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The selective oxidation of primary carbon–hydrogen bonds is
of crucial importance in activating raw materials to form
intermediates and final products for use in the chemical,
pharmaceutical, and agricultural business sectors. One of the
most challenging reactions of this type is the oxidation of
methane to methanol. Methanol is currently produced from
methane in an energy-intensive two-stage process through the
intermediate manufacture of synthesis gas,[1] though a one-
step selective oxidation would present both economic and
environmental advantages. In nature, methane monooxyge-
nase (MMO) demonstrates that a one-step oxidation is
feasible under mild aqueous conditions, but delivery of
oxygen involves complex co-enzymes and rates that are not
commercially viable.[2] To date viable chemical catalytic
routes have proven elusive. Approaches using oxide or
metal catalysts at high temperature, typically > 600 8C,
achieve only limited methanol selectivity.[3,4]

Low temperature approaches on the other hand usually
require multiple steps and so do not give a closed catalytic
cycle, or they proceed at low catalytic rates (turnover
frequencies < 10 h�1).[5–16] Of particular interest are the
studies involving iron (copper) zeolites that when activated
with N2O (oxygen) at high temperature can react with

methane to form surface methoxy species which later require
hydrolysis at a lower temperature to form methanol,[8,14–17]

and we therefore used this as the starting point for our low
temperature methane oxidation studies. We reasoned that it
should be feasible to access an active oxygen species using
aqueous hydrogen peroxide, which would also act for
hydrolysis of intermediates and thereby construct a closed
catalytic cycle. Here we show that iron- and copper-contain-
ing zeolites catalyze the oxidation of methane to methanol in
aqueous conditions using hydrogen peroxide.

We discovered that, following high-temperature calcina-
tion, commercial ZSM-5 displays significant catalytic activity
for the selective oxidation of methane using aqueous con-
ditions at low temperatures (Table 1, entry 1). This activity
depends on both the SiO2/Al2O3 ratio and the activation
procedure, with a heat pre-treatment at 550 8C for 3 h giving
both high oxygenate productivity and selectivity to partial
oxidation products. The level of activity exhibited by ZSM-5
has so far proven to be unique; other zeolites with similar
compositions, but different pore structures, are an order of
magnitude less active (Supporting Information, Table S1). We
initially found that a molecular confinement effect within the
zeolite micropores alone was unable to induce catalytic
activity, as silicalite-1 was found to be inactive (Table 1,
entry 2). A significant difference between silicalite-1 and
ZSM-5 is the aluminium content and we therefore tuned the
composition of the zeolite to identify the source of activity.
We discovered that varying the aluminium content of ZSM-5
(30), through post-synthesis or hydrothermal methods (metal,
M, introduced post-synthesis is denoted as M/ZSM-5; metals
incorporated through the synthesis gel are denoted as M-
ZSM-5), led to negligible changes in activity (Table 1, entry 3,
Figure S1). We therefore concluded that Al was not the active
component of the catalyst.

In view of these results, elemental analysis of the
commercial materials was performed in order to determine
the role played by any potential impurity metal species within
the structure. This analysis revealed that each sample
contained trace amounts of the transition metals Fe and Ti
(Table S2) that are known to activate hydrogen peroxide.[13,18]

TS-1 was found to be inactive, but introducing Fe alone into
the inactive silicalite-1 matrix by hydrothermal synthesis
leads to a significant increase in activity, strongly suggesting
that Fe species are the active component of the catalyst
(Figure S1). Fe-silicalite-1 also proved to be a highly active
and re-usable heterogeneous catalyst (Table S3), and under
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appropriate reaction conditions a 10% conversion with 96%
selectivity to partially oxygenated products (CH3OH,
CH3OOH, HCOOH) was achieved (Table 1, entry 14).
These experiments demonstrate that the presence of Fe
within the MFI material is crucial for significant catalytic
activity, and that concentrations as low as 120 ppm (as found
in commercial ZSM-5 samples) are sufficient for the forma-
tion of highly active catalysts (Table S2).[19–21] In addition,
experiments using 1H NMR spectroscopy of the reaction
mixture using 13C labeled methane confirms that the oxygen-
ate products observed are derived from the CH4 reactant
(Figure S2).

