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Abstract

Oxidative upgrading of methane into carbon monoxide, methanol, lower hydrocarbons (such as ethane
and ethylene), and other oxygenates has been achieved at relatively low temperatures over zeolite-
based catalysts. The high tunability afforded by the framework structures of zeolites offers a unique
and precious opportunity for the design of active species, resulting in outstanding catalytic
performance. Thus, we categorize the various reported active species in zeolite-based catalysts into
three groups in terms of their origin, viz., active species originated from intra-framework heteroatoms,
active species introduced by ion-exchange, and active species prepared by impregnation. We present
an overview of the performance, structure, and catalysis of each category and comment on the general

outlook.

1. Introduction

Methane, the simplest hydrocarbon, is the main component of natural gas and shale gas. This
abundant gaseous compound is currently used as fuel, while its transformation into platform chemicals
in the industry has been central to C1 chemistry. The exemplified reactions for methane upgrading are
dry/steam reforming into a gaseous mixture of CO and H, (i.e., synthesis gas, also called syngas),'-
partial oxidation into syngas,* partial oxidation to methanol and other oxygenates,>® oxidative/non-
oxidative coupling of methane into lower hydrocarbons such as ethane and ethylene,” and
dehydroaromatization.®® Among these reactions, oxidative upgrading is an attractive approach to
synthesizing useful compounds directly from methane by skipping the reforming steps, which are
endothermic reactions and thus require very high reaction temperatures to achieve high conversion of
methane. The extremely high chemical stability of methane, as evidenced by the C—H dissociation
energy of ca. 440 kJ mol-!, is a common obstacle and typically necessitates high reaction temperatures
for the activation of methane.!” In addition to the requirement of high energy input, such harsh

conditions in the presence of oxidant(s) have another drawback, namely, low selectivity for the desired
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product(s) because the products are more reactive than methane and readily undergo complete
oxidation to CO,. Thus, the development of catalysts that can greatly activate methane has been desired
and investigated extensively for these decades. Furthermore, the shale gas boom (also called the shale
gas revolution) that commenced in the USA in the late 2000s has enhanced the research activity for
catalytic upgrading of methane worldwide.!%!! Because of the ease of continuous operation by flow
reactors and separation from unreacted methane and products as well as the high thermal stability,
heterogeneous catalysts have attracted much attention.

Among the variety of heterogeneous catalysts reported, such as metal-oxide-based ones,!%!!
zeolite-based materials, which consist of crystalline and porous frameworks, have great potential to be
active, selective, and durable catalysts for methane upgrading. Indeed, the number of publications and
citations on methane conversion over zeolite-based catalysts has gradually increased since the 1990s,
and as described above, the shale gas boom has boosted this trend (Fig. 1).'? The unique tunability of
zeolites arises from the replacement of intra-framework Si** by heteroatoms (i.e., isomorphous
substitution). In particular, the isomorphous substitution by trivalent heteroatoms such as AlP*
generates negatively charged frameworks, which require charge-compensating cations. Various
cations such as proton and metal cations can be introduced as active sites onto the thus-generated ion-
exchange sites. For supported metal nanoparticles, negatively charged frameworks are beneficial for
fixation and isolation of the supported species through the anchoring effect.!>!* Likewise,
isomorphously introduced species themselves are able to function as active sites. Another important
and attractive feature imparting tunability to zeolites is their well-defined porous structures. In some
cases, relatively wide nanospaces such as cages and channel intersections are also present. Such
nanospaces of zeolites offer not only high surface area but also the confinement effect,'*!> both of
which lead to the high dispersion and anti-aggregation nature of supported metal (or metal oxide)

species that act as active sites for methane conversion.
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In light of these insights, we have categorized the zeolite-based catalysts reported for oxidative
upgrading of methane into three groups (Fig. 2): active sites originated from intra-framework
heteroatoms (Section 2); active sites created in zeolite micropores via ion-exchange (Section 3); and
active sites prepared via impregnation on zeolite surfaces (Section 4). For each category, we have

summarized the performance, structure, and catalysis of representative materials.

2. Active sites originated from intra-framework heteroatoms

A variety of heteroatoms such as AI’*, Ga*', Fe3*, and Ti*" are known to be introduced into zeolite
frameworks via isomorphous substitution of Si*’, as mentioned above. Such isomorphously
substituting heteroatoms function as catalytic active sites themselves, and cationic species introduced
via ion-exchange sites also contribute to catalytic reactions (details are described in Section 3, except
for the case of H). In this section, we discuss active sites originated from intra-framework heteroatoms
for oxidative upgrading of methane. The exemplified catalysts introduced in this section are
summarized in Table 1.

Upon the isomorphous substitution of Si** by trivalent AI** and the introduction of H" as a charge-
compensating cation, Bronsted acid sites are generated in zeolites. Although the activation of methane
via typical acids is extremely difficult owing to its low proton affinity (544 kJ mol-") and weak acidity
(pK, ~ 40),'! superacids, which exhibit stronger acidity than 100% sulfuric acid (the Hammett acidity
function H, of sulfuric acid = —12), have been reported to activate methane to a pentacoordinated
carbocation, i.e., CH; + H" (superacid) — CHs" — CH3" + H,.!¢ The typical heterogeneous superacid
catalyst for methane conversion is sulfated zirconia,!” but zeolite-based superacid catalysts have also
been investigated. In the presence of N,O as an oxidant, a sample of commercially available H-MOR
provided a methane conversion of at most 0.2% at 698 K, possibly owing to its insufficient Bronsted
acidity for methane activation (H, =—10.6), while the fluorination of H-MOR enhanced its acidity (H,

= —13) and more than doubled the methane conversion.!'® In this reaction, the major products at 623—
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673 K were C2—C4 compounds without the formation of CO or CO, (entry 1 in Table 1), probably as
a result of the coupling of methane with the surface-generated carbocations containing a penta-
coordinated carbon atom as suggested for homogeneous catalytic systems.!® In contrast, at 698 K, the
oxidation of methane and produced hydrocarbons proceeded readily to form CO and CO,. In a related
study by Spivey et al., the surface of H-MFI (i.e., H-ZSM-5) was modified by HBr + AlBr;, a
combination known to be a superacid,'® and the resulting catalyst converted methane into C2, C3, C4,
and aromatic compounds in the absence of an oxidant at 573 K.2® However, the methane conversion
was only ~1%. These reports suggest that the activation of methane remains a great challenge even
with state-of-the-art zeolite-based superacid catalysts, owing to the almost inert nature of methane
against acid-base reactions. Thus, different activation approaches are much preferred.

We found that the Ga species introduced in the MFI zeolites (Si/Ga molar ratio = 41) by a two-
step synthetic procedure called the mechanochemical method, which consists of the mechanochemical
treatment of SiO, and a heteroatom source to obtain a mixed metal oxide and subsequent hydrothermal
treatment of the resulting mixed metal oxide to synthesize heteroatom-containing zeolites,?! exhibited
a high selectivity for CO in the oxidative conversion of methane.?? This catalyst (hereafter, [Ga]-
MFIyc) produced CO as the main product (80% selectivity) with CO, (20%) at 10% conversion of
methane at 923 K in the presence of O, as an oxidant (Fig. 3A and entry 2 in Table 1). Given the lack
of stoichiometry between CO and H, (the H,/CO molar ratio was at most 1.1), this partial oxidation
was assumed to proceed via an indirect pathway, i.e., the complete oxidation of methane followed by
steam/dry reforming reactions and the reverse water-gas shift reaction, rather than the direct partial
oxidation pathway. The fact that the Bronsted acidity of Ga-incorporated zeolites is weaker than that
of Al-incorporated zeolites?>** indicates that the methane activation over [Ga]-MFIyc occurs in a
completely different manner from the cases of superacid catalysts (vide supra). Interestingly, the
product distribution given by [Ga]-MFIyc was in stark contrast to that obtained using the control

specimen prepared by the typical one-step hydrothermal treatment for tetraethyl orthosilicate (TEOS)
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and Ga(NOs); ([Ga]-MFlIyt), which yielded CO, as the main product (Fig. 3B and entry 3 in Table 1).
This could arise from the difference in the nature of the Ga species in [Ga]-MFIyc and [Ga]-MFIyr.
Our related studies on zeolites synthesized via the mechanochemical method?>2¢ suggest that the Ga
species in [Ga]-MFIyc are distributed in the particles more uniformly than those in [Ga]-MFIyr, and
these well-distributed Ga species result in the unique catalytic activity. For the aromatization of
propane, Giannetto et al. demonstrated that extra-framework Ga species and Brensted acid sites in
steam-treated [Al,Ga]-MFI zeolites cooperatively functioned as active sites by altering the ratio of
extra-framework Ga species to acid sites.?’ Stepanov et al. revealed via isotope tracer analysis relying
on solid-state '*C cross-polarization/magic angle spinning nuclear magnetic resonance (3C CP/MAS
NMR) spectroscopy that the dissociative adsorption of methane to form Ga-methyl species (upper
route in Fig. 4) was the major pathway over Ga,O; supported on H-Beta, and another activation
pathway to generate Ga-methoxy species (lower route in Fig. 4) was also possible but minor.?® On the
basis of these reports, the highly dispersed Ga species in [Ga]-MFlyc achieved by the
mechanochemical method?? could enhance the formation of binary active sites, extra-framework Ga
species and acid sites, leading to the unique catalytic performance of [Ga]-MFIy,c for the oxidative
conversion of methane.

