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ononuclear Fe species for low-
temperature methane oxidation†

Tao Yu, ab Zhi Li,c Wilm Jones, de Yuanshuai Liu,f Qian He, g Weiyu Song, c

Pengfei Du,bh Bing Yang, h Hongyu An, f Daniela M. Farmer,de Chengwu Qiu,de

Aiqin Wang, ai Bert M. Weckhuysen, *f Andrew M. Beale *de

and Wenhao Luo *a

The direct functionalization of methane into platform chemicals is arguably one of the holy grails in

chemistry. The actual active sites for methane activation are intensively debated. By correlating a wide

variety of characterization results with catalytic performance data we have been able to identify

mononuclear Fe species as the active site in the Fe/ZSM-5 zeolites for the mild oxidation of methane

with H2O2 at 50 �C. The 0.1% Fe/ZSM-5 catalyst with dominant mononuclear Fe species possess an

excellent turnover rate (TOR) of 66 molMeOH molFe
�1 h�1, approximately 4 times higher compared to the

state-of-the-art dimer-containing Fe/ZSM-5 catalysts. Based on a series of advanced in situ

spectroscopic studies and 1H- and 13C- nuclear magnetic resonance (NMR), we found that methane

activation initially proceeds on the Fe site of mononuclear Fe species. With the aid of adjacent Brønsted

acid sites (BAS), methane can be first oxidized to CH3OOH and CH3OH, and then subsequently

converted into HOCH2OOH and consecutively into HCOOH. These findings will facilitate the search

towards new metal-zeolite combinations for the activation of C–H bonds in various hydrocarbons, for

light alkanes and beyond.
Introduction

The relatively low cost and forecasted high availability of
methane, the primary constituent of natural gas, have greatly
stimulated the quest for its transformation into methanol and
other oxygenates as easily condensable energy carriers and
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value-added commodity chemicals.1,2 The direct conversion of
methane into methanol is of great signicance and poses great
challenges, which arise from the high stability of the C–H bonds
in methane and the facile overoxidation of primary oxygenates,
such as methanol and formate, to COx via consecutive reac-
tions.3–6 Nature is able to realize the direct transformation of
methane into methanol at ambient temperature under aerobic
conditions with methane monooxygenase (MMO) enzymes
containing either Fe-oxo or Cu-oxo as active species.7,8 Inspired
by the similarity to enzymatic systems containing active sites
within molecular ligand architectures, metal-containing
zeolites with well-dened metal-oxo species have been
employed in heterogeneous catalysts, and are currently being
extensively studied due to their exquisite ‘enzyme-like’ reactivity
for the direct conversion of methane into methanol under mild
conditions.9–12 A variety of possible active site motifs have been
proposed, nevertheless, no consensus has been achieved on the
nature of the active site owing to the heterogeneous composi-
tion and disparate species typically present in the zeolites.9

Particularly compelling have been the assertions that dinuclear
Cu/Fe species or trinuclear Cu cluster have been proposed to
constitute the active sites.11–15 Notably, more evidence of
a mononuclear metal species has been recently reported for
activation of primary C–H bond in methane, such as a mono-
nuclear Cu species in particulate methane monooxygenase
(pMMO),16 a graphene-conned single-atom Fe site,17 an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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alumina supported monomeric copper site,18 zeolite ZSM-5 or
CeO2 nanowires supported single-atom Rh sites and an isolated
Zn site in ZSM-5.19–21

To imitate the biocatalytic conversion of methane to meth-
anol, approaches with benign conditions such as a low
temperature, which can also suppress facile overoxidation of
methanol to COx, are preferred. Of particular interest is the
H2O2-based heterogeneous system, pioneered by Hutchings
and coworkers, utilizing metal-containing zeolites as catalyst.11

