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Abstract: The conversion of methane to value-added liquid chemicals is a promising answer to the imminent
demand for fuels and chemical synthesis materials in the advent of a dwindling petroleum supply. Current
technology requires high energy input for the synthesis gas production, and is characterized by low overall
selectivity, which calls for alternative reaction routes. The limitation to achieve high selectivity is the high C-H
bond strength of methane. High-temperature reaction systems favor gas-phase radical reactions and total
oxidation. This suggests that the catalysts for methane activation should be active at low temperatures. The
enzymatic-inspired metal-exchanged zeolite systems apparently fulfill this need, however, methanol yield is low
and a catalytic process cannot yet be established. Homogeneous and heterogeneous catalytic systems have
been described which stabilize the intermediate formed after the first C-H activation. The understanding of the
reaction mechanism and the determination of the active metal sites are important for formulating strategies for
the upgrade of methane conversion catalytic technologies.
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1. Introduction — Methane
Utilization and its Limitations

While present efforts towards sustain-
ing the situation of dwindling petroleum
reserves are directed to harnessing renew-
able resources, not many solutions are at
hand to bridge the transition between pe-
troleum-based technologies to renewable
energy-based systems. Methane or natural
gas is an abundant, clean, and cheap re-
source that may support the fuel industry
and supplement raw materials for chemi-
cal synthesis to bridge this transition. The
World bank estimates that around 134 bil-
lion cubic meters of natural gas, instead of
being used, is flared and vented annually
worldwide.[!]

The problems associated with the direct
use of methane to produce fuel and chemi-
cals are strongly linked to its properties.
Existing in the gas phase at ambient condi-
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tions, it is uneconomical to transport natu-
ral gas from remote drill sites. Converting
methane to a functionalized liquid deriva-
tive such as methanol or heavier hydrocar-
bons would be a solution but the symmetric
geometry of the methane molecule without
a functional group gives no magnetic mo-
ment or polar distribution that facilitate
chemical attack.[?! Being a very weak base,
its coordination to metal catalysts is a chal-
lenge.[3) Its high C—H bond strength (425
kJ/mol) requires forcing conditions such
as temperature and pressure that often pro-
mote radical reactions in the gas phase.
The use of strong oxidizing agents favors
total oxidation since methane’s partial
oxidation products are more reactive than
methane itself. As comparison, methanol
has a C-H bond strength of 389 kJ/mol, is
more basic and a better ligand than meth-
ane. It follows that acceptable selectivity
is achieved at reaction conditions tuned to
low methane conversion. Catalytic oxida-
tion using heterogeneous catalysts reaches
a limit of methanol selectivity of 30—40%
with methane conversion of 5-10% under
the best reaction conditions, such as tem-
peratures of 450-500 °C and pressures of
30-60 bar.] Therefore, the challenge to
convert methane is related to selectivity
rather than reactivity.[?!

Industrial processes of converting
methane to liquid hydrocarbons, via the
methanol-to-gasoline and Fischer-Tropsch
routes start by the transformation of meth-
ane to synthesis gas (mixture of H, and
CO) through steam reforming (Eqn. (1)).
This step is highly endothermic, requiring

high temperature (>600 °C), hence, high
energy consumption. An estimated 60% or
more of the capital cost of a gas-to-liquid
plant is associated with the reforming of
methane to syngas.[2!

CH, +H,0 — Co + 3H,
AH,,.. =206 kJ/mol

298K

1

2. Proposed Alternative Catalytic
Systems

Two varieties exist for the partial oxida-
tion of methane: a high-temperature route
based on radical gas-phase reactions!3! and
a low-temperature route involving hetero-
geneous catalysis. High-temperature par-
tial oxidation reactions (350-500 °C) work
under non-catalytic conditions, involving
fuel-rich feed to minimize combustion,
and inert reactor walls for good selectiv-
ity to methanol. In the presence of a cata-
lyst, which is usually a redox oxide of the
MoO, and V,0O; type, the yield reaches a
maximum value at high temperature (650
°C) and low O, partial pressure (CH,/O,
= 1.8 molar), with the maximum highest
reported yield of 16% to C, oxygenates at
atmospheric pressure.[%7] After methane
activation by the surface oxygen species,
the formed intermediate can be further at-
tacked by reactive surface oxygen and is
quickly oxidized into HCHO or CO,. The
protonation of methoxide to form metha-
nol is very difficult if it is not protected
from surface oxygen on neighboring sites,
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especially at high temperature where the
dissociative adsorption of O, on the cata-
lyst surface is faster than the conversion
of methane.[*l The design of a catalyst that
works at lower temperatures is vital for the
direct synthesis of methanol. The structure
of the active site should provide a Brgnsted
acid site for the protonation of methoxide
and, at the same time, should protect the
intermediate from further oxidation by sur-
face oxygen on neighboring sites.[*]

