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ABSTRACT: The selective oxidation of methane into methanol is
of paramount importance but poses significant challenges in
achieving high methanol productivity and selectivity, especially
under mild reaction conditions. We show that a Cu-modified
monomeric Fe/ZSM-§ catalyst is a highly efficient material for the
direct conversion of methane into methanol in the liquid phase
using H,O, as an oxidant at low temperatures, which exhibits an
excellent methanol productivity of 431 moly;ormol 'z.-h™" (with
a methanol selectivity of ~80% over the Cu-Fe(2/0.1)/ZSM-5
catalyst). Combining the control experiments and comprehensive
characterization results by among others, Mossbauer spectroscopy,
and electron paramagnetic resonance as well as density functional
theory calculations, we found that Cu species in the Cu-Fe(2/0.1)/

High methanol yield:
431 moly,q,'molp,-h?

ZSM-S catalyst play a pivotal role in facilitating the formation of ®OH radicals, which quickly react with eCH; radicals to form
CH;0H. These findings provide valuable insights into the rational design of metal—zeolite combinations for the selective oxidation

of methane into methanol.

KEYWORDS: copper, characterization, monomeric Fe species, methane, zeolite

Bl INTRODUCTION

The selective oxidation of methane, the major constituent of
natural gas, remains a great challenge and has attracted
significant research interest over decades.'™ In current
industries, methane is used for methanol production in an
energy-intensive two-step process via the intermediate use of
synthesis gas (CO/H, mixture)." " The direct, selective
oxidation of methane into methanol poses great challenges,
arising from the activation of the stable C—H bonds and
efficient suppressing the facile, consecutive overoxidation of
primary oxygenates. The direct approach of methane
utilization would show significant advantages.”” Inspired by
the biocatalytic systems developed over millions of years in
nature,'”"" metal-containing zeolite systems with the mimicof
the enzymelike active Fe-oxo or Cu-oxo active sites have
received great attention and are being extensively studied."”~"”
Of particular interest is the low-temperature approach, as
pioneered by Hutchings et al,,'* utilizing Cu-Fe/ZSM-5 as a
catalyst and H,O, as an oxidant under aqueous conditions. Fe
species, instead of Cu species, were reported as the key active
component in Cu-Fe/ZSM-$5 for methane activation. A high
turnover rate (TOR) of 31 molyo'mol 'g-h™" with a high
methanol selectivity of ~85% can be achieved with a state-of-
the-art bimetallic catalyst. They proposed that the positive role
of Cu species in enhancing methanol selectivity was attributed
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to the elimination of €OH radicals, which facilitated the
overoxidation of methanol into formic acid. However, this is
unusual and contradicted the typical observation that the
interaction between Cu species and H,0, can produce «OH
radicals."”~*" As such, the role of Cu species in Cu-Fe/ZSM-5
for the low-temperature methane oxidation remains ambiguous
and under debate.

We have previously discovered that monomeric 0.1Fe/ZSM-
S, presenting a much higher efficiency in methanol production
than the other counterpart species, is the intrinsic active site for
low-temperature methane oxidation.” Still, the control of high
selectivity to methanol is difficult to be achieved for this
monomeric 0.1Fe/ZSM-S catalyst system as the overoxidation
of methanol to formic acid cannot be efficiently suppressed. In
this work, we further explore the Cu-modified monomeric Fe/
ZSM-S catalyst material for the selective oxidation of methane
into methanol. We have systematically studied the influence of
Cu species on the activity and selectivity of this material. It was
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Table 1. Comparison of Catalytic Performances for the as-Prepared Catalyst Materials and Reported Fe-Containing Catalyst