Fe-containing MFI zeolites were reported as catalysts for the methane-to-methanol (MTM)
reaction with the oxidant H,O, under mild conditions.?® As in the case of Ga-incorporated zeolites
(vide supra), the weak acidity of Fe-incorporated zeolites?>?* rules out the possibility of acid-base-
type activation of methane. Hutchings ef al. found that Fe-containing ZSM-5 (Si/Al molar ratio = 15,
denoted as Fe/ZSM-5) prepared via solid-state ion exchange (SSIE) produced methanol in 12%
selectivity along with formic acid, methyl hydroperoxide, and CO, in the presence of H,O, at 323 K
(entry 4 in Table 1).3° The addition of Cu species to this catalyst suppressed the over-oxidation of
methanol to formic acid and CO, and enabled the selective production of methanol (85% selectivity,

entry 5 in Table 1) because Cu species suppress the formation of *OH radicals, which cause such
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undesired over-oxidation.?! From ex-situ X-ray absorption spectroscopy (XAS), ultraviolet-visible
(UV-vis) spectroscopy, and density functional theory (DFT) calculations, Hutchings et al. identified
the dinuclear Fe complex containing antiferromagnetically coupled high-spin octahedral Fe** centers,
[Fer(u-OH),(OH),(H,0),]%", as the most likely active site and proposed the catalysis mechanism
shown in Fig. 5. This active site seemed to be anchored on the divalent ion-exchange sites (so-called
pair sites) of ZSM-5, which allowed it to perform constantly in a continuous operation inside a fixed-
bed flow reactor at 323 K (entry 7 in Table 1).3? In the same report, the hydrothermally-synthesized
Fe-containing silicalite-1 (silicalite-1 is an Al-free (i.e., pure-silica) MFI-type zeolite) was found to
exhibit a catalytic activity similar to Fe/ZSM-5 (entry 6 in Table 1).3° Although the Fe atoms were
initially present in the framework just after hydrothermal synthesis, a part of the Fe species were
extracted to form the octahedral Fe species located outside the framework upon the calcination
performed to remove the molecules used as an organic structure-directing agent (OSDA). This
phenomenon could generate both ion-exchange sites on the remaining intra-framework Fe species and
the dinuclear Fe complex [Fe,(u,-OH),(OH),(H,0),]*". However, spectroscopic discrimination of
these two Fe species is quite difficult and the local structure of actual active sites has remained unclear.
Previous studies have reported intra-framework Fe species and Fe oligomers as active sites for Fenton-
type oxidation of hydrocarbons with H,O, over Fe-containing zeolites.33-** These reports suggest that
such sites also even are responsible for the oxidative conversion of methane with H,O,. For the same
reaction, one member of our research team investigated solvent effects with H,O, and the
hydrothermally synthesized Fe-containing MFI zeolite catalyst in a batch reactor.>> A mixed solvent
of 50 vol% sulfolane/H,O yielded the highest selectivity for methanol (85%) (entry 8 in Table 1).
Given that the formation of CO, was negligible in the presence of sulfolane in the catalytic system,
this solvent seems to have a similar role to the Cu additive described above (i.e., the suppression of

the formation of *OH radicals).
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As mentioned above, intra-framework heteroatoms themselves can be used as catalytic active sites
or as precursors to active sites. For the latter scenario, Lu ef al. employed a Ti-incorporated MWW
zeolite as a support for Mn—Na, WO, species,*® which have been known to be outstanding active sites
for the oxidative coupling of methane (OCM) since their discovery.?’3° The Mn—Na,WO,/Ti-MWW
catalyst exhibited a lower activation energy (80-100 kJ mol!) than the typical Mn—Na,WO,/SiO,
(180-200 kJ mol!), enabling the production of C2 and C3 compounds at relatively low reaction
temperatures of 993—1073 K (entry 9 in Table 1). Ti-MWW behaved as a source of both SiO, and Ti,
the former being a typical support for the Mn—Na, WO, catalyst.>’° The Ti species derived from Ti-
MWW and the Mn species supplied via the incipient wetness impregnation (IWI) method formed the
MnTiOs phase. In the presence of both CH, and O,, this new phase triggered the redox cycle of Mn?*
<> Mn?* and resulted in a high O, activation rate (Fig. 6), leading to the low-temperature OCM activity

of Mn—Na,WO,/Ti-MWW.

3. Active sites created in zeolite micropores via ion exchange

Ion exchange can offer various types of chemical species in the zeolite micropores, including
isolated and multi-nucleus cations, sub-nano clusters, and nano-sized metals (metal oxides). Such
metal species exhibit unique and excellent catalytic performance in various catalytic reactions. Here,
the active sites on the zeolite surfaces prepared via the ion exchange method are introduced and
examined with some exemplified studies summarized in Tables 2 and 3.

Among the numerous studies, Cu ion-exchanged zeolites are the most widely investigated zeolite
catalyst for methane conversion, where Cu-oxo nanoclusters have emerged as promising active sites
for the partial oxidation of methane into methanol.*>*! The design of active sites in these catalysts is
based on enzymes. Methane monooxygenase (MMO), a naturally occurring enzyme, produces
methanol from methane even under ambient conditions.** The active sites of MMOs are the ionic

binuclear metal centers Cu and Fe, which possess metal-oxo structures with highly active oxygens (Fig.
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7).43-45 Industrial application of MMOs for methanol production, however, is not realistic from the
viewpoint of cost and reaction efficiency. To overcome these issues, specific nanospaces within the
zeolite micropores have attracted much attention because the confinement effect afforded by such
nanospaces can stabilize metal and metal oxide clusters. Thus, the MMO-mimetic catalyst design,
relying mainly on the ion exchange of Cu species on the zeolite surface, has been one of the
mainstreams for the development of zeolite-based catalysts.

In 2005, Groothaert et al. reported that Cu ion-exchanged ZSM-5 (Cu-ZSM-5) enabled the
selective oxidation of methane to methanol, where 8.2 pmol g*! of methanol was obtained with 98%
of selectivity (entry 1 in Table 2).46 The zeolite, which was pretreated with O, at 573 K, converted
methane to methanol at 398 K under flowing methane. In the UV-vis spectra of the O,-activated
catalyst, a band attributed to the bis(u-oxo)dicopper species was observed at 22,700 cm!, and the
integrated intensity of the band decreased with methane flowing. This result suggests that the bis(u-
oxo)dicopper species are active sites in this reaction. On the other hand, the extraction of methoxy
species generated on the zeolite surface as methanol using water is essential and inevitable for
completing the reaction cycle, owing to the high adsorption enthalpy of methanol on the active sites
(Fig. 8), resulting in low reaction efficiency. Such disadvantages of the chemical looping process are
serious and need to be overcome for industrial applications.

Dicopper oxygen clusters have been regarded as primary active species for some time now, but
trinuclear copper oxygen clusters in MOR-type zeolites have also been found to behave as active
species for the partial oxidation of methane to methanol.#’ The study cited as ref. 47 employed the
chemical looping process, which is almost identical to the process used in ref. 46. In the case of ref.
47, methanol and dimethyl ether were detected as reaction products, and the total yield of methanol
and dimethyl ether reached 160 umol g! (entry 2 in Table 2), an order of magnitude higher than that
of related studies reported at the time.*¢*8 Despite the different Si/Al ratios, the total yield of methanol

and dimethyl ether was proportional to the Cu concentration (Fig. 9A), suggesting that only one type
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of active site was formed regardless of the different Cu concentrations. Some spectroscopic and
computational approaches proposed that [Cus(u-O);)]**" clusters functioned as active sites and were
located at the 8-ring (8R) side pocket of the MOR-type structure (Figs. 9B and 9C). The authors
inferred that the hydrophobic environment provided by the 8R side pockets enhanced the activity
because of the presence of a similar hydrophobic environment in MMOs. In this respect, highly active
zeolites are thought to require a high local concentration of framework Al atoms at the 8R side pockets.
Thus, these results suggest the importance of the location of the framework Al atoms in zeolite
frameworks. In 2017, a breakthrough study in the partial oxidation of methane to methanol over Cu
ion-exchanged zeolites with a chemical looping process was reported by Sushkevich and van
Bokhoven et al.* Notably, their study used water molecules as an oxidant for methane. The chemical
looping process used for the partial oxidation of methane to methanol consisted of three steps as
mentioned above (see also Fig. 8): (i) activation with O,, (ii) reaction of methane, and (ii1) extraction
of methoxy species as methanol from the catalyst surface with water. In contrast, the direct stepwise
method was successfully used for converting methane into methanol with 204 pmol g-!' of productivity
and 97% of selectivity in the study cited as ref. 49 (entry 3 in Table 2). The active site was determined
to be the “mono”(p-oxo)dicopper species by using XAS and Fourier transform infrared (FT-IR)
measurements combined with DFT calculations. In the first step of the reaction, methane reacted with
the mono(p-oxo)dicopper species at 473 K, resulting in the formation of methoxy species and Bronsted
acid sites, accompanied by the reduction of Cu?" to Cu* (Fig. 10). After the reaction, methanol and
hydrogen were formed with the regeneration of mono(p-oxo)dicopper species by flowing water vapor
at the same temperature as the flowing methane. In addition, the zeolite was reusable with high activity
for at least five cycles.