The demand for a defined active site
and a reaction route that prevents oxida-
tion of the intermediate has been achieved
in homogeneous liquid phase oxidation
systems and their heterogeneous counter-
parts that are based on well-defined single
site systems.3] The low-temperature ho-
mogeneous activation of C—H bonds leads
to more selective reactions since they do
not involve gas-phase radicals that propa-
gate the reaction unselectively. The use of
K,PtCl, in the presence of stoichiometric
amounts of K PtCl, at <100 °C in acidic
water converted methane to methanol and
methyl chloride, without oxidizing metha-
nol to CO_.81 However, the stoichiometric
Pt(1v) oxidant could not be regenerated by
air.% Subsequent oxidation catalysts based
on Pt(11), Pd(1r), and Hg(1r) salts function-
alized C—H bonds and led to good yields
of partially oxidized products.['0-121 A
(2,2’-bipyrimidine)PtCl, catalyzed the se-
lective oxidation of CH, in fuming sulph-
uric acid to give methyl bisulphate in 72%
one-pass yield at 81% selectivity based on
methane (Eqn. (2)). The methane bisulfate
intermediate is hydrolyzed to methanol
(Egn. (3)). The use of H,SO, as solvent
makes it difficult to separate MeOH from
H,SO,, necessitating expensive corrosion-
resistant materials, and a periodic (costly)
regeneration of spent sulfuric acid. To im-
prove catalyst recovery, the active Pt com-
plex has been successfully immobilized
on a solid covalent triazine-based frame-
work.[13] The methanol concentration and
turnover number of the supported Pt com-
plex is similar to the homogeneous system
while activity is maintained for several
cycles. After the work by Periana and co-
workers, organometallic approaches to
methane conversion became an intense re-
search area.[14-18]

Low-temperature partial oxidation of
methane using a heterogeneous approach
takes inspiration from the enzymatic sys-
tems. Cytochrome P450 is a large group of

CH, +2H,S0, — CH,080, + SO, + 2H,0
CH,0SO0, + H,0 — CH,0H + H,S0,

RH + O, + NADPH + H* — ROH + H,0O +

CH, + O, + NADPH + H* — CH,OH + H,O + NADP*

enzymes that catalyze the oxidation of or-
ganic compounds, the most common being
amonooxygenase reaction: the insertion of
an oxygen atom into an organic substrate
while the other oxygen atom is reduced to
water (Eqn. (4)). The active site contains
a heme iron center that is crucial in the
C-H activation process. Methane mono-
oxygenase (MMO) catalyzes the oxidation
of methane to methanol (Eqn. (5)) at the
physiological conditions of the host bac-
terium to provide for carbon and energy
needs. MMO is (non-heme) structurally
dissimilar to P450, and although both en-
zymes catalyze a range of similar reactions
with the same overall stoichiometry, only
MMO is capable of efficiently oxidizing
methane.!9!

Two varieties of the MMO enzyme
are known: the soluble (sMMO) type and
the particulate (pMMO) type. The sMMO
variant exists only in certain species of
methanotrophs and under conditions of
copper deficiency. Its active site contains
a diiron center, which can change its ex-
ogenous ligand coordination and geometry
that may be an important property for the
catalytic cycle.[20] Non-heme iron catalysts
have been developed to mimic the alkane
hydroxylation chemistry of sMMO, but
they mostly resulted in complexes that
generate alkoxyl or hydroxy radicals.2!]
The 0-O core in Fe-ZSM-5 that is formed
upon reaction of the zeolite with N 20,[22‘24]
capable of selectively oxidizing methane to
methanol and benzene to phenol(25-26] was
suggested to mimic the active site in sM-
MO.[27.28] The predominant form, pMMO,
is found in all methanotrophs. Limitations
in obtaining the pure enzyme that still re-
tains its activity made pMMO difficult to
study. On the basis of redox potentiometry
and EPR spectroscopy on an active puri-
fied pMMO-enriched membrane, a ferro-
magentically coupled tricopper cluster has
been proposed to be the active site for the
enzyme, which may harness a singlet ox-
ene, the most reactive form of the oxygen
atom.[29-311 Only two of the three reducing
equivalents of copper are required for hy-
droxylation, while the third is required for
efficient O-atom transfer based on a con-
certed singlet oxene insertion across the
C-H bond.l32l The O-atom transfer only
occurs when a substrate becomes bound in
the proper stereochemical position to form
the transition state allowing the oxo-trans-
fer.[30] More recent studies, showing the de-
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pendence of pMMO activity on copper and
complementary X-ray absorption spectros-
copy (XAS) measurements indicate the
active site in pMMO as a dicopper center,
with the mixed-valent Cu(1/11) atoms hav-
ing a single set of O/N ligands at 1.93 A
and at a Cu—Cu distance of 2.66 A.[3334]
The development of copper-containing
zeolites that are active for the catalytic de-
composition of nitrogen oxides3>-381 and
low-temperature partial oxidation of meth-
ane,l¥-*l indicated that they possess dicop-
per cores similar to pMMO, which has fu-
elled interest in copper-oxo chemistry and
bio-inspired heterogeneous catalysts.