A dinuclear Fe species was proposed as the active site by
combination of ex situ spectroscopic and theoretical investiga-
tions. Nevertheless, catalytic activity caused by a trace level of Fe
species in zeolite ZSM-5, likely in mononuclear form, cannot be
ruled out. Furthermore, Solomon and Sels et al. delineated that
the a-O of a mononuclear Fe(IV)]O species constrained in the
zeolite b (BEA) lattice, formed by N2O oxidation of Fe(II)-BEA at
250 �C, was a highly active site for the room-temperature acti-
vation of methane in the gas phase.22–24 Conicting results and
the rather limited physicochemical insights perpetuate the
debate concerning the true nature of the active sites and the
related reaction mechanisms. Although many state-of-the-art
spectroscopic studies point to dinuclear metal-oxo species as
the active species,10,11,25–27 the presence of other active species,
especially mononuclear sites, enhancing the reactivity should
not be neglected. Additionally, the dynamic evolution of catalyst
structure under working conditions makes it even harder to
capture the real nature of active sites and, as a consequence,
hinders the mechanistic understanding of initial activation of
primary C–H bond in methane. To date, most of the mecha-
nisms hypothesized have rarely been validated experimentally
by, for example, in situ spectroscopic characterization, tending
to be directly adapted from the traditional homogeneous or
enzymatic catalysis, or else proposed using mainly theoretical
calculations and ex situ characterization. Therefore, there is
clearly room for a more comprehensive understanding of the
nature of active species and capturing more informative
evidence for methane activation.

Embarking on initial studies, especially for the Fe-
containing zeolite ZSM-5 for the direct conversion of methane
to methanol, we have employed an improved impregnation
method to prepare a set of Fe/ZSM-5 catalysts containing
different contents of active components (i.e., mononuclear,
oligonuclear clusters and metal oxide nanoparticles). Through
a series of controlled experiments, advanced spectroscopic
characterization and structure–performance correlation studies
i.e., aberration-corrected high-angle annular dark-eld scan-
ning transmission electron microscopy (AC-HAADF-STEM), 57Fe
Mössbauer spectroscopy, in situ X-ray absorption ne structure
(XAFS), in situ ultraviolet-visible diffuse reectance (UV-vis DR),
in situ Fourier transform-infrared (FT-IR) and 1H- and 13C-
nuclear magnetic resonance (NMR) measurements, we have
identied that extra-framework mononuclear Fe species, hosted
within the micropores of zeolite ZSM-5, exhibits superior
methanol turnover rate (TOR) in methane oxidation with
respect to other counterparts. The Brønsted acid sites (BAS) of
the Fe/ZSM-5 zeolites facilitate methane oxidation in the liquid
phase. We demonstrate that the methane initially interacts with
© 2021 The Author(s). Published by the Royal Society of Chemistry
the isolated mononuclear Fe species, and also depict the reac-
tion pathway responsible for methane oxidation into value-
added oxygenated products.

Results and discussion
Determination of mononuclear Fe species as the active site

A series of Fe/ZSM-5 catalysts with a varied Fe weight loading
from 0.1 to 2 wt% have been prepared by a wet impregnation
method, in order to explore the impact of different Fe species on
methanol productivity (Fig. 1a). The catalytic oxidation of
methane was performed in a batch system at 50 �C, with 30 bar
of CH4 and 0.5 M H2O2 aqueous solution. Notably, there is
a clear trend with the value of the apparent turnover rate (TOR)
of methanol productivity increases with decreasing Fe content
of the catalysts. The 0.1% Fe/ZSM-5 showed a maximum TOR of
66 molMeOH molFe

�1 h�1 among ve Fe/ZSM-5 catalysts,
approximate four times higher than that of the state-of-the-art
Fe/ZSM-5 catalyst (i.e., 17 molMeOH molFe