As mentioned above, the chemical looping process is a powerful method for the partial oxidation
of methane to methanol. However, the establishment of a continuous flow system has been highly

desired to realize the MTM reaction in the chemical industry. Roméan-Leshkov and his co-workers

10
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reported the first demonstration of the partial oxidation of methane to methanol using O, as an oxidant
over Cu ion-exchanged zeolites at low reaction temperatures (483-498 K).3° This continuous system
was achieved by co-feeding methane, O,, and water, where Cu ion-exchanged ZSM-5 (Cu-H-ZSM-5)
showed high catalytic activity (entry 4 in Table 2). The catalytic activity depended on the framework
types of zeolites, and the catalytic yield for methanol reached 491 umol g (Fig. 11). This was the
highest value reported by any study at the time, owing to the continuous flow system. In the study by
Roman-Leshkov et al., UV-vis spectra revealed the generation of copper oxide species during the
reaction; however, the catalytically active sites were not identified. Starting with this report, the partial
oxidation of methane to methanol via the continuous-flow system has been actively investigated by
several research groups.*'31->2 O, and water have been widely accepted as effective oxidants for the
partial oxidation of methane in both the chemical looping and the continuous-flow processes. In
addition, stronger oxidants such as N,O were used for the continuous-flow system. Liu ef al. reported
the continuous methane oxidation to methanol over Cu ion-exchanged Beta zeolite (Cu-BEA).>? This
reaction was boosted by the presence of water; methanol productivity was much higher in the presence
of water than in the absence of water (Figs. 12A and 12B and entry 5 in Table 2). The authors
demonstrated that water molecules contributed to the reaction via a high-speed proton transfer bridge
between the generated CH;~ and OH™ moieties (Fig. 12C). The catalytically active sites for this reaction
were identified by XAS as the mono(p-oxo)dicopper species. The methanol productivity was recorded
as 242.9 umol g., ! h'! with 71.6% selectivity for methanol. Moreover, this catalyst showed a long
catalyst lifetime (70 h). This excellent catalytic performance achieved in ref. 52 can be considered as
one of the benchmarks for analogous systems.

Enormous efforts have been dedicated to achieving a high productivity for the partial oxidation of
methane to methanol. The general consensus is that the catalytic active sites are cationic species such
as [Cuy(p-0)]?", [Cua(n-0),)]7", and [Cus(u-0)3)]?". To selectively form these clusters in the zeolite

micropores, a precise materials design, in particular the location of the framework Al atoms and the

11
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framework structure of the zeolites, is important. Therefore, control of the location of framework Al
atoms has been a hot topic in zeolite chemistry over the past several decades.>>—>¢ Because the capture
of divalent Cu clusters is crucial for the preparation of MMO-mimetic active sites in zeolite micropores,
it is essential to construct the framework Al atoms in close proximity to each other, which has been
the goal of many studies including some of our own.>’-®! Recently, we developed a highly active
catalyst for the partial oxidation of methane into methanol using N,O as an oxidant, which was
achieved by controlling the position of the framework Al atoms.®> OSDAs with/without Na cations
strongly influence the position of the framework Al atoms in AEI-type structures; the AEI-type zeolite
synthesized with Na cations (denoted as AEI(Na)) had a greater number of paired Al sites compared
to that synthesized without Na cations (AEI(Na-free)). Such a paired Al-rich environment generated a
relatively larger number of dicopper species ([Cuy(u-O)]**) via ion exchange, resulting in higher
catalytic performance (Fig. 13G). Furthermore, the activity and stability of Cu ion-exchanged AEI-
type zeolites (5Cu/AEI(Na) and 5Cu/AEI(Na-free)) were controlled by calcination accompanied by
partial dealumination. As a result, SCu/AEI(Na) calcined at 1123 K (5Cu/AEI(Na)-850) exhibited
excellent catalytic performance, a methanol formation rate of 1638 umol g.,' h'! and a selectivity for
methanol of 50% at 623 K (entry 6 in Table 2), with a long catalyst lifetime. After this finding, our
group further improved these catalytic systems with a novel approach very recently.®® As already
mentioned, methanol is easily sequentially oxidized, owing to its higher reactivity compared to
methane. In order to overcome this, we attempted to develop a novel catalytic system for the rapid
conversion of the produced methanol to lower olefins via the methanol-to-olefins (MTO) reaction.
Here again, control of the location of the framework Al atoms is crucial because active copper species
and Bronsted acid sites need to be placed in juxtaposition for efficient consecutive reactions consisting
of MTM and MTO reactions. In this case, CHA-type zeolites were synthesized using amorphous silica
(CHA-Am) or FAU-type zeolite (CHA-FAU) as starting materials under OSDA-free conditions. For

these samples, different Al distributions were observed: CHA-FAU showed a higher proportion of

12
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paired Al sites than CHA-Am. The unique distribution of the framework Al atoms in CHA-FAU
facilitated the pairing of active Cu and Brensted acid sites, which led to a higher selectivity for lower
olefins than in the case of CHA-Am (Fig. 14 and entries 7 and 8 in Table 2). This approach based on
the distribution of framework Al atoms would open a new door for the development of zeolite-based
catalysts for the oxidative upgrading of methane.

Cu ion-exchanged zeolites are widely recognized as promising catalysts for the MTM reaction,
while Fe species, which are also found in MMOs, % are also promising candidates as catalytically
active sites. Yoshizawa et al. proposed that Fe, Co, and Ni species are candidates for the MTM reaction
on the basis of DFT calculations.®* According to these calculation results, the orders of increasing
reactivity to C—H bond dissociation and of the selectivity for methanol were estimated to be CoO*-
ZSM-5 < NiO"-ZSM-5 < FeO*-ZSM-5 < CuO"-ZSM-5 and FeO"-ZSM-5 < CoO*-ZSM-5 < NiO*-
ZSM-5 < CuO*-ZSM-5, respectively. Weckhuysen and Luo ef al. reported Fe ion-exchanged ZSM-5
to be an efficient catalyst for the low-temperature oxidation of methane. In that study, Fe-containing
ZSM-5 samples were prepared by one of three methods: IWI, liquid-phase ion exchange (IE), and
SSIE. In the cases of Fe/ZSM-5w; and Fe/ZSM-5g, Fe-derived particles were observed in the scanning
transmission electron microscope (STEM) images, while Fe/ZSM-55g did not contain such visible
Fe-derived particles (Fig. 15A). In addition, UV-vis and Mdssbauer spectroscopies revealed that a
larger number of monomeric Fe** species were present in Fe/ZSM-5ssz compared to the others (Figs.
15B and 15C). Fe/ZSM-5gsg exhibited a remarkably high total yield for the target products (CH3;0H,
CH;00H, HOCH,0O0H, and HCOOH), as compared with Fe/ZSM-5w; and Fe/ZSM-5 (entries 9,
10, and 11 in Table 2). Recently, even more highly active Fe ion-exchanged MFI-type zeolites
(Fe/ZSM-5) have been reported. In these catalysts, the local environment of the framework Al atoms
is key to creating active single Fe species and suppressing the oligomerization of Fe species.®® The
MFI-type structure has straight and sinusoidal 10R channels, and the widths of both channels are ca.