3. Metal-Zeolite Systems for
Methane to Methanol Conversion

Zeolites are indispensable to hetero-
geneous catalytic reactions owing to their
thermal stability, shape selectivity, and
ability to maintain a high dispersion of
metal sites in the microporous framework.
The pentasil zeolites, such as ZSM-5 and
mordenite (MOR), are reported to stabilize
binuclear centers of Fe and Cu, which are
structurally analogous to those found in
MMOs. Fe-ZSM-5,12842] Cu-ZSM-5,3943]
and Cu-MOR (Fig. 1)I*! were reported
to convert methane almost exclusively to
methanol under mild conditions.

Fe-ZSM-5 converted methane to meth-
anol at room temperature using N O as an
oxidant.[28] Fe** sites that are stabilized in
the zeolite matrix undergo autoreduction
to Fe?* at high temperature to generate ac-
tive sites capable of selective hydrocarbon
oxidation.*4 These active sites cannot be
reoxidized by O,, but only by N, O, to form
the so-called O-alpha sites, suggested to
abstract hydrogen from methane to form
hydroxy and methoxy groups on the alpha
sites, followed by formation of methanol
by hydrolysis of Fe-OCH, during ex-
traction.[*2] Following the deposition of
o-oxygen (100 umol/g O /g), the amount
of methane which reacted was determined
to be CH,:O_= 1:1.75 based on pressure
drop measurements. Extraction identified
dimethyl ether comprising ~5% of the
amount of reacted methane regardless of
the nature of the solvent. Addition of water
enhanced methanol extraction leading to
an ultimate total yield of 75% of the meth-
ane oxidation products (methanol + DME)
to be recovered by (offline) extraction. The
missing amount remained on the catalyst
surface and was recovered in the form of
CO,_ by heating.[*?1 Recently, Fe-ZSM-5
was found to activate hydrogen peroxide
in an aqueous environment to serve as both
oxidant and reagent for the hydrolysis of
intermediates, and thus converted methane
to methanol at selectivities above 85% and
activities (>2200 TOF) at three orders of
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tion of copper acetate in water at a Cu?*
a) concentration of 0.01M is kept below pH

Fig. 1. (@) Mordenite zeolite framework with a schematic representation of impregnated Cu at the
main channel and (b) TEM picture of synthesized Cu-MOR showing uniform zeolite channels with

no observable metal particles.

magnitude higher than previous reports.[3]
The addition of Cu?, either as a compo-
nent of the heterogeneous catalyst or as ad-
ditive to the reaction mixture, reduced the
over-oxidation process.

Cu-zeolites were first reported to
convert methane to methanol starting at
130 °C by cleaving molecular O,.[3946]
Detection of the formed methanol required
extraction or indirect observation as CO,
by heating the catalyst bed. On the basis
of UV-Vis measurements, the active site
was first characterized as a bis(l-0x0)
dicopper center, proposed to be the same
active site catalyzing the decomposition of
nitric oxide.l*”] Subsequent complemen-
tary resonant Raman characterization on
Cu-ZSM-5 revised the structure of the ac-
tive center to a bent mono(L-oxo)dicopper
center.0471 Correlating the intensities of
the FT-IR bands associated with adsorbed
pivalonitrile and NO on copper species
with the methanol yield allowed a parallel
study to show that Cu—O clusters dispersed
outside the ZSM-5 surface were not in-
volved in the oxidation reaction while the
Cu-O species inside the zeolite channels
were responsible for converting methane
to methanol.[*3]

With Co-ZSM-5, the partial oxidation
of methane to oxygenates at 150 °C was
carried out using air as oxidant.[*8] The Co
species in ion-exchange positions were
selective towards formaldehyde, while the
oxidic Co species, in the form of CoO and
C0304, were active for the production of
methanol.

For these systems, the methane to
methanol conversion process required
three successive steps: 1) activation, where
high-temperature treatment is essential for
the formation of the active metal-oxygen
precursors, 2) reaction with methane, the
selective reaction of the oxygenated metal
sites with methane to form a partially oxi-
dized sorbed product, and 3) desorption,

the need to extract the product, which is
the only means to directly observe metha-
nol. The need for desorption of the product
is one of the main challenges in these sys-
tems since a catalytic process could not be
established. In addition, the reported small
amount of active metal centers compared
to the total amount of metal, makes the elu-
cidation of the structure of the active site
a challenge and hinders the understanding
of the reaction mechanism, which is neces-
sary for further developments.