�1 h�1, Table S1†).28

Additionally, a good stability of the 0.1% Fe/ZSM-5 is presented
with no apparent decrease in activity during three consecutive
runs (Fig. 1b). Structural properties of the Fe/ZSM-5 zeolites
with different Fe loadings (0.1, 0.2, 0.5, 1 and 2 wt%) were then
characterized by multiple techniques (Fig. S1–S3†). For all the
samples, an apparent homogeneous color ranged from white to
brown is observed for increasing Fe loading, indicating a good
dispersion of Fe species and which is also corroborated by the
absence of Fe-containing phases in the powder X-ray diffraction
(PXRD) patterns. For the 0.1% Fe/ZSM-5 and 0.2% Fe/ZSM-5
samples, the lack of Fe species on the surface is observed, as
evidenced by scanning transmission electron microscopy
(STEM) and which reveals the majority of the Fe species to be
located in the micropores of ZSM-5 or else are below the
detection limit, indicating a size of Fe species at the sub-
nanometer scale. Furthermore, no obvious loss of Fe atoms
during preparation occurs as determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Table S2†). A
limited number of Fe nanoparticles 10–50 nm in size is
apparent in the higher loading zeolites (0.5, 1 and 2 wt%).
Additionally, a progressive drop in microporosity for the Fe/
ZSM-5 catalysts as the Fe loading increases, conrms that
these introduced Fe species are anchored in the micropores of
ZSM-5 (Table S2†). Ultraviolet-visible diffuse reectance (UV-vis
DR) spectra of various Fe/ZSM-5 zeolites, shown in Fig. 2a,
further verify the dominant presence of signicant amounts of
ultra-small Fe species. The spectra can be divided into three
regions, <300 nm, 300–400 nm and >400 nm, corresponding to
isolated mononuclear Fe3+ species, oligomeric FexOy clusters
and Fe2O3 nanoparticles respectively.29–31 The UV-vis DR spectra
of the 0.1% Fe/ZSM-5 and 0.2%Fe/ZSM-5 show mainly one
feature at 278 nm, indicative of the dominance of mononuclear
Fe3+ species in octahedral coordination. As the Fe loading
increases, additional spectral features in the >300 nm regions
appear and develop for the 0.5% Fe/ZSM-5, 1% Fe/ZSM-5 and
2% Fe/ZSM-5, attributed to the presence of more polymeric Fe
clusters and particles. Fig. 2b shows the H2-TPR results of
various Fe/ZSM-5 zeolites, the 0.1% Fe/ZSM-5 catalyst shows
Chem. Sci., 2021, 12, 3152–3160 | 3153
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Fig. 1 (a) Turnover rate (TOR) values of various Fe/ZSM-5 catalysts
with different Fe content. (b) Catalyst stability tests of methane
oxidation over the 0.1% Fe/ZSM-5. (Reaction conditions: T ¼ 50 �C,
PCH4

¼ 30 bar, 0.5MH2O2 aqueous solution, catalystmass¼ 0.3 g, rpm
¼ 1500, V ¼ 80 mL, t ¼ 30 min, the deviation bar is determined from
running three additional repeats.)
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only one weak peak, centered at 503 �C, which can be attributed
to the reduction of the dominated monomeric Fe3+ species. For
the 0.2% Fe/ZSM-5 and 0.5% Fe/ZSM-5 catalysts, the apparent
peaks centered at around 455 �C are attributed to the prevailing
species of oligomeric FexOy clusters. The 1% Fe/ZSM-5 and 2%
Fe/ZSM-5 catalyst show three main signals, at about 395, 427
and 473 �C. The peak at 427 �C is still in the reduction region of
the oligomeric FexOy species. The peaks at 395 �C and 473 �C
develop together, ascribed to the reduction of Fe2O3 nano-
particles with different sizes.32 These results are in a good
agreement with the UV-vis DR spectra. The atomic-level struc-
ture of the 0.1% Fe/ZSM-5 is further studied by aberration-
corrected high-angle annular dark-eld (AC-HAADF) STEM
and X-ray energy dispersive spectroscopy (XEDS) analysis
(Fig. 2c–f). Indeed, no Fe clusters and particles are observed at
lower magnication, while single Fe atoms are clearly visualized
(circled) at higher magnication as the primary Fe species.
Further validation and quantication of the three identied Fe
species (mononuclear, oligonuclear clusters and metal oxide
nanoparticles) is also accomplished by applying 57FeMössbauer
spectroscopy. Fig. 3a shows the 57Fe Mössbauer spectra of ve
Fe/ZSM-5 catalysts, and Table S3† lists the values of the related
Mössbauer parameters, i.e. the isomer shi (IS) and quadrupole
splitting (QS), as well as the corresponding portion of different
Fe species quantied via spectral deconvolution. The spectra of
0.1% Fe/ZSM-5 and 0.2% Fe/ZSM-5 can be deconvoluted with
two doublet components, with both IS ¼ �0.35 mm s�1 (indi-
cating the valence state of Fe3+) and QS¼�0.70 mm s�1 and QS
¼ �1.50 mm s�1 separately. The dominant species with the
relatively smaller value of QS ¼ �0.70 mm s�1 (indicating
a higher symmetric coordination) can be assigned to extra-
framework Fe3+ species possessing octahedral coordination.
Combining the results obtained from STEM and UV-vis DR, we
conrm that the 0.1% Fe/ZSM-5 contains predominantly iso-
lated mononuclear Fe3+ species possessing octahedral coordi-
nation. As quantied by Mössbauer spectroscopy (Table S3†),
we determined the corresponding portion of the mononuclear
Fe3+ species to be 66% for the 0.1% Fe/ZSM-5 and 56% for the
0.2% Fe/ZSM-5 separately. The other doublet species with
a larger QS value of �1.50 mm s�1 can be attributed to Fe3+