In view of the linear relationship between Fe content and
activity, and its controlled synthesis procedure and lack of
impurities, we systematically investigated the nature of the Fe
species within Fe-silicalite-1 in order to determine a link
between catalyst structure and activity. Transmission electron
microscopy (TEM)/X-ray energy dispersive spectroscopy
(XEDS) and X-ray photoelectron spectroscopy (XPS) both
confirmed the absence of Fe species on the external surface of
the catalyst (Figure S3 and S4). We therefore focused on the
nature of the active Fe species within the zeolite micropores
with FT-IR and UV/Vis spectroscopy. In the as-prepared Fe-
silicalite-1 material, FT-IR spectra showed a band at 710–
700 cm�1 indicative of Fe incorporation into tetrahedral
framework sites (Figure S5).[22] However, following template
removal and calcination (required for high activity) this band
is significantly diminished, suggesting migration of the Fe ions
from the framework to extra-framework positions. UV/Vis
studies also confirmed the migration of Fe ions upon heat pre-

treatment, and demonstrated that increased activity corre-
lates with an increasing extra-framework component (Fig-
ure S6). Analogous analysis of commercial ZSM-5 (30) by X-
ray absorption near edge structure (XANES) measurements
also demonstrated that within this sample, an increased
octahedral (extra-framework) component was observed upon
heat pre-treatment (Figure S7). The extraction of Fe from the
zeolite framework following thermal pre-treatment is in line
with previous studies of (activated) Fe-containing zeo-
lites.[23–25] In summary, an increased concentration of octahe-
dral (extra-framework) Fe is accompanied by significant
increases in catalytic activity.

The specific geometrical environment of the extra-frame-
work Fe species was thus investigated by EXAFS, which
showed that the Fe–Fe coordination number was low (1.6),
with an average Fe–Fe distance of 2.97� 0.04 �, and an
average Fe–O separation of 2.04� 0.02 � (Table S4). We note
that these values are consistent with previously reported
diiron species within zeolites.[26–28] Based on these experimen-
tal findings, periodic DFT calculations were used to simulate
model extra-framework diiron species in an MFI-framework
with two counter-cation exchange sites.[9] Several alternative
model structures were evaluated and optimized (Figure S8,
Table S5), and the closest match between EXAFS experiment
and theoretical modeling was obtained for a diiron complex
[Fe2(m2-OH)2(OH)2(H2O)2]

2+, containing antiferromagneti-
cally coupled high-spin octahedral Fe3+ centers. We thus use
this model to represent the resting state of the active site in
ZSM-5 (1, Figure 1C).

Table 1: Catalytic studies of Fe-containing zeolites for the oxidation of methane under mild conditions.[a]

Entry Catalyst Fe
content
[wt.%]

Preparation
procedure

Initial
methane
[mmol]

Product amount [mmol] Oxy.
sel.
[%][d]

CH3OH
sel.
[%][e]

Conv.
[%][f ]

MeOH[b] HCOOH[b] MeOOH[b] CO2 (g)[c]

1 ZSM-5 (30) 0.014 commercial 30.8 15.4 44.0 17.7 4.4 95 19 0.3
2 silicalite-1 0 hydrothermal 30.8 0.0 0.0 0.0 0.0 – – tr.
3 Al/ZSM-5 (30) 0.014 SSIE 30.8 15.8 40.4 15.3 1.5 98 22 0.2
4 TS-1 – commercial 30.8 0.2 0.0 1.0 0.1 99 15 0.0
5 Fe/ZSM-5 (30) 2.5 SSIE 30.8 22.3 164.0 1.8 38.6 83 12 0.7
6 Fe-silicalite-1 0.5 hydrothermal 30.8 15.4 60.5 7.5 5.8 94 17 0.3
7 Fe(NO3)3 23 commercial

(10 mmol Fe)
30.8 3.5 10.4 5.8 18.9 51 9 0.1

8 ZSM-5 (30)/Na2SO3 0.014 commercial 30.8 22.9 29.4 17.5 2.1 97 32 0.2
9 Fe(NO3)3/Na2SO3 23 (10 mmol Fe) 30.8 1.3 1.6 4.5 1.3 85 15 tr.
10 Cu/ZSM-5 (30) 0.014 SSIE 30.8 65.3 0.0 6.2 6.9 88 83 0.3
11 Cu-Fe/ZSM-5 (30) 2.5 SSIE 30.8 188.8 0.0 0.5 33.3 85 85 0.7
12 Fe/ZSM-5 (30)/Cu(NO3)3 (aq) 2.5 SSIE

(10 mmol Cu)
30.8 140.1 0.0 1.1 18.8 88 88 0.5

13 Cu/silicalite-1 0 SSIE 30.8 0.0 0.0 0.0 0.0 – – 0.0
14 Fe-silicalite-1[g] 0.5 hydrothermal 1.8 15.1 156.7 10.2 7.6 96 8 10.5
15 Fe-silicalite-1 and