4. Methane to Methanol over
Cu-zeolite

4.1 Synthesis

Based on the encouraging findings
described above, we aimed to produce a
complete route from methane to methanol
without the need for ex situ extraction, and
to decipher the structure of the active site
and intermediates to gain insights into the
reaction mechanism. We chose Cu since it
was shown to activate molecular O,, which
could later be possibly taken from air, and
because pMMO has been reported to con-
tain Cu as its active site. The MOR topolo-
gy was chosen since a higher amount of ex-
tracted methanol was reportedly obtained
from Cu-MOR than Cu-ZSM-5, suggest-
ing that two different active sites may be
present in Cu-MOR, one reacting at higher
temperatures.[39:46]

The presence of AI** ions in the zeo-
lite framework, substituting Si**, imparts a
negative charge that is balanced by either
protons or transition metal ions (TMI).
The TMIs are introduced into the frame-
work through aqueous or solid-state ion
exchange with the existing counterion
(usually H* or Na*). Aqueous ion ex-
change (AIE) with Cu is performed under
conditions where the cation is present as
a hexaaquo-complex of Cu?.149 A solu-

= 6 to avoid polymerization to Cu(OH),.55%
The introduction of the maximum amount
of Cu?* content at the ion exchange posi-
tions is often sought since adsorptive and
catalytic activity usually increases with
increasing Cu/ALB!Y Considering electro-
statics, the Cu ions are expected to pref-
erentially occupy sites close to framework
aluminum ions. However, the exact posi-
tion of the aluminum ions in the lattice
is not known, especially for zeolites with
high Si/Al ratios such as MOR and ZSM-5.
There is a consensus about Cu assuming an
octahedral coordination to H,O, OH and O
ligands after ion exchange. Our Cu-MOR
material was synthesized by aqueous ion
exchange at room temperature of copper
acetate with Na-MOR as previously re-
ported.[39:321

4.2 Formation of the Active Site

Calcination or thermal treatment of the
AlE-prepared material in oxygen is essen-
tial to eliminate organic matter associated
with the AIE and to form the active site.
After dehydration in inert gas, the Cu ions
undergo autoreduction. Heating in oxygen
atmosphere ensures that copper is kept in
a Cu* state. The unsaturated metal coor-
dination environment allows the metal
centers to coordinate adsorbed molecules
and act as catalytically active sites. The
identity of the Cu centers dictates their
catalytic performance and depending on
synthesis and pretreatment conditions,
varying amounts of isolated Cu?* species,
CuO and (Cu-O-Cu)** may be present.
There is disagreement in the literature on
the nature of the Cu species, their amounts,
and the mechanisms involved to arrive at
such distributions. Cu-ZSM-5 is the most
studied system by virtue of its activity for
NO decomposition; hence it will be the fo-
cus of the following discussion.

The first suggested mechanism for the
formation of the active site during thermal
treatment is the condensation of neighbor-
ing [Cu**OH] species to form [Cu*O*
Cu*] groups while water is eliminated
(Eqn. (6)). A consecutive step reduces both
Cu? ions to form [Cu*-UJ-Cu*], where [
is a vacancy of extralattice oxygen intro-
duced to the framework during the ion ex-
change process.

The second proposed mechanism is a
disproportionation process!>3! to form iso-
lated Cu sites (Eqn. (7)). It is based on the
assumption that the release of a hydroxyl
radical (*OH") is involved. All copper ions
in hydrated Cu-ZSM-5 are detected by
EPR while only ~40-60 are detected in
a dehydrated sample. Supposing that the
undetected fraction was reduced Cu* and
from the observation that the Cu* EPR
intensity can be recovered after exposure
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2[CuOH]* — H,0 + [CU*-0*-Cu*]** — [Cu*-[J-Cu*] + 1/20, ©6)

2[CuOHJ* — H,O + Cu* + Cu**O"

of a thermally treated Cu-ZSM-5 with wa-
ter led to the following proposed mecha-
nism.