species in a distorted octahedral coordination. Previous work
has assigned this species with a QS values of 0.76–2.4 mm s�1 to
the dinuclear Fe3+ complexes.30,33,34 Nevertheless, it is a chal-
lenge to differentiate the dimeric Fe3+ species from other poly-
meric Fe3+ species (i.e., trimer and tetramer) via Mössbauer
spectroscopy.33,34 Therefore, it is more appropriate to ascribe
this doublet component to oligomeric FexOy clusters (x$ 2). For
the 0.5% Fe/ZSM-5, 1% Fe/ZSM-5 and 2% Fe/ZSM-5, an addi-
tional sextet component with IS ¼ 0.36–0.38 mm s�1 and QS ¼
�0.22–0.29 mm s�1, characteristic of Fe2O3 nanoparticles,35 is
clearly evidenced. A decrease in the portion of the doublet
component (IS ¼ 0.35–0.36 mm s�1 and QS ¼ 0.65–0.70 mm
s�1), ascribed to themonomeric Fe3+ species, has been observed
with increasing Fe loading in the Fe/ZSM-5. The proportion of
mononuclear Fe3+ species decreases from 66% in the 0.1% Fe/
ZSM-5 to 28% in the 2% Fe/ZSM-5 respectively (Fig. 3b), as
accompanied by the increase in oligomeric FexOy clusters
3154 | Chem. Sci., 2021, 12, 3152–3160
species and the appearance of Fe2O3 particles. Such a trend, as
monitored by Mössbauer spectroscopy, indicates that the Fe
species become less monomeric and more polymeric as the Fe
loading increases. This observation is again completely
consistent with the results of HAADF-STEM, UV-vis DR and H2-
TPR.

When evaluating the correlation between TOR of methanol
productivity of the Fe/ZSM-5 catalysts and the different Fe
species (as quantied by Mössbauer spectra), it is notable that
only the proportion of mononuclear Fe species is positively
correlated with the apparent methanol TORs for different
catalysts (Fig. 3b). The portions of oligomeric Fe species and
Fe2O3 particles that increase with Fe loading in the Fe/ZSM-5,
show a limited contribution to the overall methanol forma-
tion. Further calculations (for details, see the ESI†) allowed us to
determine the average TOR values of each species, 91 molMeOH

mol�1
Fe h

�1 for mononuclear Fe species, 18 molMeOH molFe
�1

h�1 for oligomeric FexOy clusters (consistent with the reported
highest TOR of 17 molMeOH molFe

�1 h�1 for dinuclear Fe3+

species in Fe/ZSM-5)28, and �210 molMeOH molFe
�1 h�1 for

Fe2O3 nanoparticles (the negative TOR indicates that these
species are detrimental to methanol formation leading to its
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Catalytic structural analysis of Fe/ZSM-5 catalysts. (a) UV-vis diffuse reflectance (DR) spectra of the different catalysts. (b) H2 temperature-
programmed reduction (H2-TPR) results of parent ZSM-5 and five Fe/ZSM-5 zeolites. (c–e) Representative aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy (AC-HAADF-STEM) images of the 0.1% Fe/ZSM-5 catalyst. (f) X-ray energy
dispersive spectroscopy (XEDS) mapping images of the 0.1% Fe/ZSM-5 catalyst.
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further oxidation to other oxygenates and ultimately to CO2,
Table S4†). Therefore, mononuclear Fe species show a higher
activity compared to the other two counterparts in the Fe/ZSM-5
for methanol production. Interestingly, a linear correlation
between the mononuclear Fe species and the natural logarithm
of TORs has been evidenced, demonstrating that the TORs are
exponentially related to the corresponding proportion of
mononuclear Fe3+ species (Fig. 3c and S4†). As such a slight
increase in the portion of such mononuclear Fe3+ species,
especially when it exceeds 60%, can signicantly increase the
TOR value of methanol productivity. Ultimately, a TOR of 773
molMeOH molFe