Materials®

C1 products (mol/molg,)

catalyst material Fe (wt %) CH,OH CH;00H HOCH,00H HCOOH Cco, TOR (h™)* CH,OH sel. (%)” ref
Cu-Fe(0.1/0.1)/ZSM-5 0.1 66.8 259 317 1133 103 134 27 this work
Cu-Fe(O.S/O.l)/ZSM-S 0.1 169.9 20.2 30.4 118.5 6.9 340 49 this work
Cu-Fe(1/0.1)/ZSM5 0.1 209.4 185 28.6 84.6 93 419 60 this work
Cu-Fe(2/0.1)/ZSM-5 0.1 215.6 166 29.7 0.0 9.1 431 80 this work
Cu-Fe(3/0.1)/ZSM-5 0.1 160.9 153 26.5 0.0 8.6 322 76 this work
Fe/ZSM-S 2.5 1.9 0.1 NA 13.6 3.2 4 10 18
Cu-Fe/ZSM-5 2.5 15.7 0.0 NA 0.0 2.8 31 85 18
Fe/ZSM-S 0.1 33.0 46.3 35.7 80.5 5.8 66 16 22
FeN4/GNC 2.7 0.2 1.7 1.3 1.5 0.3 0.02 S 23
Fe/ZSM-§ 2.5 1.5 0.2 NA 7.3 2.8 3 13 24
Cu(1.25)Fe/ZSM-5 125 224 NA NA NA 6.4 45 78 24
Fe/ZSM-§ 0.5 8.3 3.4 NA 23.0 5.9 17 20 25
Fe-Ui0-66 22 0.7 1.0 2.6 7.9 03 0.7 5 26

“TOR is defined as mole (methanol)/mole (Fe)/time. “Methanol selectivity is calculated as moles (CH,OH)/moles (produced) x 100. “Reaction
conditions: 25 °C, 20 bar CH, (89.9%, N, as balance gas), 10 h. 9Reaction condition: 1 h. °NA: not available.

found that the optimal Cu-Fe(2/0.1)/ZSM-S catalyst,
containing dominant mononuclear Fe species, exhibits an
excellent methanol productivity of 431 moly;o-mol 'g-h™?,
which is at least an order of magnitude higher than that of any
previously reported catalyst. The role of Cu species has been
elucidated and it was found that Cu species not only promote
methanol formation by generating ®¢OH radicals but also
efficiently suppress the formation of formic acid. Relatedly, a
reaction mechanism is proposed based on a.o., spectroscopic
data, and density functional theory (DFT) calculations.

B RESULTS AND DISCUSSION

To explore the impact of Cu species on catalytic activity and
selectivity (Table 1), a series of Cu-Fe/ZSM-5 catalyst
materials with different Cu loadings from 0.1 to 3 wt % has
been prepared using the coimpregnation method. The catalytic
oxidation of methane using H,0, was conducted in a batch
system at 50 °C with 30 bar of CH, and 0.5 M H,0,. Notably,
the as-prepared Cu-Fe/ZSM-S catalysts show significant
activity for the selective oxidation of methane into methanol
(Table 1, entries 1—S5). In particular, the Cu-Fe(2/0.1)/ZSM-§
catalyst affords the maximum methanol yield of 215.6 mol/
molg, at a reaction time of 30 min, together with no formation
of formic acid observed (Table 1, entry 4). Considering that a
trace amount of Fe species within zeolite ZSM-S can afford
activity, silicalite-1-supported Cu or Fe catalysts, with the
exclusion of Fe impurity in the zeolite structure, were also
prepared and compared (Figure S1). Adding Fe into inactive
silicalite-1 can significantly enhance the activity, while adding
Cu into silicalite-1 provides limited contribution to activity.
This strongly suggests that the key active component for
methane activation under low-temperature, liquid-phase
conditions is Fe species, instead of Cu species, an observation
which is consistent with earlier reported results.'®*’ To
evaluate the methanol productivity for this reaction, the TOR
was defined as the number of moles of methanol formed per
hour and per mole of Fe in the catalyst. The optimal Cu-Fe(2/
0.1)/ZSM-5 catalyst, possessing an excellent TOR of 431 h™*
and a methanol selectivity of 80%, shows a unique level of
activity and selectivity. This TOR value is about one order of
magnitude higher than that of the state-of-the-art Cu-Fe/ZSM-
5 catalyst (Table 1, entry 11). Although many other works
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showed an apparently high methanol selectivity of >80%, it
should be noted that those selectivity values may be affected by
the often missing intermediates or lack of counting of some
intermediates, such as CH;OOH and HOCH,OOH.