The [CuOH]* species reduces to Cu*
accompanied by the release of a hydroxyl
radical, which then subsequently reacts
with another [CuOH]J* moiety to produce
Cu**O- and water. Since O~ and Cu?** are
paramagnetic, the resulting Cu**O- will
not be observed by EPR. According to this
mechanism, it is unclear why only a part
of the copper is autoreduced. Differences
in the nature of the sites occupied by
[CuOH]*, whether near isolated Al or near
Al-Al exchange centers, was cited as a
reason.’31 When the pretreated sample
was exposed to oxygen, no increase was
observed in the EPR signal although a dis-
tinct color change from purple to yellow
green was observed, indicating a change
in oxidation state. This was interpreted as
the oxidation of Cu* to Cu**O,", where both
species are EPR silent. The formation of
copper pairs [CuOCu]* was excluded be-
cause of the absence of a half-field EPR
signal, similar to that observed for copper
pairs in CuY.54

Magnetic susceptibility and optical
diffuse reflectance spectroscopy, com-
plementing EPR, led Lo Jacono and co-
workersD3! to show that the change in EPR
signal intensity between hydrated and de-
hydrated Cu-ZSM-5 was caused by a de-
crease in symmetry accompanying dehy-
dration rather than by disproportionation
of [CuOH]* into Cu* and Cu**O- as water
is removed. They refuted the significant
contribution of the EPR silent conven-
tional bridge species Cu*Q*Cu*" since
the small antiferromagnetic coupling can-
not be responsible for the large intensity
changes observed for EPR spin intensity
on dehydration. The bridge Cu**O*Cu?*
species, if it is present, appears only in lim-
ited amounts, involving only about 20% of
the total Cu. A strong emphasis was made
regarding high-temperature oxidation: that
the intensity of the Cu?* EPR signal follow-
ing pretreatment and calcination in oxygen
does not represent a measure of the total
amount of copper in the zeolite.[53]

Reduction of the Cu** species in ZSM-
5 that were introduced by AIE allowed
Wichterlova and co-workers%371 to use
photoluminescence  spectroscopy  and
probe the resulting Cu* sites. The appear-
ance of distinct emission bands at 540 nm
and 480 nm after reducing Cu-ZSM-5 in
hydrogen at 350 °C allowed them to as-
sign different Cu sites with different re-
ducibility: one (540 nm) in the vicinity of
an isolated Al and the other (480 nm) near

@)

an Al-Al pair, respectively. The exchange
centers near Al-Al pairs are preferentially
occupied, while the ones near isolated Al
atoms are occupied at increasing Cu load-
ings as monovalent complexes. Lamberti
and co-workers, 8! using combined XAS,
IR and UV-Vis measurements on a Cu'-
ZSM-5 material synthesized through gas-
phase exchange of CuCl, also identified
two different Cu* sites and proposed that
the difference between the two exchange
sites may be due to the first coordination
shell of the anchored copper. The first
family of Cu* sites is surrounded by three
equivalent nearest neighbor framework ox-
ygens at about 2 A, all exposed in the chan-
nel. The second family refers to Cu* ions
surrounded by only two equivalent nearest
neighbor framework oxygens at about 2 A,
and by a third more internally located oxy-
gen atom at about 3 A. These assignments
are supported by analysis of the extended
X-ray absorption fine structure (EXAFS)
spectra showing 2.5+0.3 oxygens at 2 A.
XAS allowed Kumashiro and co-work-
ers!3! to monitor the Cu sites during evacu-
ation of Cu-ZSM5 from RT to 600 °C to
complement the luminescence data. They
observed that the emission bands cen-
tered at 480 nm (near Al-Al pair) and 540
nm (near isolated Al) appeared at 300 °C
and increased in intensity with increasing
evacuation temperature. The 8.983 keV
feature in the Cu K-edge XANES, associ-
ated with the 1s—4p transition, was also
developed at 300 °C, confirming the pres-
ence of Cu* species. Using the spectrum of
Cu-ZSM-5 evacuated at room temperature
and that of [Cu(NH,),]* as references for
divalent and monovalent Cu, respectively,
70% of the total Cu ions was estimated to
reduce to Cu* by evacuation until 600 °C.
The authors assumed that the reduction
mechanism is similar between Cu-ZSM-5
and Cu-MOR, both being high-silica type
zeolites. CO adsorption measurements
showed three adsorption ranges in the che-
misorption region, suggesting the presence
of at least three kinds of Cu* species in the
ratio 2:3:1. The IR bands associated with
the Cu*~CO complexes suggested that the
two Cu* species are located in the ion-ex-
change sites while the other Cu* species is
located on a silica-like surface.

Extension of the multi-spectroscopic
technique system to ion-exchanged Cu-
ZSM-5 during thermal treatments(®0]
showed a two-step reduction process.
Thermal treatment below 200 °C brings
about the loss of water without reduction
of the Cu* ions as seen from the X-ray
absorption near edge (XANES) region of

the XAS spectra. The dehydration causes
rearrangement of the cupric species inside
the channels of the zeolites, in which a
fraction becomes EPR silent. Reduction of
the cupric ions to Cu*, with oxygen elimi-
nation occurs beyond 200 °C. Oxidation
by molecular oxygen in a dehydrated en-
vironment does not occur at room tem-
perature, but is facilitated by water. The
presence of Cu—Cu dimers was suggested
from the analysis of the EXAFS spectra.
On Cu-MORI®! the same effects as for
Cu-ZSM-5 up to 200 °C was observed.
Unlike Cu-ZSM-5 however, the reduction
process for Cu-MOR was not completed at
400 °C where 30% of the cupric ions was
still present. The presence of (EPR inac-
tive) Cu?*O*Cu?* complexes, identified by
EXAFS analysis, was proposed to be the
cause for systematic underestimation of
the fraction of Cu?* species estimated by
EPR compared to that by XANES.