�1 h�1 could be theoretically achieved if there
were only monomeric Fe species with octahedral coordination
in the Fe/ZSM-5, which is almost 45 times higher than that of
the state-of-the-art Fe/ZSM-5 reported in the open literature.28

These results show that monomeric Fe species exhibit enor-
mous potential for direct conversion of methane into methanol
(Table S1†). Such an exponential enhancement in methanol
TOR might be contributed either by the evolution of a more
active isolated Fe species or by a promotion effect of the adja-
cent Brønsted acid sites (BAS) during catalysis. Our catalytic
investigations show that BAS in ZSM-5 can indeed enhance the
activity of methane oxidation, in line with previous reports.36–38

As shown in Fig. S5,† when using 0.1% Fe/Na-ZSM-5 with the
same Si/Al ratio or 0.1% Fe/silicalite-1, containing far fewer BAS,
the yield of methanol and other C1 oxygenates was greatly
reduced compared to that obtained when using 0.1% Fe/ZSM-5.
In an effort to unravel the intrinsic active site originated from
© 2021 The Author(s). Published by the Royal Society of Chemistry
the evolution of monomeric Fe species during catalysis, we have
thus focused on the 0.1% Fe/ZSM-5 with comprehensive char-
acterization using a series of advanced in situ spectroscopic
techniques.
In situ characterization of an active 0.1% Fe/ZSM-5 catalyst

Performing operando characterization poses a signicant chal-
lenge with various technique limits, especially for three phase
catalysis under high pressure, and for the paramagnetic nature
of Fe-based catalysts. Thus, performing in situ characterization,
partially mimicking the reaction conditions at each step,
represents the next best option to monitor the dynamic evolu-
tion during catalysis. By combining complementary in situ
characterization studies, correlations can be made and thus
a holistic picture can be created. In situ X-ray absorption ne
structure (XAFS) spectroscopy has been performed on the 0.1%
Fe/ZSM-5 to investigate the chemical states and coordination
environment of Fe species and its evolution upon interaction
with absorbates (CH4 or H2O2) at different treatments (fresh,
dehydration, CH4 introduction and H2O2 introduction). A plot
of the nearest neighbor contributions (i.e., the coordination
number and distances of the Fe–O & Fe–Fe components) from
the 0.1% Fe/ZSM-5 sample derived from a Fourier transform of
the extended X-ray absorption ne structure (EXAFS) data is
given in Fig. 4a. The results of the least squares tting of the
data are summarized in Table S5.† The main component at ca.
1.5�A in the phase-uncorrected data (Fig. 4a) corresponds to an
Fe–O distance at �2.00 �A typical of octahedral Fe3+ (EXAFS
Chem. Sci., 2021, 12, 3152–3160 | 3155
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Fig. 3 Effect of different Fe species onmethane oxidation activity. (a) 57Fe Mössbauer spectra of the Fe/ZSM-5 zeolites with different Fe loadings
obtained at ambient temperature. (b) The relative proportion of different Fe species in different Fe/ZSM-5 zeolites with the apparent TORs of five
Fe/ZSM-5 zeolites. (c) Correlation between the natural logarithm of TORs and the relative proportion of monomeric Fe species quantified by 57Fe
Mössbauer spectroscopy.
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renements also indicate a coordination number of 6). Aer
dehydration, the intensity and distance of the Fe–O contribu-
tion is observed to decrease by �2 units and the Fe–O distance
to contract to�1.91�A, which is consistent with the formation of
an Fe–O species with a lower coordination number (Fig. S6†).
On the introduction of methane, a clear increase and shi
towards higher R in the contribution at 1.5 �A was observed.
Since no additional oxygen is introduced into the catalyst
material at this point of time, this increase in coordination
number can be attributed to the formation of an Fe–C bond
when methane is adsorbed on the Fe species. It is important to
note that due to the similarities in scattering contrast it is not
possible to differentiate between Fe–O and Fe–C scattering.
These visual changes in the EXAFS FT are conrmed by the data
tting where the change in the coordination number/bond
distance would be consistent with a change of �1 (methane)
unit (Table S5†). This is, to the best of our knowledge, the rst
observation of the direct interaction of methane with Fe active
species, indicating that initial activation of the C–H bond in
methane proceeds on isolated Fe metal center. Consistent with
previous characterization data, an Fe–Fe contribution at 2.5 �A
conrms the presence of Fe–O–Fe species consistent with the
presence of polynuclear/oligomeric species in addition to the
presence of mononuclear species. This was observed to increase
during methane introduction, probably caused by a partial
3156 | Chem. Sci., 2021, 12, 3152–3160
agglomeration of isolated mononuclear Fe species as a conse-
quence of contacting methane.