To unravel the structure—performance relationship for this
catalyst system, we focused our attention on the study of the
optimal Cu-Fe(2/0.1)/ZSM-$ catalyst by employing a series of
characterization methods, namely, X-ray diffraction (XRD),
scanning transmission electron microscopy—energy-dispersive
X-ray spectroscopy (STEM-EDX), UV—vis diffuse reflectance
spectroscopy (DRS), Mossbauer spectroscopy, and X-ray
photoelectron spectroscopy (XPS). The XRD pattern of the
Cu-Fe(2/0.1)/ZSM-5 catalyst shows no observed metal
species, indicating good dispersion of Fe and Cu species
(Figure S2). STEM-EDX reveals that the majority of Fe and
Cu species are highly dispersed, together with some Cu
nanoparticles in the 2—10 nm size range on the external
surface of the zeolite ZSM-5 (Figure 1 and Figure S3). UV—vis
DRS further corroborates the findings observed by STEM
(Figure 2a). In the UV—vis DR spectrum of the Cu-Fe(2/
0.1)/ZSM-S sample, two major signals are observed. One
sharp absorption band at ~203 nm is ascribed to isolated Cu*"
species, while another broad band at ~269 nm may correspond
to a combined contribution of mononuclear Fe*" species in
octahedral coordination and isolated Cu* species.”” *° The
absence of absorption bands in the spectral range of 300—450
nm indicates the absence of oligomeric Fe/Cu species.””*”* A
close inspection of the UV—vis DR spectrum of the Cu-Fe(2/
0.1)/ZSM-§ sample at above 600 nm range shows a broad
weak band indicative of the coexistence of CuO nanoparticles
(Figure 2a). For the monometallic catalysts, the 0.1Fe/ZSM-5
sample shows only one absorption band at ~270 nm,
corresponding to the presence of mononuclear Fe** in an
octahedral coordination.””*° The 2Cu/ZSM-5 sample has a
similar spectrum as the Cu-Fe(2/0.1)/ZSM-S sample but with
a lower amount of isolated metal species and more CuO
nanoparticles, as also evidenced by STEM.

Further validation and quantification of the different Fe
species in the samples have been accomplished by ’Fe
Mossbauer spectroscopy (Figure 2b). The isomer shift (IS)
and quadrupole splitting (QS) obtained by spectral deconvo-

lution are listed in Table S1. Two doublet species can be
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Figure 1. (a,b) STEM image of the Cu-Fe(2/0.1)/ZSM-$ catalyst at
different magnifications and (c,d) EDX mapping images of the Cu-
Fe(2/0.1)/ZSM-$ catalyst in panel (b).