The importance of these EPR silent
species was emphasized when the reac-
tive Cu?* core was associated with EPR
silent Cu species. Increasing the Cu load-
ing, leading to overexchange, increases the
amount of EPR silent species.[%Z] As soon
as the Cu/Al ratio was greater than 0.20
(Cu-ZSM-5, Si/Al = 12, EPR-silent Cu =
0.5 wt%), Cu-ZSM-5 shows a burst of cat-
alytic activity for N,O decomposition.®3!
The catalytic activity of Cu-ZSM-5 was
also correlated to the manifestation of a
UV-Vis charge transfer (CT) absorption
band at 22 700 cm™'. The intensity of the
CT band increased with increasing Cu/
Al value. The Cu K-edge XANES spectra
measured of the O, activated Cu-ZSM-5
showed a 1s—3d feature at 8977.5 eV,
that is characteristic of Cu?* state, and a
Is—4p, feature at 8987 eV that resembles
the features of a Cu(OH), spectrum, sug-
gesting a manifestation of planar sym-
metry.[371 The difference in the resonance
features above the edge jump suggested
an ordering around the Cu?* ions of Cu-
ZSM-5 deviated from the parallel chains
of Cu(OH),. The fit of the EXAFS spectra
showed a Cu—O contribution at 1.95 A with
a coordination number (N) of 4. A Cu—Cu
contribution at 2.87 A was found with N
= 0.9, suggesting the presence of dimeric,
mixed monomeric, or oligomeric copper
species.38 This strongly matched with the
Cu—Cu separation of 2.79-2.92 A reported
for the bis(u-oxo)dicopper species. The
bis(u-oxo)dicopper species is EPR silent
and exhibits a pair of CT bands at around
22 300-25 000 and 30 800-32 700 cm™', in
agreement with the CT band of activated
Cu-ZSM-5 at 22 700 cm' and 30 000 cm.
These strong spectroscopic similarities
prompted the assignment of a bis(lt-0xo)
dicopper species in Cu-ZSM-5 despite the
Cu’** formal oxidation state of the dicopper
core. The same Cu species was identified
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active for selectively converting methane
to methanol.’®! Probing the same system
with resonant Raman (rR) spectroscopy%l
showed isotope-sensitive fundamental vi-
brations at 237 cm™, 456 cm™!, and 870
cm™' and an overtone band at 1725 cm™,
which were found to correspond instead
to the vibrations of an EPR silent bent
mono(u-oxo)dicopper species, though
DFT calculations showed that this species
will exhibit a CT band at 23 400 cm™ cor-
responding to the Cu**—O transition. DFT
coupled to normal coordinate analysis re-
sulted in a fitted structure of a <Cu-O-Cu
angle of 139°, a Cu—Cu distance of 3.29
A, and Cu-O bond lengths of 1.74-1.75
A.1401 The absence of a symmetric stretch
vibration at around 600 cm™ excluded the
bis(u-oxo)dicopper species.

4.3 High-resolution XAS and
EXAFS of Cu-MOR

Based on these reports, we used XAS
at the Cu K-edge (~9 keV) to monitor the
spectroscopic fingerprints of Cu atoms in
Cu-MOR under different gas feeds.[2:64
The multiplicity of the final states (3d, 4p
or 4s) complicates the interpretation of
the features in the XANES region such
that an especially good spectral resolu-
tion is needed. The XANES features are
broadened because of the finite lifetime of
the core hole.l%1 The use of high energy
resolved fluorescence detected (HERFD)
XASI0l allows a better resolution of fea-
tures in the XANES region due to the use
of a single fluorescence line at an energy
resolution better than that of the core hole
lifetime broadening. The HERFD spectra
have better resolved fine structure com-
pared to the XANES spectra measured
in transmission mode by eliminating the
broadening attributed to the core hole.
Coupling the electronic information ob-
tained from HERFD XAS and the geomet-
ric information from the EXAFS spectros-
copy allowed us to follow the structure of
the Cu sites under the different gas feeds.
The in situ XAS measurements at the Cu
K-edge were performed at the SuperXAS
beamline of the Swiss Light Source in
Villigen, Switzerland. The HERFD XAS
spectra were collected in fluorescence
mode using a Johann-type spectrometer
with a spherically bent Si(444) crystal,[¢7]
while the EXAFS measurements were
made in conventional transmission geo-
metry.