In situ UV-vis DR spectroscopy has also been applied to track
the dynamics of the Fe species in the 0.1% Fe/ZSM-5 (Fig. 4b).
The fresh sample showed an absorption band at �278 nm,
attributed tomainly mononuclear Fe species. Aer dehydration,
a small absorption band appeared at �328 nm accompanied by
an intensity decrease of the absorption band at �278 nm. This
change points towards the partial transformation of mono-
nuclear species into small oligonuclear Fe clusters during
a high temperature treatment. When methane is introduced, an
intense absorption band centered at �350 nm appears which is
associated with an increase in the size of small oligonuclear Fe
clusters. This change is accompanied with the simultaneous
decrease of the absorption band intensity at �278 nm. This
indicates that methane in the gas phase can strongly interact
with the Fe species and induce a partial agglomeration of the
isolated Fe3+ sites into small oligonuclear clusters at 50 �C,
which is consistent with the in situ EXAFS data obtained.
Notably, when the H2O2 aqueous solution is introduced into the
catalyst system, the absorption band, related to the presence of
small oligonuclear cluster, at �300–400 nm reversely disap-
pears, indicating that such agglomeration of the Fe species can
be efficiently suppressed in the aqueous phase. Contacting
methane in the gas phase, for example via a looping system, can
result in the transformation of mononuclear to oligomeric
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In situ characterization results from in situ EXAFS, in situ UV-vis DR and in situ FT-IR. (a) In situ Fe K-edge extended X-ray absorption fine
structure (EXAFS) spectra of the 0.1% Fe/ZSM-5 at 50 �C with different treatments. (b) In situ UV-vis diffuse reflectance (DR) spectra of the 0.1%
Fe/ZSM-5 at 50 �Cwith different treatments (fresh: the fresh catalyst; dehydration: treated by dehydration at 300 �C; CH4 introduction: methane
introduction at 50 �C; H2O2(aq) introduction: with a few droplets of 0.5 M H2O2 aqueous solution). (c) Time-resolved in situ Fourier transform-
infrared (FT-IR) spectra of methane adsorbed on the 0.1% Fe/ZSM-5 at 50 �C. (d and e) In situ FT-IR spectra of methane absorption bands in the
–OH vibration region over the parent H-ZSM-5 and 0.1% Fe/ZSM-5 at 50 �C, respectively.
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species (i.e., dimeric and trimeric species), concluding a new
species although obfuscating the particularly active mono-
nuclear sites. A similar structure evolution of Pt between single
metal atoms and nanoparticles has been observed under redox
conditions.39,40 Thanks to the presence of an aqueous solution
of H2O2, such agglomeration of monomeric species can be
excluded and the active mononuclear sites can be retained.