Cu/silicalite-1[g]
0.5 hydrothermal

SSIE
1.8 168.4 0 0 12.5 93 93 10.1

[a] Standard reaction conditions: 10 mL, 30 min, 50 8C, P(CH4) 30.5 bar, [H2O2] 0.5m, catalyst 27 mg, 1500 rpm. Typical catalyst pre-treatment:
calcination (550 8C, 3 h, static air). SSIE corresponds to samples prepared by solid state ion-exchange. [b] Analyzed by 1H NMR with 1%
tetramethylsilane (TMS) in CDCl3 internal standard. [c] Analyzed by GC-FID. [d] Oxygenate selectivity, calculated as moles (oxygenates)/moles
(produced) � 100. [e] Methanol selectivity, calculated as moles (MeOH)/moles (produced) � 100, [f ] Conversion, calculated as (moles produced)/
(initial moles methane) � 100, tr. represents trace (i.e. <0.01%). [g] Reaction conditions standard except: 20 mL, 70 8C, P(CH4) 3 bar, [H2O2] 1.0m,
catalyst 54 mg.
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Starting from this resting state, the DFT calculations were
extended to build a molecular level mechanism for methane
oxidation that is consistent with the experimental data. Time-
on-line analysis has revealed that methyl hydroperoxide
(CH3OOH) is the primary reaction product (Figure 1A), and
that methanol, formic acid, and CO2 are formed consecutively
(Figure 1B). Within this proposed cycle, the diiron site, 1, first

coordinates H2O2 through exchange with a water ligand to
give species 2. H+-transfer and solvent rearrangement then
gives 3 which is formally an Fe4+/Fe2+ dimer, although DFT
optimization offsets the m2-OH ligands toward Fe2+ (average
Fe–(m2-OH) 2.06(Fe4+) cf. 1.91(Fe2+)). A second H2O/H2O2

exchange places H2O2 at the Fe2+ site, although this cannot
give a second surface hydroperoxide because there is no
adjacent ligand that can easily abstract H+. However,
Fe2+(aq) has been shown to react with H2O2 to produce
a ferryl ion (Fe4+=O) in Fenton�s reagent,[29, 30] and we propose
a similar event here to generate 4. In contrast to a Fenton�s or
an a-oxygen-type mechanism, which proceed through iso-
lated Fe4+=O sites, the formation of an Fe4+=O species
adjacent to Fe�OOH results in a novel, bifunctional oxidation
center, 4, and this has a profound effect on the methane
activation process. Starting from species 4, the reaction
pathway from an adsorbed methane molecule (Figure 2,

iteration 1) to the adsorbed product (methyl hydroperoxide)
(Figure 2, iteration 19) was mapped out using periodic DFT.
Initially the Fe4+=O iron atom has a high spin state due to the
relatively weak field ligands surrounding this ion, which
makes the oxo group reactive for the abstraction of H from
methane.[31] In the reaction profile the C�H bond length
gradually increases, until at C�H = 1.30 � H transfer to the
oxo group occurs (Figure 2, iteration 14). Whilst a methyl
radical is indicated after the top of the barrier (Figure 2,
iteration 16), this is a transient intermediate species that is
immediately captured by the hydroperoxy ligand at the

Figure 1. A) Time-on-line profile for the liquid-phase oxidation of
methane with hydrogen peroxide and ZSM-5 (30). Key: ~=methyl
hydroperoxide (MeOOH); ^=methanol (MeOH); &= formic acid
(HCOOH); *= carbon dioxide (CO2). B) A potential reaction scheme
for the oxidation of methane based on the time-on-line profile.
Methanol is formed through the conversion of the methyl hydroper-
oxide intermediate over the Fe sites present in the catalyst. COH
radicals produced during the reaction are later responsible for the
over-oxidation of methanol. C) Catalytic cycle for the oxidation of
methane to CH3OOH using H2O2, catalyzed by a binuclear Fe species
in ZSM-5. The overall charge in each case is formally + 2 as the
species acts as an extra-framework cation within the zeolite.