5.5 A. In contrast to these channels, a relatively larger spherical space (ca. 10 A) is located at the

13
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intersection at these channels. In general, tetrapropylammonium (TPA) hydroxide is used as an OSDA
for the synthesis of MFI-type zeolites, and TPA* can sit only at the intersection in the MFI-type
framework since TPA™ is too large for the 10R channels. Thus, owing to the electrostatic interaction
between TPA™ and negatively charged building blocks for the zeolite framework, the framework Al
atoms are selectively located at the channel intersections when only TPA cations are used for zeolite
synthesis.®” The catalyst prepared via Fe-ion exchange adopted to the ZSM-5 synthesized by using
TPA only (denoted as Fe/ZSM-5(TPA)) showed higher catalytic activity than the catalyst prepared via
Fe-ion exchange for ZSM-5 synthesized by using both TPA and Na cations (Fe/ZSM-5(TPA+Na))
(entries 12 and 13 in Table 2). This clearly indicates the importance of the location of the framework
Al atoms (i.e., ion-exchange sites). In addition, the reactive Fe center was confirmed by Fe K-edge
XAS measurement, where no oligomeric Fe species were detected. Thus, it was concluded that the
active sites of Fe/ZSM-5(TPA) were single Fe species anchored on the ion-exchange sites.
Ion-exchanged zeolites are applicable to the oxidation of methane into not only methanol but also
other chemicals.®®7% Here, we introduce syngas production over Rh ion-exchanged zeolites. Direct
steam reforming of methane is a common means of syngas production but requires a high reaction
temperature because the reaction is endothermic. By contrast, the partial oxidation of methane into
syngas has great potential in terms of achieving a catalytic system that can be operated at low reaction
temperatures since the partial oxidation of methane is exothermic. Hou et al. prepared a MOR-type
zeolite-supported Rh sub-nano cluster (Rh-MOR) via ion exchange as a highly active catalyst for the
low-temperature selective methane oxidation to syngas.”! This catalyst lowered the reaction
temperature, generally 1073 K or higher, to 873 K. Moreover, almost the equilibrium CO yield was
obtained even under high space velocity (SV) conditions (entry 1 in Table 3). In this reaction, the Rh
sub-nano clusters with a size of ca. 0.6 nm, formed via ion exchange, served as active sites. Inspired
by this research, our team has tried to selectively form such active Rh sub-nano clusters in the zeolite

micropore on the basis of the location of the framework Al atoms.”? In the case of MFI[TPA], which

14
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is analogous to ZSM-5(TPA), the framework Al atoms are located selectively at the channel
intersection. The ion exchange sites, derived from such site-controlled Al species, provide enough
space for the formation of Rh sub-nano clusters, because the sizes of the channel intersections and the
Rh sub-nano clusters are ca. 1.0 and 0.6 nm, respectively, as mentioned above. In addition, no clusters
were expected to form in the channels (ca. 0.55 nm) owing to the size limitation. In the study cited as
ref. 72, the chemical state of the Rh species was characterized by UV-vis and in-situ FT-IR
spectroscopies. The isolated Rh cations were observed for Rh-MFI[TPA,Na], in which the ion-
exchange sites were present both in the channels and at the intersections, while Rh oxide clusters were
found in Rh-MFI[TPA] (Figs. 16A and 16B). A significant difference in catalytic activity was found
between Rh-MFI[TPA] and Rh-MFI[TPA,Na] even at almost the same Rh loading (ca. 0.2 wt%) (Figs.
16C and 16D, entries 2 and 3 in Table 3): Rh-MFI[TPA] showed greater catalytic performance and
higher stability compared to Rh-MFI[TPA,Na], indicating that active Rh clusters of a suitable size
were successfully created in the channel intersections owing to the selective sitting of the framework
Al atoms in MFI[TPA]. Furthermore, we investigated the role of the zeolite framework in this reaction
by using model catalysts.”® To this end, we prepared two kinds of model catalysts: Rh ion-exchanged
Y zeolite (Rh-Y) and amorphous silica-alumina (Rh-ASA). The Rh species were characterized by UV-
vis and in-situ FT-IR spectroscopies, transmission electron microscopy (TEM), and H, temperature-
programmed reduction (H,-TPR) measurements. Owing to the abundance of ion-exchange sites of Y
zeolites, isolated Rh cations were preferentially formed on Rh-Y, while Rh oxide particles (or clusters)
were generated on Rh-ASA by the reaction. In the comparison of the catalytic performance of these
model catalysts, Rh-ASA showed a slightly higher CO yield than Rh-Y (entries 4 and 5 in Table 3),
which is consistent with the results for the Rh-MFI zeolites described above. On the other hand, the
stability and catalytic performance of Rh-Y were higher than those of Rh-ASA. In TEM images of the
spent catalysts, some aggregated Rh species were observed for Rh-ASA, indicating that the zeolite

framework suppressed the aggregation of metal species, owing to the electrostatic interaction between
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the cations and the anionic field of the zeolite framework (Fig. 17). These results suggest that the active
Rh clusters in Rh-MFI[TPA] were preserved by the zeolite framework. In other words, the zeolite

framework has two main roles: the creation and preservation of catalytic active sites during the reaction.

4. Active sites prepared via impregnation on zeolite surfaces

The impregnation technique, used commonly to prepare various supported metal (or metal oxide)
catalysts, has also been widely employed in the field of zeolite-based catalysts. This section discusses
zeolite-based catalysts that possess active sites prepared via impregnation technique. The zeolite-based
catalysts introduced in this section and their catalytic performance for methane upgrading are
summarized in Table 4.

The Pb species impregnated over NaX zeolite were reported to be active for the oxidative coupling
of methane, producing the C2 compounds ethane and ethene (entry 1 in Table 4).7* The conversion of
methane and C2 selectivity exhibited a volcano-type dependence on the loading amount of Pb species,
the optimum loading amount being 6.4 wt%. At 1073 K, the catalyst with this Pb loading produced a
5.9% yield of C2 compounds with 69% selectivity. The X-ray diffraction (XRD) patterns of the
catalyst before/after the reaction indicated that the redox cycle Pb?>" «» Pb® was the key to methane
coupling. Control experiments with acidic zeolites were missing in the paper cited as ref. 74, but the
lattice oxygen of the basic zeolite, NaX, was proposed to act as a hydrogen acceptor in the reaction.
For metal oxide catalysts employed for methane activation, namely oxidative coupling of methane, the
importance of their basicity due to lattice oxygens is widely recognized.!® A part of the metal sources
(typically metal cations) can be introduced onto the ion-exchange sites of zeolites even by
impregnation, and these species lead to the formation of metal (or metal oxide) nanoparticles anchored
on the negatively charged framework during the calcination treatment. In other words, active metal (or
metal oxide) species are in proximity to basic lattice oxygens, which is beneficial for methane

activation. Thus, the combination of a metal oxide that causes a redox reaction and a zeolite framework
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with appropriate surface properties is a promising approach to designing catalysts for methane
activation.

As for the case of Rh clusters supported on MFI-type zeolite frameworks (vide supra), an
anchoring effect afforded by negatively charged zeolite frameworks is also useful for isolating small
metal clusters/nanoparticles and suppressing their aggregation.!314 NiO particles were prepared on the
surface of a CHA-type framework substituted by B, Al, and Ga via impregnation and subsequent
calcination.” At the same Ni loading amount of 2 wt%, the size of NiO particles was found from XRD
to be dependent on a class of framework-substituting atoms, and the NiO particle size increased in the
order [Al]-CHA < [Ga]-CHA < [B]-CHA. This order might be connected to the deprotonation energy
(i.e., basicity) of these frameworks, given the consistent trend;’ thus, the consideration of such
parameters could help researchers design and prepare zeolite-based catalysts with supported metal
species of a desirable size. The smaller and more highly dispersed NiO particles on [Al]-CHA
produced CO and H, along with CO, in the oxidative conversion of methane at lower reaction
temperatures (entry 2 in Table 4), compared to those on [Ga]-CHA and [B]-CHA.”>