Time-resolved in situ FT-IR spectroscopy was applied to study
the initial stages of methane activation on the 0.1% Fe/ZSM-5 at
50 �C (Fig. 4c). For the –OH vibration region, a decrease in the
intensity of the peak at 3612 cm�1, attributed to methane
adsorbed on the BAS of ZSM-5, is observed with a stepwise
increase in methane pressure at low coverages (p < 0.5 mbar). It
has been reported that the C–H antisymmetric stretching
vibration of gaseous methane (nas ¼ 3016 cm�1) can be visual-
ized, whereas the symmetric C–H stretching of that (ns ¼
2914 cm�1) is forbidden.41 The formation of two peaks, centered
at 2936 and 2863 cm�1 as evidenced in the C–H vibration region
© 2021 The Author(s). Published by the Royal Society of Chemistry
is ascribed to the downshi of the nas and ns vibrations of
methane perturbed by interaction with protons of BAS of ZSM-5,
respectively. Considering the low loading of Fe in the 0.1% Fe/
ZSM-5, the signal of methane interacted with Fe cations is
probably below the detection limit, unlikely to be visualized by
FT-IR at 50 �C (Fig. S7†). Notably, the –OH vibration of BAS at
3612 cm�1 for the parent zeolite H-ZSM-5, when contacted with
methane and followed by evacuation under high vacuum, shows
an order of magnitude less (�65.5%, Fig. 4d) compared to that
for the 0.1% Fe/ZSM-5 (�5.6%, Fig. 4e), indicating a less
extensive interaction between methane and BAS aer the
addition of Fe cations in ZSM-5. Compared to the parent H-
ZSM-5, the 0.1% Fe/ZSM-5 shows an Fe/Al atomic ratio of
0.023 and a retained porosity aer Fe addition (Table S2†),
indicating a marginal decrease in the accessibility of the BAS.
The limited loss in BAS accessibility (<3%) should not cause
such a signicant decrease (�60%) in intensity of 3612 cm�1.
This result when considered alongside the strong interaction
Chem. Sci., 2021, 12, 3152–3160 | 3157
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Fig. 5 (a) 13C NMR and 13C DEPT results obtained from reaction
products of methane oxidation reaction over the 0.1% Fe/ZSM-5. (b)
2D 1H–13C HMQC NMR spectrum obtained from reaction products of
methane oxidation reaction over the 0.1% Fe/ZSM-5. Reaction
conditions: T ¼ 50 �C, PCH4

¼ 30 bar (20% 13CH4), H2O2 ¼ 0.5 M, V ¼
80 mL, catalyst ¼ 0.3 g, rpm ¼ 1500, t ¼ 30 min.

Fig. 6 Investigation of reaction path of methane oxidation over the
0.1% Fe/ZSM-5 catalyst. (a) Time-on-line profile for the reaction
products of methane oxidation over the 0.1% Fe/ZSM-5. Reaction
conditions: T¼ 50 �C, PCH4

¼ 30 bar, H2O2¼ 0.5M, V¼ 80mL, catalyst
¼ 0.3 g, rpm¼ 1500. (b) Time-on-line profile for the reaction products
of methanol oxidation over the 0.1% Fe/ZSM-5. Reaction conditions: T
¼ 50 �C, VMeOH ¼ 0.2 mL, PN2

¼ 30 bar, H2O2 ¼ 0.5 M, V ¼ 80 mL,
catalyst ¼ 0.3 g, rpm ¼ 1500. (c) Proposed reaction scheme for the
oxidation of methane in the H2O2-based heterogeneous system.
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between Fe species and methane seen with in situ XAFS and in
situ UV-vis DR, suggests the origin of such a degenerated
interaction can be attributed to a stronger interaction between
the mononuclear Fe species and methane. Additionally, no
observed vibration in the C–O stretching region, excludes the
formation of –OCH3 or other M–O–C species, again in accor-
dance with our in situ XAFS results that methane interacts with
Fe center directly instead of the oxo sites. Combining the above
observation, the methane activation is rst via the interaction
on the metal site of the isolated Fe mononuclear species.
Recently, Deng et al.21 proposed a heterolytic dissociation of
C–H bond over the isolated Zn/ZSM-5, with the detection of
formation of zinc methyl species via in situ solid-state NMR
spectroscopy. van Bokhoven et al.42 also demonstrated the
feasibility of the formation of an initial Cu–CH3 species based
on the theoretical calculation results. Moreover, the direct
methane interaction with the metal site has been also proposed
in the homogeneous system and hypothesized for the isolated
Rh/ZSM-5.19,43
3158 | Chem. Sci., 2021, 12, 3152–3160
Reaction pathway of methane oxidation over the 0.1% Fe/
ZSM-5

