.

determining OH radical generation becomes less facile as the
energy barrier increases (0.64 eV - 0.76 eV, TS 15). Hence, the
catalytic activity of the mono-oxo FeN4/GN appears to decrease
when considering solvent effects.

4. Energetic span model

Although the detailed reaction energy profiles presented so far
provide quantitative information for each elementary step, they
cannot rationalize the overall reaction pathway activity. The
energetic span model provides accurate estimates of TOF for a
given catalytic cycle based on its detailed energetics>2. Thus, we
calculated the TOFs of all the cycles investigated in this work as
tabulated in Table 1. As expected, path 1a and c show poor TOFs
because of the large energy barriers involved. On the other
hand, the TOF of path 1b is higher than those of path 1a and ¢
by more than 9 orders of magnitude in the gas phase, and
increases by 80 times in the presence of solvent. This result
clearly demonstrates that path 1b is the most efficient catalytic
cycle on the di-oxo FeN4/GN. Again, it must be noted that the
results do not indicate that the di-oxo center is highly active,
since path 1a is favored over 1b based on the Curtin-Hammett
principle as discussed above. In case of the mono-oxo center,
the high energy barrier for the homolytic C-H cleavage limits the
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Please do not

TOFs of path 3a and b at very low levels, but path 4 turns out to
be very efficient, even more than path 1b. However, the
calculated TOF of path 4 significantly decreases in the presence
of water by more than 200 times, because of the increased
barrier for the OH radical generation step (TS 15). The TOFs of
the pathways on the singlet di-oxo and hydroxy(oxo) catalysts
are extremely low as expected, so that they would not
contribute to catalyzing the methanol synthesis reaction. As
discussed, the path 5a on the hydroxy(oxo) center may involve
ISC between low (doublet) and high (quartet) spin states.
However, the probable ISC does not affect the TOF because the
energy span of the pathway is essentially identical. Overall, in
the gas-phase, the mono-oxo catalyst is the most active
configuration as path 4 exhibits the largest TOF (1.60E-2 s1),
followed by the di-oxo center (path 1b, TOF: 1.49E-3 s1). On the
other hand, in the presence of a solvated environment, the TOF
of path 4 in mono-oxo center decreases by more than 200 times
(TOF: 7.16E-5 s1), while that of path 1b in di-oxo center
increases to be the most efficient pathway (TOF: 1.12E-1 s1).
However, the population dominance of the mono-oxo center
over the di-oxo is still valid in the presence of water based on
the Boltzmann statistics, as the mono-oxo center is
thermodynamically more favorable than the di-oxo. This

This journal is © The Royal Society of Chemistry 20xx
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suggests that the overall TOF is expected to be mostly
contributed by the mono-oxo center. Combining these
observations together, the solvated environment can
unfavorably affect the overall catalytic efficiency. It is worth
noting that the most active pathways among all (i.e., path 1b
and 4) spend H,0; as a reactant, rather than limiting its role for
the active oxygen regeneration as reported in previous
studies?344: H,0, can directly react with methyl radical to
produce CH3OH (path 1b — H,0,-mediated mechanism), or be
activated by the Fe center to form OH radical, which can
abstract H from CH,4 (path 4 — Fenton-type mechanism). This
observation emphasizes the importance of the role of the
oxidant in this specific reaction network.

Table 1. Calculated turn over frequencies (TOFs) of the investigated
pathways based on the energetic span model32. The pathways
investigated applying the CPCM solvation model>! are denoted as
“sol”.

Catalyst Pathway TOF (s?)
Path 1a 4.85E-13

Path la-sol 7.19E-13

Di-oxo Path 1b 1.49E-3
Path 1b-sol 1.12E-1

Path 1c 3.51E-15

Di-oxo (singlet) Path 2 8.54E-13
Path 3a 9.65E-19

MOno-0xo Path 3b 2.19E-23
Path 4 1.60E-2

Path 4-sol 7.16E-5

Path 5a 1.88E-12

Hydroxy(oxo) Path 5b 1.23E-16
Path 5c 1.50E-19

Path 5d 1.13E-20

Conclusions

In this work, we applied DFT calculations to investigate in detail
the mechanisms of methane conversion to methanol using H,0,
on the single Fe-atom catalyst stabilized by N-functionalized
graphene nanosheet (FeN4/GN). Our results demonstrated that
iron-oxo centers (mono-oxo and di-oxo) generated under
reaction conditions can readily catalyze CH; even under
ambient temperatures, whereas, the hydroxylated state of the
catalyst is inert. By taking into consideration a number of
different reaction pathways, catalyst configurations, and
solvent effects, we revealed that reactive O-sites on the di-oxo
catalyst are able to efficiently abstract H from CH,4 to generate
methyl radical (methane activation), which can further react
with either the hydroxylated center or the oxidant H,0,. As the
reaction involves the energetically demanding O-site
regeneration, however, the di-oxo catalyst is likely to be
converted to the mono-oxo form. Compared to the di-oxo, the
mono-oxo catalyst is thermodynamically more stable under
reaction conditions, but the most active site appears to be the

This journal is © The Royal Society of Chemistry 20xx
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Fe center and not the oxygen site of the catalyst. The oxygen
site is found to be inactive due to its low basicity, which stems
from the oxidation state of Fe center (+4). In contrast, the Fe
center can catalyze methane to methanol through a Fenton-
type mechanism by first dissociating the O-O bond of H,0, to
produce OH radical, which in turn easily activates CH4 and
converts it to methanol. We revealed that the most feasible
pathway on the mono-oxo catalysts consume the oxidant H,0;
as a reactant, not limiting its role to the active site regeneration
as previously suggested. Solvent effects (presence of water) can
either accelerate or slow down the methanol synthesis reaction
depending on the mechanism and active center. However,
considering the thermodynamic dominance of the mono-oxo
centers and the mechanisms that take place on these centers,
the presence of water solvent appears to reduce the overall
catalytic activity. Taken together, our computational work
sheds light into a very complex interplay between
thermodynamics of active site formation, competition of
different reaction mechanisms and solvent effects for the
methane-to-methanol conversion on FeN4/GN catalyst. Our
findings can potentially guide experimental efforts to discover
efficient catalysts converting methane to liquids at ambient
conditions. Especially, our investigation regarding the solvation
effects can be extended further to the processes that involve a
gas-phase oxidant instead of H,0,, e.g., N2O4, 0376, and 0,%8,
since such systems, depending on the operation conditions, can
also be in a solvation environment of a polar liquid products
(such as methanol). Future computational work in this area may
include 1) the exploration of possible ligands that can block one
face of the iron center in order to prevent the formation of the
inactive hydroxyl site; 2) the introduction of explicit water
molecules for more accurate investigation of water solvation
effects; and 3) the use of microkinetic modelling for better
understanding the complicated catalytic mechanisms.
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