Calcination in oxygen was performed
in situ before every reaction. We have re-
produced the reported presence of a UV-
Vis band assigned to the active Cu core at
22 700 cm™! after calcination at 450 °C in
oxygen and the disappearance of this UV-
Vis feature after reaction with methane at
200 °C. During heating in oxygen for the
activation of Cu sites (Fig. 2), the pre-edge

at 8976.5 eV gained intensity with increase
in the temperature up to 250 °C and the
rising edge feature shifted from 8988 eV
to a more prominent feature at 8986 eV.
The constant position of the pre-edge and
the localization of the rising edge above
8984 eV is indicative of a constant Cu?*
state. The shift in the rising edge may be
attributed to small changes in covalency
or coordination of the Cu sites such as the
loss of ligated water that is a significant
process known to occur during thermal
treatment.[%8] An observed decrease in the
intensity of the feature at maximum ab-
sorption at 8995 eV may also be attributed
to the change in oxygen coordination by
water loss although multiple excitation ef-
fects cannot be excluded.!%®] The Fourier-
transformed EXAFS spectra of Cu-MOR
show a coordination shell around 1.6 A(not
phase corrected), which was fitted with 0,4
to 5 oxygen backscatterers at .89 — 1.93 A.
A second coordination shell was barely ob-
servable and difficult to fit unambiguously.

4.4 How many Cu Sites Participate
during Reaction with Methane and
Extraction?

The reaction of methane to methanol
over an active Cu core to methane was first
probed by UV-Vis.39 The reaction of an
oxygen-activated Cu-ZSM-5 (Si/Al = 12,
Cu/Al = 0.58) with methane caused the 22
700 cm! CT band to decrease in intensity
with time. The decay showed a first order
reaction with activation energy of 15.7+0.5
kcal/mol. The reaction had a kinetic iso-
tope effect (3.1+0.5 kcal/mol at 175 °C)
from an Arrhenius plot of the reaction with
“CH, indicating that C-H bond breaking
is the rate-limiting step. DFT calculations
showed that the formation of a [Cu-OH-
Cu]** intermediate upon reaction of meth-
ane with the dicopper species agrees with
the energy barrier (18.5 kcal/mol) obtained
from experimental data (15.7 kcal/mol).
The [Cu-OH-Cu]* intermediate was best
described as a delocalized radical species,
where the stronger O—H bond of this inter-
mediate relative to the H-CH, bond helps to
drive H atom abstraction.[0] On the prem-
ise of a reactive mono(u-oxo)dicopper
core, one of the low lying singly occupied
molecular orbitals of the Cu-O-Cu species
gains significant oxygen p-character ori-
ented into the zeolite channel and towards
the H-CH, bond of methane resulting in
the formation of a cupric-oxyl (Cu**-Or-
Cu*) radical intermediate. This cupric-oxyl
species has been considered highly active
for H atom abstraction, although it has not
yet been observed experimentally.[40l The
overall reaction (Eqn. (8)) was described
to proceed by the rebound of the hydroxyl
radical to couple with the methyl radical
to complete the methane to methanol reac-
tion. For Cu-MOR, the 22 200 cm™ band

that was attributed to the Cu core also di-
minished in intensity after reaction with
methane at 200 °C.[3946]

The amount of active Cu species that
reacts with methane was estimated from
the amount of methanol that was detected
from GC analysis after extraction with 1:1
water/acetonitrile mixture at room temper-
ature. The extracted amount for Cu-ZSM-5
was typically 8.15 wmol g! MeOH. Based
on an assumed Cu:MeOH stoichiometry of
2:1, approximately 4.6% of the Cu atoms
were proposed to participate in the selec-
tive conversion of methane to methanol.
They showed that above Cu/Al = 0.3 the
methanol yield reaches a plateau while
the intensity of the 22 700 cm™ band still
increases. Temperature programmed de-
sorption results showed that only 38%
of the methanol was extracted from the
highly-loaded Cu-ZSM-5 samples, and so
difficulty arises in interpreting whether a
similar fraction of unextractable methanol
can be expected for other zeolite topolo-
gies.[*6] A higher amount of MeOH was
extracted for Cu-MOR (11.3 pmol g
MeOH). The 12-ring pores in MOR were
suggested to facilitate the extraction com-
pared to the 10-ring pores in ZSM-5. The
methanol yield increased even further (13
wmol g! MeOH) when the methane reac-
tion temperature was increased to 200 °C
for Cu-MOR, suggesting that a second re-
active species is present in Cu-MOR that
contributes only at higher temperature,
requiring further investigation.[*6] The rR
measurements/“0l showed that the Raman
vibrations associated with the Cu-O-Cu
active site for methanol synthesis are lost
after reaction with methane at 200 °C,
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Fig. 2. HERFD XANES spectra of Cu-MOR tak-
en of the starting material, during calcination
in O,, methane reaction, and water-assisted
desorption.
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[Cu-O-Cul** + CH, — [Cu-OH-CUJ* + "CH, — 2Cu* + CH,0OH

similar to the observations made by UV-
Vis measurements, suggesting the loss of
Cu-O-Cu structure after the reaction with
methane and confirming that the rR vibra-
tions are from the active site.