The different reaction intermediates or products during
methane oxidation were qualitatively analysed by combining
13C NMR, 13C DEPT and 2D 1H–13C heteronuclear multiple
quantum correlation (HMQC) measurements (Fig. 5). Four
featured signals at 49, 65, 93 and 167 ppm are due to CH3, CH3,
CH2 and CH groups, respectively. The 2D 1H–13C HMQC
measurements (Fig. 5b) presented four cross peaks appeared at
3.34/49, 3.85/65, 5.03/93 and 8.25/167 (1H/13C), which matched
well with CH3OH, CH3OOH, HOCH2OOH and HCOOH
respectively.17

Time proles of different reaction intermediates or products
during direct methane conversion are illustrated in Fig. 6a. At
the initial stage of reaction, CH3OOH and HOCH2OOH were the
primary oxygenated products and achieved the peak value
before 15 min, then leveled off slightly with further increase of
reaction time, accompanied by the continuous increase of
CH3OH and HCOOH. Additionally, time proles of different
reaction intermediates or products using CH3OH as the reac-
tant instead of CH4 (Fig. 6b) showed that HOCH2OOH appeared
© 2021 The Author(s). Published by the Royal Society of Chemistry
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at the rst 2 min and slightly decreased aer 5 min, while
a gradual increase of HCOOH was shown at the expense of
HOCH2OOH over time, indicating CH3OH can be converted to
HOCH2OOH and consecutively to HCOOH, in line with previous
reports.17,44 This also agrees well with the tendency of methanol
to oxidise, owing to the lower C–H bond strength in methanol
(3.88 eV) compared to that of methane (4.50 eV). Notably, as
shown in Fig. 6a, during the latter period of reaction from 15 to
180min, the generation rate of CH3OH decreased with time and
HCOOH increased with a constant rate, indicating HCOOH was
likely due to both CH3OH overoxidation and CH3OOH decom-
position during methane oxidation in the liquid phase. Still, the
HCOOH is the dominant product, especially at the extended
reaction time, consistent with most of the reported Fe/ZSM-5 in
the H2O2-oxidized system.11,45,46 Accordingly, we can deduce that
CH4 was rst oxidized to CH3OOH and CH3OH, and then
CH3OH was further converted into HOCH2OOH and consecu-
tively into HCOOH (Fig. 6c).
Conclusions

By discriminating between the different Fe3+ species in Fe/ZSM-
5 catalysts and determining their correlation to reactivity, we
have found that mononuclear species possess remarkable
reactivity for the mild oxidation of methane to methanol in the
H2O2-based aqueous system. We identied a monomeric zeolite
catalyst with a signicant TOR of up to 66 molMeOH molFe

�1 h�1,
which exhibits a much higher efficiency in methanol produc-
tion than other counterparts (oligomeric FexOy clusters and
nanoparticles). Furthermore, we have shown the value of
combining multiple in situ spectroscopic techniques for the
determination of the intrinsic active site and obtaining novel
insights into initial activation of methane. In situ XAFS captures
the direct evidence that methane is interacted on an Fe site
instead of the oxo site of mononuclear Fe species, whereas in
situ FT-IR spectroscopy indicates the strong interaction between
Fe3+ and methane by weakening the interaction between BAS
and methane. In situ UV-vis and in situ XAFS spectroscopy
suggest that active mononuclear Fe3+ species can bemore stable
in the liquid phase than that in gas phase, without further
oligomerization of isolated Fe mononuclear species into Fe
clusters. The adjacent BAS facilitates the methane activation,
and the path of methane oxidation path is depicted in the liquid
phase of H2O2. These new ndings expand our fundamental
understanding of the intrinsic active site for methane activation
in heterogeneous systems. Future work will be focused on an
enhanced understanding of the dynamic evolution of active
sites and a holistic view of reaction mechanism, with the aid of
theoretical calculations. This information can be of great help
when looking to design efficient heterogeneous catalysts that
can deliver improved performance as we attempt to emulate
enzymatic analogous for the activation of C–H bonds in various
organic substrates, including light alkanes and other
hydrocarbons.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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