Although it is unclear whether an anchoring effect was at play, ultra-small metal nanoparticles
deposited on the MOR-type zeolite were reported to maintain their isolated and highly dispersed state
during the partial oxidation of methane and show a long catalyst lifetime. In the first example
introduced here, ultra-small NiO particles with a mean diameter of 1.6 nm were successfully deposited
on the MOR surface via an IWI method; the TEM image for 5 wt% Ni/MOR is shown in Fig. 18A.77
This catalyst produced CO (91-92% selectivity) and H, with a molar ratio of 2.0 at 97-98% methane
conversion at 973 K for a time on stream (TOS) as long as 8,000 min (entry 3 in Table 4 and Fig. 18B),
in which the lattice oxygen atoms of NiO were suggested to participate (i.e., Mars-van Krevelen
mechanism). The high selectivity and long lifetime of this catalyst arose from the ultra-small sized
NiO particles. Particle size was demonstrated to greatly affect catalytic activity, viz., both methane

conversion and selectivity for CO; NiO particles larger than 15 nm exhibited at least a 2.4-fold lower
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methane conversion as compared to NiO particles smaller than 3 nm and accelerated the complete
oxidation of methane, yielding CO,. In addition, methane decomposition into H, and carbon nanofibers
is known to occur readily on large Ni particles in the absence of O,.7% In contrast to large Ni particles,
ultra-small NiO nanoparticles on MOR did not form carbonaceous species, which resulted in a long
catalyst lifetime. In the second example, Co nanoparticles with a mean diameter of 1.5 nm were loaded
on the MOR surface via the standard impregnation method, as seen in the image obtained by a high-
angle annular dark-field STEM (HAADF-STEM; Fig. 19A).”° This 3 wt% Co/MOR catalyst pre-
reduced with H; initially produced CO in 91% selectivity at a methane conversion of 7.6% at 873 K
in the presence of O, but lost this activity for CO production in the steady state, where CO, was the
main product. This observed alteration of product selectivity resulted from the transformation of Co°
into Co?* species, the former of which is necessary for the partial oxidation of methane to CO. In stark
contrast, the surface modification of the 3 wt% Co/MOR catalyst with a tiny amount of Rh (0.005
wt%) drastically improved the catalytic performance to yield CO with 90% selectivity at a methane
conversion of 15% even in the steady state under the same reaction conditions. The Rh species were
revealed by extended X-ray absorption fine structure (EXAFS) to be mono-atomically dispersed and
attached on some of the Co nanoparticles. Such Rh species were proposed to cause the spillover of
hydrogen atoms onto the catalyst surface, which allowed Co species to be in the zero-valence state
(Fig. 19B). As a result, this 0.005 wt% Rh-3 wt% Co/MOR catalyst exhibited an outstanding lifetime
and produced a mixture of CO and H, with a molar ratio of 2.0 at an SV as high as 1.2x10% mL h'!
2.l as seen in Fig. 19C (see also entry 4 in Table 4).

Along with this anchoring effect, confinement of supported particles in nanospaces consisting of
micropores, cages, and/or channel intersections is another attractive approach to keeping supported
metal particles isolated and highly dispersed.!>!3 Subnanometric Rh particles were successfully
deposited in the micropores of two-dimensional ZSM-5 nanosheets (ZSM-5-2D).3? Interestingly, their

size could be reversibly controlled by heat-treatment in H, or CO, which was confirmed by FT-IR after
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CO adsorption and HAADF-STEM (Fig. 20). The catalytic performance for methane oxidation was
dependent on the size of Rh nanoparticles; the subnanometer-sized Rh particles (~0.9 nm) prepared
via two-step heat treatment in H, at 773 K and in CO at 773 K exhibited the highest productivity for
methyl hydroperoxide (CH;0OH) (entry 5 in Table 4).

Ultimately, so-called single-site catalysts can be developed by an appropriate technique for
introducing metal species. Tao et al. developed two different zeolite-supported single-site catalysts:
Pd;O4 anchored on the internal surface of ZSM-5 (Pd;04@ZSM-5)3! and Rh;Os on ZSM-5
(Rh;O5@ZSM-5)%. In both cases, the pores of the ZSM-5 support were evacuated by a vacuum pump,
and then an aqueous solution containing a metal nitrate was introduced. As in the case of a variety of
single-site catalysts,384 the absence of the second shell of Pd—Pd (or Rh—Rh) in all EXAFS spectra
revealed the local structure of the supported Pd and Rh species (Fig. 21). Pd;0,@ZSM-5 with CuO
and H,0O,, which were the co-catalyst and oxidant, respectively, converted methane to methanol with
86% selectivity (entry 6 in Table 4). Meanwhile, Rh;Os@ZSM-5 accelerated the coupling of methane,
CO, and O, to produce acetic acid (entry 7 in Table 4).

As mentioned above, zeolite frameworks offer a unique opportunity to form highly dispersed and
small species that can activate methane. We recently demonstrated that the combination of the Ce-
containing MFI-type zeolite prepared via the two-step mechanochemical method and Pd nanoparticles
(denoted as Pd/Ce-MFIyc) showed low-temperature activity for oxidative coupling of methane.®> The
3 wt% Pd/Ce-MFlyc produced ethane in 0.19% yield at 523 K (entry 8 in Table 4). The ethane
production was probably induced by the redox cycle of CeOy species mediated by supported Pd, as
suggested by H,-TPR measurements as well as a previous report where Pd/ZSM-5 without Ce species
accelerated the complete oxidation of methane to CO, and H,0.% As seen in the EXAFS spectra in
Fig. 22A, Ce-MFIyc did not provide the second shell corresponding to Ce—Ce, while the other Ce-
containing supports—Ce-MFIyr (Ce-containing zeolite synthesized via typical one-step hydrothermal

synthesis), Ce/SiO, (SiO,-supported Ce, prepared by impregnation), Ce/silicalite-1 (silicalite-1-
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supported Ce, prepared by impregnation), and bulk CeO,—showed a peak to some extent. These
spectra indicated that the size of Ce species increased in the order Ce-MFIyc < Ce-MFIyr < Ce/SiO,
< Ce/silicalite-1 < CeO,. Among these supports, Ce-MFIyc and Ce-MFIyr combined with Pd yielded
ethane at low reaction temperatures below 573 K (Fig. 22B), indicating the requirement of highly
dispersed and small Ce species for the low-temperature oxidative coupling of methane. Owing to the
high affinity between Ce and Pd,*” Pd species were in proximity to Ce species (STEM images with
elemental mapping by energy-dispersive X-ray spectroscopy (EDS) are shown in Fig. 22C) and
facilitated the completion of the redox cycle of Ce species for activating methane. Such highly
dispersed Ce species with Pd, i.e. Pd/Ce-MFIyc, improved catalytic activity through further surface
modification by third species. When Co was loaded on Pd/Ce-MFlyc, new active sites, i.e., concerted
Ce, Pd, and Co species, were formed (Fig. 23A) and gave a 1.5-fold higher ethane yield than Pd/Ce-
MFIyc (entries 9 and 10 in Table 4).8 Owing to the poorer dispersion of Ce species in Ce-MFIy than
in Ce-MFIyc, such triad sites were difficult to form (Fig. 23B) and the catalytic activity was not
improved.

Encapsulation of active nanoparticles is effective in controlling and maintaining their size and
performance.?*° Xiao et al. fixed AuPd alloy nanoparticles in ZSM-5 crystals via a two-step synthetic
method.’! A mixture of AuPd colloids and TEOS was hydrothermally treated to prepare AuPd
nanoparticles coated with amorphous silica. The resulting material was further treated in the presence
of TPA hydroxide and boehmite to obtain AuPd nanoparticles encapsulated in ZSM-5 crystals, whose
external surface was further modified with organosilanes (AuPd@ZSM-5-C,¢). The structure of this
catalyst differed completely from the control materials prepared via the conventional impregnation
(AuPd/ZSM-5). This well-designed AuPd@ZSM-5-C ;4 catalyst converted methane to methanol in the
presence of in-situ generated H,O, from H, and O, (entry 11 in Table 4). This catalyst was the analogue
of the catalyst reported by Hutchings et al.,’> but the latter was prepared by a conventional co-

impregnation method and used only for methane conversion with H,O,, not with H, and O, (entry 12
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in Table 4). AuPd alloy nanoparticles had a dual function in this reaction system: the in-sifu formation
of H,O, from H, and O, and methane activation.”> Meanwhile, the organosilane modification of ZSM-
5 provides hydrophobic external surfaces, which impede the outward diffusion of in-sifu formed H,O,
from inside the ZSM-5 crystals. This greatly enhanced the local concentration of H,O, within the
crystals, promoting methane conversion. Indeed, methanol productivity with AuPd@ZSM-5 (without
surface modification) became 2.8-fold lower than that with AuPd@ZSM-5-C;4 (with modification).
Metal nanoparticles encapsulated in zeolites have also been employed for other classes of methane

conversion such as combustion and dry reforming.®3-%4

5. Summary of advantages and disadvantages of each preparation method

Based on the exemplified catalysts and discussion in the former sections, the advantages and
disadvantages of the three preparation methods—incorporation of heteroatoms into frameworks, ion-
exchange, and impregnation—are overviewed in this section. These insights are expected to be
guidelines for preparation of desired structures and active sites in zeolite-based catalysts for not only
oxidative upgrading of methane but also other reactions.

The incorporation of heteroatoms into zeolite frameworks as active sites easily prepares single-
site catalysts due to the complete isolation of each introduced heteroatom by inert siliceous frameworks.
Meanwhile, metal elements that can be employed in this method are severely limited. Trivalent cations
consisting of AI** and Ga3* are known to be introduced into zeolite frameworks relatively easily, while
the complete incorporation of other metal cations into frameworks is quite challenging even in the case
of widely investigated Fe3* regardless of the same valence as the trivalent cations described above
(typically, intra- and extra-framework Fe species are generated)?°. The limited element scope makes
the freedom of catalyst design narrower, compared to the other two preparation methods. Besides, one-
pot hydrothermal synthesis of heteroatom-incorporated zeolites is sometimes impossible depending on

heteroatoms, framework topologies, and molar ratios of Si to heteroatoms. In such situations, post-
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synthetic incorporation is necessary, making the overall catalyst preparation relatively complicated.
Furthermore, the formation of binuclear heteroatom species in the framework-incorporation method is
impossible due to the violation of the widely-accepted Lowenstein’s rule, which omits the possibility
of the formation of M—O-M species (M = heteroatom) in zeolite frameworks due to their
thermodynamic instability.?® In this respect, this approach is not appropriate for creating binuclear
active sites that mimic MMOs.