identified for both the 0.1Fe/ZSM-5 and Cu-Fe(2/0.1)/ZSM-
S catalysts. One doublet with IS = 0.36 and QS = 0.69~0.70
mm/s could be assigned to the dominant monomeric Fe3*
species in an octahedral coordination. The other doublet with
IS = 0.34~0.38 and QS = 1.47~1.55 mm/s was assigned to
oligomeric Fe,O, species (x >2) in a strongly distorted
octahedral environment. Notably, adding Cu into the 0.1Fe/
ZSM-5S catalyst leads to an increase of proportion of isolated
monomeric Fe** species from 66 to 71% (Table S1). From our
previous study,”” we found that the catalytic activity was
exponentially related to the proportion of the active
monomeric Fe’* species (extra-framework) for the direct
conversion of methane into methanol. Even a 5% increase in
the proportion of this active species, especially when it exceeds
60%, can lead to a significant increase in activity. The chemical
state and coordination environment of metal species in the
catalysts were further investigated by X-ray fine structure
analysis, XPS, and low-temperature Fourier transform infrared
(LT-FTIR) spectroscopy with CO as a probe molecule. The
Cu K-edge X-ray absorption near edge structure (XANES)
spectrum of Cu-Fe(2/0.1)/ZSM-S (Figure 2c) showed a pre-
edge feature at 8977 eV, characteristic of Cu* species. The
intensive white line feature centered at 8996 eV was attributed
to the coordination of Cu** to H,O or OH ligands.”*' The
corresponding extended X-ray absorption fine structure
(EXAFS, Figure S4 and Table S2) results indicated a Cu—O
distance of 1.95 A with a coordination number of 4 in the Cu-
Fe(2/0.1)/ZSM-S catalyst. The Fe K-edge XANES spectra of
0.1Fe/ZSM-5 and Cu-Fe(2/0.1)/ZSM-S (Figure 2d) showed
a pre-edge feature at ~7115 eV, characteristic of Fe>".*> The
corresponding EXAFS data indicated two separate Fe—O
shells, an Fe—O distance of 1.89 A with a coordination number
of 2 and an Fe—O distance of 2.05 A with a coordination
number of 4, corresponding to Fe—O—Al and Fe—OH/H,0,
respectively (Fi%ure S4 and Table S3). Combined with our
previous study,” the closest match between EXAFS data and
theoretical modeling was obtained for the monomeric Fe
complex [(HO), — Fe(Ill) — (H,0),]* containing two
hydroxyl species as charge compensators and two coordinated
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Fe—O bonds with a zeolite framework, consistent with the
lower R value of 1.89 A in the Fe—O contribution. This
structure thus is used to represent the resting state of the
monomeric Fe species in ZSM-S as shown in a later figure. The
XPS analysis showed two peaks at 934.9 and 933.4 eV in the
Cu 2p;,, signal of Cu-Fe(2/0.1)/ZSM-S (Figure 2e),
indicative of the presence of isolated Cu hydroxyls located at
the zeolite extra-framework and surface CuO nanoparticles,
respectively.”*® An increase in the proportion of isolated Cu
species was observed in Cu-Fe(2/0.1)/ZSM-5 compared to
that in monometallic 2Cu/ZSM-S, indicating a larger amount
of isolated Cu species inside the zeolite for the bimetallic
catalyst. The coexistence of Cu’ and Cu®* species was further
evidenced by the Cu LMM Auger spectra (Figure SS5) with
kinetic energies of 917.6 and 913.7 eV,”*** corroborated by
LT-FTIR (Figure 2f), with the formation of Cu*—CO species
(2159 cm™) and Cu*—(CO), dicarbonyl species (2152 and
2180 cm™) at low CO pressures.*”® Therefore, the copresence
of dominant isolated Fe and Cu species located at extra-
framework of ZSM-S, and some CuO, nanoparticles on the
external surface of zeolite, was observed in the Cu-Fe(2/0.1)/
ZSM-5 catalyst. The presence of Cu species slightly increases
the proportion of monomeric Fe** species, facilitating methane
activation. Simultaneously, the presence of Fe species
promotes the dispersion of Cu species into the zeolite, in
good accordance with the results of UV—vis DR (Figure 2a)
and H, temperature-programmed reduction (H,-TPR, Figure
S6).

To account for the enhanced methanol selectivity observed
for Cu-Fe(2/0.1)/ZSM-5, a time-on-line analysis was
performed and compared with the two active Cu-Fe(2/0.1)/
ZSM-S and 0.1Fe/ZSM-$ catalysts, revealing different primary
intermediates/products during methane oxidation (Figure 3a).
For the 0.1Fe/ZSM-S catalyst, CH;OOH was the major
intermediate and HCOOH was the main product. In contrast,
CH;OH was quickly produced and was stable as the main
product for Cu-Fe(2/0.1)/ZSM-S, together with the suppres-
sion of the yield of CH;OOH. The results clearly show that
methane oxidation is affected by two different radical species,
o¢OH and ¢OOH generated by the decomposition of H,0, via
two competitive pathways in parallel. To verify this, we
prepared a solution with CH;OOH as the primary component
of C1 species by methane oxidation over 0.1Fe/ZSM-S for 2
min, which was used as a substrate for CH;OOH oxidation
tests over the 0.1Fe/ZSM-S and Cu-Fe(2/0.1)/ZSM-5
catalysts at a low temperature of 25 °C to slow down the
reaction speed (Figure 3b,c). For 0.1Fe/ZSM-5, CH;OOH
decreased over time with a complete selectivity to HCOOH,
indicating the preferential formation of HCOOH with 0.1Fe/
ZSM-5 in CH;OO0H oxidation, consistent with the recent
results that HCOOH is the main product for Fe-containing
zeolite.”” For the Cu-Fe(2/0.1)/ZSM-5 catalyst, the con-
sumption of CH;OOH and HCOOH was observed, owing to
the quick overoxidation of HCOOH by eOH radicals.
Notably, no CH;OH increase was observed for both catalysts,
suggesting that CH;OH was not formed via CH;OOH.
Electron paramagnetic resonance (EPR) radical trapping
studies (Figure 3d) showed that a limited amount of ¢OH
radicals was detected over 0.1Fe/ZSM-S, indicating that Fe
species exhibit limited contribution to the generation of ®OH,
while a significant amount of ®OH radicals was formed over
2Cu/ZSM-S and Cu-Fe(2/0.1)/ZSM-S, indicating that Cu
species, instead of Fe species, facilitated the generation of ¢OH
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Figure 2. (a) UV—vis DR spectra of the different catalysts. (b) ’Fe Méssbauer spectra at 298 K in air for 0.1Fe/ZSM-5%* and Cu-Fe(2/0.1)/ZSM-
S samples. (c) Cu K-edge XANES spectrum of the Cu-Fe(2/0.1)/ZSM-S catalyst. (d) Fe K-edge XANES spectra of 0.1Fe/ZSM-S and Cu-Fe/
ZSM-$ catalysts. (e) Cu 2p XPS spectra of 2Cu/ZSM-S and Cu-Fe(2/0.1)/ZSM-$ catalysts. (f) Low-temperature FTIR spectra of CO absorbed
over the 2Cu/ZSM-5 and Cu-Fe(2/0.1)/ZSM-$ catalysts at increasing equilibrium pressure from 1.4 X 107* to 8.6 X 107> mbar.