Figure 2. Spin-unrestricted DFT-optimized (PBE, UFe = 4.0) pathway for
methane to methyl hydroperoxide showing energy relative to the free
methane, hydroperoxide and resting state of the catalyst (in black
referred to left-hand axis, diamonds) and (in gray referred to the right-
hand axis) the key atom distances along the pathway, with H3C···OOH
as triangles, (H3C)H···O=Fe as squares and H3C···H as diamonds. The
x-axis is the iteration number along the reaction coordinate. Top:
graphical representations of the active-site region at the points along
the reaction coordinate indicated by iteration number are given, in
each case the reactants and molecules coordinated to Fe centers are
shown in ball-and-stick representations while the zeolite framework is
wireframe, most of the periodic structure of the MFI unit cell is
omitted for clarity. Atoms colored according to C gray, O red, H white,
Si yellow(wire), Al pink(wire), Fe mauve. Further details of method are
deposited in the Supporting Information.
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second Fe center, thus forming the (H3)C�OOH bond and not
releasing free methyl radicals (Figure 2, iteration 17).

To confirm the validity of this model, we experimentally
investigated the potential radical species formed during the
reaction through additional spectroscopic techniques
(Table S6). Although the oxidising ability of these catalysts
prevents the testing of the mechanism through radical clock
chemistry,[32] the system is amenable to study with EPR
spectroscopy (with 5,5-dimethylpyrroline-N-oxide (DMPO))
and radical scavengers. The absence of methyl radical signals
in the EPR spectra is in agreement with the molecular
mechanism proposed above. Furthermore, the absence of
methyl radicals distinguishes the chemistry reported here
from previous studies of methane activation by either a-
oxygen, derived from N2O

[7–9] or Fenton�s reagent;[13, 29] in
these systems, methyl radicals have been observed and
implicated as essential features of the corresponding mech-
anisms. We consider the new mechanism to be of paramount
importance to the high oxygenate selectivities we observe, as
systems operating through methyl free radical chemistry with
terminal oxidants (cf. Fenton�s chemistry) typically show low
oxygenate selectivity, (e.g. Table 1, entry 8). After formation
of the primary product (methyl hydroperoxide), the active
site (Figure 1C, 2) is regenerated by the desorption of methyl
hydroperoxide into solution, thereby closing the catalytic
cycle. Our proposed mechanism implies a stoichiometry of 2:1
(H2O2:CH4), which is the lowest ratio we have observed
experimentally with calcined ZSM-5 (30) (Table S7). Addi-
tionally, we found that the DFT-calculated barrier for this new
oxidation pathway was 50 kJmol�1 relative to the free
reagents and catalyst (Figure 2), which is lower than estimates
for MMO,[33, 34] and in good agreement to the experimentally
determined activation energy of 61 kJmol�1 (Figure S9).
Although the mechanism is consistent with all available
experimental data to hand, in subsequent studies we aim to
carry out spectroscopic investigations to test the proposed
mechanism in more detail.

To account for the observation of consecutive oxidation
products (Figure 1A), we considered that methyl hydroper-
oxide may subsequently undergo a second surface catalyzed
conversion to methanol through the hydrolysis of a surface-
bound methoxy species (Figure S10). This process will gen-
erate hydroxyl radicals, which we propose to facilitate the
over-oxidation of methanol to formic acid. EPR radical
trapping studies later confirmed that, whilst carbon-centered
radicals were not detected, significant quantities of COH
radicals were produced during the reaction (Figure S11).
These presumably arose from the non-selective decomposi-
tion of hydrogen peroxide or the alkyl hydroperoxy RO�OH
bond during the catalytic cycle. To investigate the role of
these species, an COH radical scavenger (Na2SO3) was used.
Whilst no change in reaction rate was observed with Na2SO3,
methanol selectivity increased from 19% to 32%, demon-
strating that COH radicals are involved in the over-oxidation
of methanol (Table 1, entry 11, Figure S12). The presence of
COH radicals and their role in methanol over-oxidation could
be a major limitation since methanol is the target product.

We therefore focused our studies on improving the
selectivity to methanol. During these studies, we identified

that the addition of Cu2+ to the reaction, either as a compo-
nent of the heterogeneous catalyst, or as a heterogeneous or
homogeneous additive to the reaction mixture drastically
reduces the over-oxidation process, and yields methanol as
the major reaction product at selectivities above 85%
(Table 1, entries 10–13, Figure S13). Despite this, Cu2+ is not
responsible for methane activation as no increase in catalyst
productivity was observed after its addition to the catalyst, or
the reaction solution (Table 1, entries 10–13). To understand
the positive role of Cu2+, further investigations with EPR
spectroscopy were carried out which revealed that in reac-
tions catalyzed by Cu-containing ZSM-5, hydroxyl radicals
were no longer observed (Figure S14). These results clearly
indicate that the increase in methanol selectivity is due to
a decrease in concentration of hydroxyl radicals, as found
when using Na2SO3 as a radical scavenger. By combining the
effect of Cu with the high activity of Fe, we found that
a physical mixture of Cu/silicalite-1 and Fe-silicalite-1 to be
sufficient to produce a highly selective catalytic system that
achieved a methane conversion of 10% with 93 % selectivity
to methanol (Table 1, entry 15).