In contrast to the framework incorporation method, the ion-exchange method is a powerful means
of preparing MMO-mimetic binuclear active sites, as introduced in Section 3. This method is also
useful for preparing highly dispersed metal species since each cationic metal ions are introduced via
electrostatic interaction with negatively-charged sites originated from isomorphously substituting
trivalent heteroatoms. Such electrostatic interaction is beneficial to anchoring introduced ions tightly,
leading to the suppression of aggregation of active metal species. Yet, for the introduction of
multivalent cationic species via the ion-exchange method, the presence of paired heteroatom sites in
zeolite frameworks, which can compensate two positive charges, is the prerequisite; otherwise,
undesired oxygen-containing ligands inevitably attach cationic metal ions for charge compensation,
hampering the formation of well-designed active sites or rather triggering undesired side reactions.

The impregnation method has the broadest scope of metal elements among the three approaches
introduced here; in principle, all metal elements are applicable. However, the introduction of highly-
dispersed active metal species precisely into zeolite micropores requires a carefully-handled
impregnation method combined with a vacuum technique. Otherwise, metal species are present on
outer surfaces of zeolites and the confinement effect by zeolite micropores cannot be expected in such

Ccasces.

6. Conclusions and outlook
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Zeolite-based materials have a great potential to be highly active and selective catalysts for the
oxidative conversion of methane into platform chemicals such as carbon monoxide, methanol, lower
hydrocarbons, and other oxygenates, owing to their high tunability. Active sites of zeolite-based
catalysts consist of intra-framework heteroatoms, ion-exchanged species (H" and metal ions),
supported metal or metal oxide nanoparticles, single sites, and combinations thereof. For the
preparation and stabilization of these species that function as catalytic active sites, their environment,
typically nanospaces (i.e., pores, cages, and channel intersections) of siliceous frameworks, plays a
significant role and needs to be tuned properly. In most cases, catalyst regeneration is quite difficult
once active sites are aggregated. Therefore, isolation and fixation by both anchoring and confinement
effects of nanospaces, which are inaccessible to typical catalyst supports, are among the characteristic
and attractive features of zeolite-based materials. To this end, a thorough understanding of the precise
design and preparation of zeolite-based catalysts is required.

The conventional a posteriori approach relying on screening of each parameter (e.g., catalyst
component, content, and preparation technique) is undoubtedly still important and necessary for the
development of effective catalysts; however, recent advances in computational chemistry, including
DFT calculations and machine learning, provide useful guidelines for catalyst design.’®%° For example,
previous MMO-mimetic zeolites rely on the preparation of binuclear (or trinuclear) Cu and Fe species
on the zeolite surfaces via the ion-exchange method as described in Section 3. The resulting Cu- and
Fe-based active sites successfully convert methane to methoxy species, which is an important
intermediate of MTM reaction but also exhibit too high affinity with methoxy species, leading to the
requirement of the extraction step of methoxy species with water (Fig. 8). In other words, the chemical
looping system or co-feeding of water is inevitably required to complete the reaction cycle over these
active sites; namely, in the case of chemical looping, the impossibility of exceeding the turnover
number of one (i.e., reactions with chemical looping are not catalytic). To establish more simplified

and efficient catalytic system, suitable active sites that enable the spontaneous desorption of methoxy

23



Catalysis Science & Technology Page 24 of 53

species need to be devised. According to computational calculations by Mahyuddin and Yoshizawa,
Ni-based binuclear and trinuclear sites (i.e., [Niy(u-0),]*>" and [Ni3(u-0)3]*") on ZSM-5 have such
potential along with the methane activation;**!'% however, such sites have not yet been developed.
Such computational chemistry driven catalyst design is a promising approach but has remained a grand
challenge.

In addition to advanced computational chemistry, state-of-the-art atomic-level characterization
techniques help researchers to gain a deeper understanding of the structure-activity relationship for
each synthesized catalyst. One of the techniques introduced in this manuscript is high-resolution
microscopy. Spherical-aberration-corrected STEM using annular dark field and low angle annular dark
field (abbreviated as Cs-corrected STEM ADF and Cs-corrected STEM LAADF, respectively) have
been employed to identify the locations (i.e., tetrahedral site (T-site)) of framework-substituting
heteroatoms, e.g., Fe atoms in MFI'! and Ti atoms in YNU-2 (Fig. 24A)!'%2. High-resolution NMR
spectroscopy is another powerful tool used for the same objective, as described in many review
papers.'93-195 Integrated differential phase contrast STEM (iDPC-STEM) also enables the imaging of
metal species anchored on the inner surfaces of zeolites, as exemplified by Mo species in a ZSM-5
pore (Fig. 24B).1% Furthermore, dynamic atomic-level imaging by iDPC-STEM directly visualizes
organic molecules confined in nanospaces; for example, the dynamic adsorption and desorption of
pyridine in a ZSM-5 pore have been directly observed.!?” These “seeing-is-believing” techniques are
powerful tools for understanding both catalytic active sites and the adsorption states of substrate
molecules.

Both microscopy and NMR spectroscopy can provide atomic-level structural information for
zeolites as described above, yet these methods are relatively difficult to apply to in-situ/operando
modes, as compared to other characterization techniques. The static structural information of each
catalyst is surely important, but dynamic structural analyses offer more direct and detailed insight into

catalysis. To reveal the working states of active metal or metal oxide species over zeolites, UV-vis
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spectroscopy, FT-IR spectroscopy, Raman spectroscopy, and XAS have been employed in in-
situ/operando modes.'%® FT-IR spectroscopy is also useful in terms of characterizing surface-adsorbed
species. Among these techniques, in-situ/operando XAS is the most popular and attractive since it
provides both the valence state and local structure of active metal or metal oxide species. For example,
Beato et al. successfully tracked the gradual changes in Cu active sites over SSZ-13 (i.e., Cu-SSZ-13),
a typical catalyst for the MTM reaction (see Section 3), by operando XAS, monitoring the step-by-
step alteration of the environment and temperature necessary to complete the entire reaction process,
i.e., activation of Cu species by O,, reaction with methane, and subsequent water-mediated extraction
of the produced methoxy species as methanol (see Fig. 25).1%° They found that the Cu®* species, after
activation by O, and flushing with He, partially underwent reduction to Cu*, which was successively
re-oxidized to Cu®* during the water-assisted extraction of methoxy species. We should note that in
the oxidative coupling of methane to lower hydrocarbons, the selectivity for target product(s) is
typically low, except when the methane conversion is carefully controlled to be low,”-'® and CO and
CO,; are major products. In such situations, in-situ/operando spectroscopy should provide catalytic
insights into partial/complete oxidation of methane, not oxidative coupling. Similar situation of low
selectivity to target product(s) is also possible in other types of oxidative upgrading of methane due to
the ease of over-oxidation of product(s). Therefore, the operation conditions need to be fine-tuned to
gain precise and reliable data for each catalytic reaction as well as in-situ/operando analysis.