radicals from H,O, decomposition. This is in excellent
agreement with the results that Cu**/Cu* species promote
the selective decomposition of H,O, into ®OH radicals in the
liquid phase.'””° Intriguingly, a quick consumption of eOH
radicals was observed over Cu-Fe(2/0.1)/ZSM-S after CH,
addition into the reaction solution for 5 min (Figure 3e),
accompanied by the production of a significant amount of
CH;0H (659 umol, Figure 3a) yet no detection of eCH,
radicals, suggesting that CH;OH is primarily formed via
immediate capture of as-generated ® CHj; species by significant
quantities of ®OH radicals.”****® As shown in Figure 3f, the
pathway of methane oxidation by H,0, proceeding with Cu-
Fe(2/0.1)/ZSM-S is predominantly via route 1 (colored in
blue) in which methane is first activated on the isolated Fe
sites to generate e CHj radicals, which subsequently react with
the abundant eOH radicals facilitated by Cu species to form
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CH;OH. Inevitably, partial oxidation of CH;OH into
HOCH,00H or HCOOH and quickly to CO, was observed
in the presence of oxidative ®OH radicals (Figures $7,S8).*
Contrastively, the pathway of methane oxidation over 0.1Fe/
ZSM-S is mainly via route 2 (colored in red in Figure 3f) in
which methane is first activated on the isolated Fe sites to form
oCHj;, which further reacts with «OOH to form CH;OO0H
intermediate species and finally HCOOH as the major product
over time, as the absence of Cu species mediates the shortage
of ®OH radicals in the solution during H,0, decomposition.

DFT calculations were conducted to obtain detailed
mechanistic insights into the selective oxidation of methane
into CH;0H over the Cu-Fe(2/0.1)/ZSM-5 catalyst in the
aqueous solution of H,0,, as shown in Figure 4. Based on our
experimental findings and previous study,”” monomeric Fe**
species predominantly in an octahedral coordination, hydrated
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[(HO),—Fe(1lI)—(H,0),]* complexes on the extra-frame-
work of ZSM-$ as an initial active-site model (species 1), and
optimized structural models and intermediates are shown in
Figures §9,510. As shown in Figure 4, 1 first coordinates with
H,0, by substituting a water ligand, which weakly adsorbs on
Fe**, to form species 2. H* of adsorbed H,0, transfers to the
adjacent —OH ligand and then forms 3. Noting that the
Brgnsted acid sites (BAS) can promote methane a.ctivation,22