Given that the catalytic data and spectroscopic analysis
has identified Fe as the key catalytic component in the
oxidation of methane, this allows normalized turnover
frequencies (TOF: mol(product)mol�1(metal) h�1) and
volume productivities (moles liquid phase oxygenates
cm�3 s�1) to be calculated and compared with other methane
oxidation approaches (Table 2 and S8). We observe TOFs
> 2200 h�1 under standard conditions (Table 2, entry 2),
which increase to > 14 000 h�1 at initial reaction periods
(2 min) (Table 2, entry 3). These TOF values are up to three
orders of magnitude greater than any chemical system
previously reported, and in the presence of Cu, these TOFs
are retained at a methanol selectivity > 90%. We also note
that, in contrast to the previous zeolite-based approaches, this
Fe- and Cu-based system operates through a closed catalytic
cycle, permitting high methane conversions and high oxygen-
ate selectivity to be obtained.

The general applicability of the batch reaction process has
also been probed with ethane, for which a conversion of 56%
with partial oxygenate selectivity of 97% was obtained under
optimized conditions (Table S9), showing that this oxidation
system may also find future applications for the partial
oxidation of higher alkanes.

In summary, we show that iron- and copper-containing
zeolites catalyze the oxidation of methane to methanol in
aqueous conditions using hydrogen peroxide, with activities
that are three orders of magnitude higher than any previously
reported. Through a combination of catalytic, spectroscopic,
and computational investigations, we demonstrate that the
interaction between Fe-ZSM-5 and hydrogen peroxide results
in a low-energy pathway for methane oxidation, which is
distinguished from Fenton�s chemistry, a-oxygen, and an
MMO-type rebound mechanism. Hydrogen peroxide reacts
at the iron centers to produce species capable of the activation
of the carbon–hydrogen bond, forming methyl hydroperoxide
as the primary product. Whilst copper does not play a direct
role in methane activation, it facilitates the formation of
methanol by inhibiting over oxidation to formic acid and CO2.
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While the use of hydrogen peroxide as a terminal oxidant is
too expensive for use commercially with methane, we propose
that the new chemistry identified will aid future catalyst
design approaches for the selective oxidation of C�H bonds.
It should also be noted that hydrogen peroxide may be
a viable oxidant with higher hydrocarbons, and the prelimi-
nary results we show for ethane indicate that the catalyst may
have applicability in such reactions.
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5 Fe-silicalite-1 and

Cu/silicalite-1
93 70 4.7 � 10�9 yes (>35) this work

6 Fe-ZSM-5, N2O 100 – – no (0.25) [14]
7 Cu-ZSM-5 98 – – no (0.02) [16]
8 (bpym)PtCl2/oleum[d] 81[e] 36 2.3 � 10�7 no[g] (>500) [5]
9 Pt-CTF[g] >75 98 2.0 � 10�7 no 246 [6]
10 FeCl3 (aqueous) 7 7 1.9 � 10�9 yes (7) [13]
11 OsCl3 (aqueous) 30 12 3.3 � 10�9 yes (30) [13]
12 FeCl16Pc-Na-X[h] 53 9 2.9 � 10�10 yes (107) [10]
13 (FetBuPc)2N/SiO2

[i] 0 6 1.5 � 10�9 yes (209) [11]

[a] Moles (MeOH)/moles (produced) � 100. [b] Moles (products)/(mole (metal) � reaction time).
[c] Moles (liquid phase oxygenates)/(reaction volume � reaction time) [d] (bpym)PtCl2 = dichloro(h-2-
{2,2’-bipyrimidyl})platinum(II). [e] Taken from quoted yield of CH3OSO3H assuming complete
hydrolysis. [f ] TON quoted for CH3OSO3H rather than methanol. [g] CTF= covalent triazine-based
framework, as for entry 7 primary product is CH3OSO3H which is hydrolyzed in a second reaction step.
[h] FeCl16Pc-Na-X= FeCl16Pc (Pc = phthalocyanine) complex encapsulated in Na-zeolite-X.
[i] (FetBuPc)2N = nitrido-bis[tetra(tert-butyl)phthalocyaninato-iron].
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