Zeolitic materials such as metal-organic frameworks (MOFs) also offer opportunities to tune
active sites precisely via design of nodes and linkers as well as modifiers.'! Similar to the case of
zeolite-based catalysts introduced in Section 3, the creation of MMO-mimetic active sites has also
been investigated for MOF-based catalysts.!'! Higher surface area of MOFs compared to zeolites'!?
enables the preparation of highly dispersed metal nanoparticles even by using typical impregnation
technique, which could lead to better productivity per loading amount of metals. Meanwhile, due to

the presence of organic linkers, thermal stability of MOFs is inferior to that of zeolites. This limitation
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of MOFs cannot allow reaction operation at high temperatures, and thus, reaction rates are apt to be
low. This fact also points out that fine-tuned sites that are capable of highly activating C—H bond(s) of
methane even at low reaction temperatures are always necessary and also that careful selection of
reaction conditions is required to suppress thermal degradation of MOFs completely. With respect to
the latter issue, isotope tracer analysis using 3C-labeled methane as a substrate could be helpful for
clearly confirming and distinguishing methane-derived and MOF-derived products. Besides, high
selectivity toward target product(s) is mandatory for MOF-based catalysts since even if carbonaceous
materials are deposited onto the catalyst surfaces, these catalysts cannot be regenerated via simple
calcination. In this respect, zeolites and zeolitic materials need to be carefully chosen for one’s

objective.
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Fig. 1. Number of publications and citations searched with the keywords of “methane + zeolite +
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open squares, Cu/Al = 0.37, Na/Al = 0.26): reaction with methane, WHSV = 2400 mL h'! g,!, 483

K, 0.5 h; extraction of methanol, WHSV = 2400 mL h! g !, 483 K, Py, = 98.1 kPa, Pip0 = 3.2 kPa,
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Fig. 12. (A) Methanol productivity of Cu-BEAs for methane to methanol reaction in the presence (red)

and absence (black) of H,O. Reaction conditions: N,O:CH4:H,O:He = 30:15:10(0):45(55); GHSV =

12000 h'l; 593 K; TOS = 6 h. (B) Selectivity of products over Cu-BEA under the same reaction

conditions as figure A, TOS =70 h. Reprinted from ref. 52 with permission from John Wiley and Sons,

copyright 2021.
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Fig. 14. Catalytic performance of (A) Cu-H/CHA-FAU and (B) Cu-H/CHA-Am in the partial
oxidation of methane. Reaction conditions: 100 mg catalyst; Pcps:PnooiP20:Par
0.4:0.4:0.08:balance; total pressure 0.1 MPa; SV = 15000 mL h! g.,i'!'; W/F = 3.7 g.., h molcyy™!; 623

K. Reprinted from ref. 63 with permission from Royal Society of Chemistry, copyright 2023.
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Fig. 15. (A) STEM images, (B) UV-vis spectra, and (C) >’Fe Mossbauer spectra of Fe/ZSM-5s.

Reprinted from ref. 65 with permission from John Wiley and Sons, copyright 2021.
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Fig. 16. (A) UV-vis spectra of Rh ion-exchanged MFI-type zeolites. (B) In-situ FT-IR spectra of
adsorbed CO species on Rh-MFI[TPA] and Rh-MFI[TPA,Na] at 298 K. Catalytic performance of (C)
Rh-MFI[TPA] and (D) Rh-MFI[TPA,Na] in the partial oxidation of methane at 873 K with different
space velocities. Reaction conditions: 10-25 mg catalyst; Pcyg:Pos:Par = 3.33:1.67:95; total pressure

0.1 MPa. Reprinted from ref. 72 with permission from Royal Society of Chemistry, copyright 2020.
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Fig. 17. Schematics for changing behavior of both model catalysts during the reaction. Reprinted from

ref. 73 with permission from American Chemical Society, copyright 2021.

(A) TEM image (B) Long-term partial oxidation of methane
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Fig. 18. (A) TEM image of 5 wt% Ni/MOR catalyst and (B) long-term partial oxidation of methane
over the Ni/MOR catalyst. Reaction conditions: CH4/O,/Ar = 0.06/0.03/0.91 atm; SV = 3.0x10* mL

h! gea!; 973 K. Reproduced from ref. 77 with permission from Springer Nature, copyright 2020.
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(A) HAADF STEM |mage (C) Long-term partial oxidation of methane
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Fig. 19. (A) HAADF-STEM image of 0.005 wt% Rh-3 wt% Co/MOR catalyst, (B) proposed function

of Co species for reducing Rh species via hydrogen spillover, and (C) long-term partial oxidation of

methane over the Rh-Co/MOR catalyst. Reaction conditions: CH4/O,/N, = 3.33/1.67/95; SV = 1.2x10°

mL h'! g, ! 923 K; 0.1 MPa. Reproduced from ref. 79 with permission from Springer Nature,

copyright 2018.
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Fig. 20. Reversible size control of Rh nanoparticles ZSM-5-2D. (A) Schematic of reversible size
control of Rh particles upon heat treatment in H, or CO. (B) CO FT-IR spectra of Rh/ZSM-5-2D heat-
treated in H, and CO step-by-step. (C—E) HAADF-STEM images of Rh/ZSM-5-2D heat-treated under
different conditions. (F) Average particle size and density of Rh nanoparticles on ZSM-5-2D heat-
treated under different conditions. Reprinted from ref. 80 with permission from American Chemical

Society, copyright 2023.
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Fig. 21. Fourier transform of EXAFS spectra of (A) Pd,04;@ZSM-5 (k*-weighted Pd K-edge) and (B)
Rh;Os@ZSM-5 (k*-weighted Rh K-edge). Reprinted from (A) ref. 81 with permission from John
Wiley and Sons, copyright 2016, and (B) ref. 82 with permission from Springer Nature, copyright

2018.
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(A) Ce L;-edge EXAFS spectra (B) Ethane yield (C) STEM-EDS images
in oxidative conversion of methane
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Fig. 22. (A) Fourier transform of £*-weighted Ce Ls-edge EXAFS spectra for Ce-containing supports,
(B) Ethane yield in oxidative conversion of methane over 3 wt% Pd/support, and (C) STEM-EDS
images of 3 wt% Pd/Ce-MFIyc. Reaction conditions: CH4/O,/Ar, = 8.0/2.0/2.5 mL min’!; SV =
7.5x103 mL g., ! h''; 373-873 K; 0.1 MPa. Reproduced from ref. 85 with permission from American

Chemical Society, copyright 2021.

Fig. 23. STEM-EDS images of (A) 1 wt% Pd-1 wt% Co/Ce-MFIyc and (B) 1 wt% Pd-1 wt% Co/Ce-

MFIyr. Reproduced from ref. 88 with permission from American Chemical Society, copyright 2022.
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Fig. 24. (A) Cs-corrected STEM LAADF image along (001) incidence of Ti-YNU-2. Two regions
colored by blue and orange rectangles with distinct contrast differences are enlarged on the right. Green
and golden arrows in the expanded figures represent Ti atoms at the T1/T2 and T7/T8 sites,
respectively. Reprinted from ref. 102 with permission from John Wiley and Sons, copyright 2022. (B)
iDPC-STEM images of Mo/ZSM-5, where (b—d) are different fields of view for the same sample: top
= raw images; middle = calculated structural models; and bottom = simulated projected electrostatic

potential. Reprinted from ref. 106 with permission from John Wiley and Sons, copyright 2019.
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Fig. 25. Operando Cu K-edge XAS spectra of Cu-SSZ-13 after sequential treatments: step 1 (red) =

O, activation at 773 K; step 2 (black) = He flushing after cooling to 473 K in O,; step 3 (orange) =

CH, treatment at 473 K step 4 (blue) = H,0O-assisted extraction of methoxy species produced on the

catalyst. (A) X-ray absorption near edge structure (XANES) spectra, where labels (1) and (2) represent

the rising-edge from 1s to 4p peaks that are characteristic of Cu* and Cu*/Cu?*. (B) Magnitude part of

Fourier transform of EXAFS spectra. (C) Imaginary part of Fourier transform of EXAFS spectra. (D)

Relative fractions of Cu species estimated via linear combination fitting (LCF) of XANES spectra:

Cu'l-fw = Cu?" species that interact with the framework; Cu'-hyd. = mobile Cu?*" aquo complexes.

Reproduced from ref. 109 with permission from American Chemical Society, copyright 2017.
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Table 1. Catalysts for oxidative upgrading of methane relying on active sites originated from intra-framework heteroatoms, exemplified in Section 2.2

Page 50 of 53

. Target Target product
Framework  Plausible . Reactor 7 r Svd Pe Conv. By-
Entry  Catalyst L Oxidant Solvent de i o C-based Yield Sel. Ref.
topology active sites type /K /h /mLh! gy /MPa /% product(s) % % product(s)
Fluorinated H* 4 C2
1 H-MOR MOR (superacid sitc) N,O Flow - 623 - 4.2x10 n.d. 0.18 compounds 0.17 93 MeOH 18
[Ga]-MFIycf MFI Ga species 0, Flow - 923 - 7.5x103 0.1 10 CO 8.0 80 CO, 22
[Ga]-MFlyf MFI Ga species 0, Flow - 923 - 7.5%103 0.1 6.7 CO, 6.3 94 CO 22
Fe dinuclear HCOOH,
4 Fe/ZSM-5 MFI H,0, Batch H,0 323 05 - 3.05 0.7 MeOH 0.084 12 MeOOH, 30
complex Co,
Fe dinuclear HCOOH,
5 Cu-Fe/ZSM-5 MFI H,0, Batch H,O 323 05 - 3.05 0.7 MeOH 0.68 85 MeOOH, 30
complex O,
Fe dinuclear HCOOH,
6 Fe-silicalite-1 MFI H,0, Batch H,O 323 05 - 3.05 0.3 MeOH 0.051 17 MeOOH, 30
complex CO,
1.5% Cu- Fe dinuclear 5
7 1 59%Fe/ZSM-5 MFI complex H,0, Flow H,O 323 - 4.0x10 2.0 0.5 MeOH 0.46 92 CO, 32
8 Fe-MFI MFI Fe species H,0, Batch Sulfolane/H,O 323 2 - 3 n.d. MeOH n.d. 85 EgggH’ 35
Mn C2+C3
9 Na,WO,/Ti- MWW W6 species® 0O, Flow - 993 - 8.0x103 0.1 26 20m 76h CO,CO, 36
MWW compounds

aAbbreviations in this table: MeOH = methanol; MeOOH = methyl hydroperoxide. PReaction temperature. “Reaction time (only for batch-type reaction). 4Space velocity (only for flow-type reaction). *Reaction
yl hydrop D y yp! p y y yp!
pressure. fThe catalytic performance at various temperatures is shown in Fig. 3. €Proposed catalytic cycle consisting of W-, Mn-, and Ti-including species is shown in Fig. 6. "These values include both C2 and

C3 compounds.
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Table 2. Catalysts for oxidative upgrading of methane to methanol relying on active sites created by ion exchange, exemplified in Section 3 (catalyst-weight-based yield or space time yield).?