6688

we delineate that the adjacent BAS indeed facilitates the
cleavage of the peroxo (O—O) bond of Fe—OOH via
dehydration of species 4 to form species § containing
Fe(V)=O0 species. Methane is then adsorbed on 5 and
forms species 6 followed by the homolytic dissociation of the
C—H bond via a transient intermediate species (TS), which
shows a reaction barrier of only 0.56 eV, exhibiting one of the
lowest activation barriers for the Fe-containing zeolite catalysts
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Figure 4. (a) Proposed reaction scheme of reaction pathway for direct
methane oxidation to methanol over Cu-Fe(2/0.1)/ZSM-5 using
H,0, as the oxidant. Red, purple, gray, and white balls represent O,
Fe, C, and H atoms, respectively. (b) DFT-simulated pathway on the
mononuclear Fe®* species in zeolite ZSM-$ for the oxidation of CH,
to CH;OH using H,0,, illustrating the thermodynamic feasibility of
the proposed mechanism.

and indicating the preference and feasibility of the homolytic
pathway for the intrinsic active species during methane
activation.'®*>*" After homolytic dissociation of the C—H
bond, a ¢CHj; radical and a —OH ligand connected to the Fe
site are formed. Upon CH, activation, one proton and one
electron are transferred from methane to the active site, and
the formal oxidation state of Fe(V) is reduced to Fe(IV) to
form species 7. Furthermore, we compared and studied the
selectivity patterns with different catalysts after methane
oxidation via possible routes. For the 0.1Fe/ZSM-S catalyst,
the ®CHj radicals are favorable to combine with eOOH
radicals easily to form CH;OOH (8B) thermodynamically,
rather than combining with the —OH groups on the Fe center
to generate CH;OH (8A) through a rebound mechanism. This
is in good agreement with the experimental results of
CH;OO0H observed as the primary intermediate over 0.1Fe/
ZSM-S, as shown in route 2 in Figure 3f. In contrast, the Cu
species in Cu-Fe(2/0.1)/ZSM-$ promote H,0, dissociation to
generate a significant amount of € OH radicals with a barrier of
only 0.08 eV, as shown in Figure S11. Subsequently, the
abundant eOH radicals can readily combine with eCHj;
radicals to form CH;OH (8) directly, which is more
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exothermic than the generation of CH;OOH, making
methanol formation favorable in thermodynamics. Meanwhile,
the ab initio molecular dynamics calculation results shown in
Figure S12 show that the eOH radicals are beneficial to the
decomposition of formic acid to CO,. This result holds
consistency with our experimental investigation that Cu
species promote the generation of ®OH radicals, which change
the selectivity toward CH;OH and simultaneously decompose
formic acid, and the introduction of methane leads to obvious
consumption of ¢OH radicals. After desorption of CH;OH
from species 8 to give species 9, a second H,0, molecule
further adsorbs on the residual BAS, and BAS is regenerated
via proton abstraction of the H,O, molecule, where the initial
active site 1 reforms and the catalytic cycle is closed. Our
computational results confirm that mononuclear Fe species in
the Cu-Fe(2/0.1)/ZSM-$ structure are mainly responsible for
methane activation, and the Fe(V)=O active site can
efficiently activate the C—H bond. Simultaneously, the well-
dispersed Cu species promote the dissociation of H,0, to
generate abundant ®OH radicals, which directly recombine
with the as-generated @ CH; radicals to form methanol as the
major product.

B CONCLUSIONS

We have successfully prepared a highly efficient Cu-Fe(2/0.1)/
ZSM-S catalyst for the direct oxidation of methane into
methanol, which shows a TOR of 431 molyqrmol™ g -h™
(with a methanol selectivity of 80%). Based on a combination
of catalytic and spectroscopic measurements as well as
theoretical calculations, we demonstrate that monomeric Fe
species play a vital role in methane activation. The adjacent
BAS facilitates the formation of an active Fe(V)=0
intermediate via the dehydration of Fe—~OOH in the aqueous
H,0, solution, enabling the homolytic cleavage of the primary
C—H bond in a low-energy pathway to generate  CH; radicals.
Cu species in the Cu-Fe(2/0.1)/ZSM-S catalyst play a key role
in facilitating the formation of eOH radicals that quickly
capture #CHj radicals to form CH;OH. The presence of «OH
radicals makes methanol formation more favorable in
thermodynamics, thus hindering the competitive route to
form CH3;0OO0H and subsequently HCOOH. These findings
provide valuable insights into the activation mechanism of
methane oxidation under mild conditions and open up
perspectives for designing highly efficient metal—zeolite
heterogeneous catalysts for the selective activation of C—H
bonds in light alkanes.
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