By taking out our Cu-MOR material
after interaction with methane and by stir-
ring it in water at room temperature with
subsequent gas chromatographic analysis,
the amount of methanol that was extracted
was 13 umol MeOH/g Cu-MOR, compa-
rable to the previously reported value us-
ing a 1:1 water/acetonitrile extraction me-
dium.B% To indirectly observe the methane
activation product, we heated the catalyst
bed in inert gas and observed CO, by mass
spectrometry, in agreement with the earlier
studies. The available oxygen in the lattice
may be responsible for the oxidation of the
adsorbed intermediate to CO, at high tem-
perature.[*] During the reaction with meth-
ane (Fig. 2), the appearance of an 8983 eV
feature in our HERFD XANES spectra
suggested either the formation of a linear-
ly coordinated Cu(1) complex or a mani-
festation of mixed Cu(1)/Cu(1) states.[64]
A linear combination fit procedure was
performed (Fig. 3) using the spectra of Cu-
MOR taken during stepwise reduction in
hydrogen as references for Cu?*, Cu* and
Cu’. The fit showed the presence of 37%
Cu(1r) and 63% Cu(1) in the total Cu con-
tent.[64]

If after methane interaction, without
changing temperature, a wet stream of
helium was allowed to flow through the
catalyst material, methanol was observed
in the gas phase as shown by the m/z = 31
signal of the mass spectrometer. Methanol

®)

was detected only during the introduc-
tion of the wet helium stream, when the
effluent was channeled to a cold trap and
subsequently analyzed by GC. Subsequent
heating in helium after desorbing methanol
did not show CO,, which indicated that the
intermediate of methane conversion was
removed and enabled us to only detect gas
phase methanol. We proposed that the role
of steam is the reaction of the intermediate
to methanol or the displacement of metha-
nol by competitive adsorption. We have
shown that the system can be operated in
a batch-wise manner, allowing multiple
turnovers and opening the possibility of
operating the system in a catalytic cycle.[52
Most of the spectral features observed dur-
ing methane interaction remained similar
after interaction with a wet helium stream,
which suggests that a large fraction of the
intermediates that are formed do not de-
sorb. The EXAFS spectra manifests an
almost stable Cu—O first shell configura-
tion during all stages in the reaction, which
indicates that the changes to the Cu sites
are dominated by redox processes without
major structural rearrangements. Our ob-
servation of a Cu(1r) state for the oxygen-
activated Cu-MOR using XAS and the
absence of any evidence of a Cu(11) signa-
ture corroborates with a dicopper (11) spe-
cies proposed from the rR measurements.
However, our findings based on XAS show
that a large fraction of Cu changes structure
during reaction (>60% in Cu-MOR). This
opposes the initially suggested minority
(~5% in Cu-ZSM-5) of active copper sites,
which was estimated from the amount of
methanol that could be extracted.
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5. Conclusions and Outlook

There is clear demand for improved
process technology to utilize methane
for liquid fuels and chemicals. However,
proposed alternative routes do not show
the activity, selectivity, and stability of a
catalytic system for large-scale applica-
tion. Enzyme-like catalysts in the form
of metal-exchanged zeolites work at low
temperature and show very high selectiv-
ity to methanol but this route does not as
yet allow a continuous catalytic process.
Insights into the reaction mechanism and
structure of the active site are vital for
improving this low-temperature process
route. We have shown that it is possible to
operate the process in a batch-wise manner
in a single reactor, which opens the pos-
sibility for catalytic operation. We have
also shown insights into the structure of
Cu sites using X-ray spectroscopy cor-
roborating previous work. In addition, we
have shown that a large fraction of Cu re-
acts upon methane interaction in contrast
to the previously proposed minority of Cu
species. The next generation of materi-
als for low-temperature methane to liquid
chemicals needs dispersed single Cu-O-Cu
active sites and to allow the redox mecha-
nism needed to activate molecular oxygen,
give off the activated oxygen to methane,
thereby stabilizing the intermediate. Then,
the product must be released, and the
catalyst goes back to the initial reduced
state ready to be reactivated. The material
should possess the robustness of changing
local gas environments.
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