. ; Target Target product
Framework Plausible . Reactor ™ SV Pe Conv. - . By-
Entry  Catalyst topology active sites Oxidant type Solvent e b /mL b gl /MPa /% C-based Yield Yield Sel. product(s) Ref.
product(s) /umol g.,!  mmol g, ' h! /%
1 Cu-MFI MEFI Cu dinuclear 0, Chemical = _ 398 - - 01 - MeOH 8.2 - 98 CO, 46
complex looping
2 Cu-MOR MOR Cutrinuclear Chemical = _ 473 - - 01 - MeOH, 160 - 80  CO, CO, 47
complex looping DME
3 Cu-MOR MOR Cu dinuclear H,O Chemical = _ 473 - - 07 - MeOH 204 - 97  CO, 49
complex looping
4 Cu-H-ZSM-5f  MFI Cu,Oy 0, Flow - 483 —  2.4x103 01 - MeOH - 1.81x103 70  CO, 50
5 Cu-BEA¢ Beta Cu dinuclear N,O Flow - 593 -~ 1.2x10% 01 10  MeOH - 0.24 72 COnGHsy o,
complex DME
. CO, CO,,
6  JCWAEINaR g Cudinuclear g 623 —  1.5x10° 00 10  MeOH - 1.64 50  DME, 62
850 complex
hydrocarbons
Cu-H/CHA- Cu dinuclear 4 MeOH, CO, CO,,
7 AU CHA complex N,O Flow - 623 —  1.5x10 01 06 [T e - 0.90 6 DME 63
Cu-H/CHA- Cu dinuclear 4 MeOH, CO, CO,,
8 ek CHA complex N,O Flow - 623 —  1.5x10 01 02 over clefins 0.30 ST OME 63
9 Fe/ZSM-5¢sz:  MEFI Femononuclear yy o gy H,0 323 05 - 30 - Cl - 215 9  CO, 65
complex oxygenates
10 Fe/ZSM-5w; MFI Femononuclear y o~ pop H,0 323 05 - 30 - Cl - 9.42 97  CO, 65
complex oxygenates
11 Fe/ZSM-55 MFI Femononuclear oo H,0 323 05 - 30 - Cl - 125 98  CO, 65
complex oxygenates
Fe/ZSM- Fe mononuclear Cl
12 S(TPA) MEFI complox H,0,  Batch H,0 323 05 - 30 - oxygenates 25.9 - CO, 66
Fe/ZSM- Fe mononuclear Cl
13 S(TPA+Na) MEFI complox H,0,  Batch H,0 323 05 - 30 - oxygenates 200 nd. CO, 66

aAbbreviations in this table: MeOH = methanol; DME = dimethyl ether. "Reaction temperature. “Reaction time (only for batch-type reaction). 4Space velocity (only for flow-type reaction). °Reaction pressure. ‘Reaction
data under various conditions are shown in Fig. 11. eWater was co-flowed. The reaction data including product selectivity are shown in Fig. 12. "Reaction data for TOS of 30 h are shown in Fig. 13G. Reaction data
for TOS of 190 min are shown in Fig. 14.
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Table 3. Catalysts for oxidative upgrading of methane to syngas relying on active sites created by ion exchange, exemplified in Section 3 (mole-based yield).

Target Target product

Framework  Plausible . Reactor T* Svb Pe Conv. e
Entry Catalyst topology active sites Oxidant type K /mL b gl /MPa /% C-based  vVield Sel. By-product Ref.
product /o 1%
1 Rh-MOR MOR CRllflsst‘e‘?'nano 0, Flow 873  1.2x10 01 84 co 76 91 Co, 71
2 Rh-MFI[TPA]¢ MFI ﬁsst‘:r"nano 0, Flow 873  1.2x10 01 86 co 79 91 Co, 72
3 Rh-MFI[TPA,Na]¢  MFI Ezsstgf'nano 0, Flow 873 1.2x106 01 62 Cco 50 80 Co, 72
4 Rh-Y FAU Rh cation 0, Flow 873  1.2x10° 01 78 co 69 89 Co, 73
5 Rh-ASA - Rh oxide 0, Flow 873 1.2x106 0.1 86 co 78 90 CO, 73

aReaction temperature. "Space velocity. “Reaction pressure. 9Reaction data at different SV are shown in Fig. 16.
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Table 4. Catalysts for oxidative upgrading of methane relying on active sites prepared via impregnation on zeolite surfaces, exemplified in Section 4.2

: Target Target product
Framework  Plausible . Reactor 7° r Svd Pe Conv. — =" "~ By-
Entry Catalyst . Oxidant Solvent 14 o C-based Yield Sel. Ref.
topology active sites type /K /h /mLhtg,! /MPa /% product(s) /o Y product(s)
1 6.4 wt% Pb/NaX FAU PbO species 0, Flow - 1023 - 3.6x103 0.1 8.6 © 59 69 CO, 74
compounds
0, 1 -
2 él‘gf NiLAl CHA Small NiO o)) Flow - 773 - 1.5x10% 0.1 22 Cco 57 26 CO, 75
3 5 wt% Ni/MOR' MOR Ultra-small NiO 0, Flow - 973 - 3.0x10% 0.1 98 Cco 90 92 CO, 77
0.005 wt% Rh-3 6
4 Wi% Co/MORE MOR Ultra-small Co 0, Flow - 923 - 1.2x10 0.1 86 Cco 78 91 CO, 79
0.3 wt% Rh/ZSM- MeOH,
5 59D MFI Ultra-small Rh H,0, Batch H,O 323 05 - 3.0 02  MeOOH 0.15 732 HCOOH 80
Pd,0,@ZSM-5 + 2 _ MeOOH,
6 Wi% CuOb MFI Pd04 H,0, Batch  H,O 368 0.5 3.0 n.d. MeOH n.d. 86 o, 81
7i Rh;0s@ZSM-5i MFI Rh;0s 0, Batch  H,O 423 12 - 6.8 n.d. AcOH n.d. 70.1 ggggH 82
0 ) L
g 3 wi%Pd/Ce MFI Small Ce species with Flow - 523 —  7.5x10° 0.1 38 CHg 0.19 49  CO, 85
MFIyc Pd
o i L
g [ wrbPdCe MFI Small Ce species with Flow - 573 - 7.5%10° 0.1 30 CHs 0.11 37 €O, 88
MFIyc Pd
1 wt% Pd-1 wt% Small Ce species with 3
10 Co/Ce-MFlyc MFI Pd and Co 0, Flow - 573 - 7.5%10 0.1 47  CyHe 0.16 34 CO, 88
11 AuPd@ZSM-5-C;¢'  MFI Au-Pd alloy H,0,™ Batch  H,O 343 05 - 3.0 173  MeOH 16 92 E(C)OOH’ 91
2
HCOOH,
12 AuPd/HZSM-5" MFI Au-Pd alloy H,0, Batch  H,0 323 05 - 3.05 nd. MeOH n.d. 169  MeOOH, 92
CO,

aAbbreviations in this table: MeOH = methanol; MeOOH = methyl hydroperoxide; AcOH = acetic acid. "Reaction temperature. “Reaction time (only for batch-type reaction). 9Space velocity (only for flow-type
reaction). *Reaction pressure. ‘Reaction data for TOS of 8,000 min are shown in Fig. 18B. eReaction data for TOS of 50 h are shown in Fig. 19B. "Pd loading was 0.01 wt%. ‘CO was also used as a reactant along
with methane. JRh loading was 0.10 wt%. ¥Reaction data at different temperatures are shown in Fig. 22B. 'Au and Pd loading amounts were 3.24 wt% and 1.76 wt%, respectively. ™In-situ formed H,O, from H, and
O, over Au-Pd alloy nanoparticles. "Au and Pd loading amounts were both 0.5 wt%.
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