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Abstract: Copper-oxo clusters exchanged in zeolite mor-
denite are active in the stoichiometric conversion of meth-
ane to methanol at low temperatures. Here, we show an
unprecedented methanol yield per Cu of 0.6, with a 90-
95% selectivity, on a MOR solely containing [Cus(u-0)]*"
active sites. DFT calculations, spectroscopic characteriza-
tion and kinetic analysis show that increasing the chemical
potential of methane enables the utilization of two p-oxo
bridge oxygen out of the three available in the tricopper-
oxo cluster structure. Methanol and methoxy groups are
stabilized in parallel, leading to methanol desorption in
the presence of water.
/

-

Selective oxidation of methane to methanol at low tempera-
tures continues to pose a challenge. Because of the low reac-
tivity of CH, in comparison to the partial oxidation products
the reaction tends to over-oxidation unless the oxidant is stoi-
chiometrically limited. Enzymes such as particulate methane
monooxygenases (pMMO) convert methane to methanol
under aerobic conditions at Cu-centers.!" Spectroscopic studies
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indicate that the active sites in pMMO are Cu-oxo species con-
taining 1-3 Cu atoms.” Inspired by this, Cu-oxo clusters immo-
bilized in porous inorganic supports such as zeolites, silica, and
metal-organic frameworks (MOFs) have been explored and
show activity toward selectively converting methane to metha-
nol at temperatures below 200°C.”

On Cu-containing zeolites, methanol is synthesized stepwise,
by sequentially dosing O, and CH,, followed by steam-assisted
methanol desorption. This procedure leads to high selectivity
to methanol, although requiring reconstitution of the active
site after each cycle.” The yield of methanol offers direct infor-
mation on the utilization of the oxygen at these active Cu
sites.

Commonly, the molar ratio of formed methanol to Cu ions
(Molyeon/mole,) is below 0.1.") Using an optimized preparation
protocol, single site trinuclear copper-oxo clusters in morden-
ite (MOR) were synthesized and increased the yields to
/0.3 Molyeon/molc,.”® More recently, Pappas et al. have report-
ed a methanol yield of 0.47 in CuMOR and attributed it to the
activity of [Cu,(u-O)I*" sites.”’ This value of 0.47 is near the
upper limit possible to achieve for an active [Cu,(u-O)I*" site.

Increasing methane pressure has been reported to enhance
the productivity and selectivity of methanol in continuous
methane oxidation operation.®”! Tomkins et al. showed that a
higher yield of methanol was achieved with CuMOR by increas-
ing the methane pressure.”’ Brezicki et al. also observed that
elevated CH, pressure in the stepwise process promoted the
conversion of CH, on CuMOR, shifting the MeOH/Cu stoichiom-
etry from 0.3 to 0.42."7

We have previously shown that trinuclear copper-oxo clus-
ters [Cuy(u-0);1*" are selectively formed, when preparing
CuMOR by pH controlled ion exchange followed by activation
in 0, at 500°C.% The yields of ca. 0.3 molye.o/mole, were,
thus, attributed to the reaction of one p-O atom per [Cus(p-
0);]*" cluster.®™ Theory, however, had predicted that this clus-
ter in MOR should be able to react consecutively with two CH,
molecules to produce stoichiometric amounts of CH;OH.!"™

Here, we address the question, how substantially higher
yields of methanol (0.6 moly.on/molc,) can be achieved when
using single site CuMOR for the stoichiometric reaction with
methane at 40 bar. For such CUMOR materials, the quantity of
activated methane and the selectivity to methanol depend
strongly on the reaction temperature and the methane pres-
sure, as well as on the time that methane is in contact with
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the sample (Figures 1, S11 and S12 for a CuMOR containing
434 umolg™' of Cu). The example in Figure Ta shows the
effect of the time that methane is in contact with CUMOR at a
certain pressure on the yield of methanol. As the loading time
increased from 15 to 180 minutes at 1 bar, the methanol yield
increased from 0.11 to 0.24 moly.on/molc,; that is, from 47 to
100 umolg™', including dimethyl ether (DME) counted as
equivalent of 2 methanol molecules. Increasing the methane
contact time further had only a minor impact. At 40 bar, ap-
proximately 0.29 molyeo/mole, (126 umolg™ of methanol)
were produced already after 15 minutes. After 180 minutes,
the methanol yield reached 0.58 Molyeoy/molc, (251 umolg™).
Longer loading times did not increase the methanol yield. Fig-
ure 1b shows the dependence of the methanol yield on pres-
sure (contact time: 180 minutes). The methanol yield normal-
ized per Cu increased from 0.24 to 0.58 moly.oy/molc, as the
pressure increased from 1 to 40 bar. Increasing the methane
pressure above 40 bar did not increase the methanol yield sig-
nificantly. Control experiments by varying the amount of
CuMOR showed that the amount of methanol formed in-
creased linearly with the amount of CuMOR used. Thus, the
methanol production normalized to the amount of Cu was
constant at 0.6 moly.q/molc, (Figure 1c). Experiments using
CuMOR with varying Cu contents (from pristine HMOR to
461 umolg ™' of Cu) showed that the amount of methanol pro-
duced at 40 bar also increased linearly with the Cu content of
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Figure 1. Methanol (MeOH) yield as a function of (a) methane loading time,
(b) methane pressure, (c) amount of CUMOR (with a Cu content of

434 pmolg™") used at 40 bar CH,, and (d) Cu concentration, for example,
namely O (pristine HMOR), 156, 283, 434, and 461 umolg ™" used at 40 bar
CH,. The inset in (c) shows the molar ratio of produced MeOH to the
amount of Cu in the materials. Typical reaction conditions: activation in

1 bar of O, at 500°C for 2 h, CH, exposure at 200 °C for 3 h (except in (a)),
and steam-assisted product extraction with 10 vol.% water steam in He at
135°C for 3 h.
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MOR (Figure 1d). The correlation shows a methanol productivi-
ty of ~0.6 molMeOH/molCu for all Cu exchanged MOR, which
suggests that there is mainly one type of active site in this
series of CUMOR.

We also investigated the effect of catalyst activation temper-
ature and methane loading temperature on the reaction. Acti-
vating CuMOR in oxygen at high temperature (>500°C) was
necessary to form a high concentration of active sites (Fig-
ure S12a). For the methane reaction step, 200-220°C was
found to be the optimum temperature range (Figure S12b). At
all reaction conditions tested here, we performed multiple
three-stage reaction cycles to show the regenerability of the
active sites of CUMOR. The methane loading time in the cy-
cling tests was fixed to 180 min. Figure S11 shows that identi-
cal yields and selectivities were obtained in consecutive cycles
over CUMOR both at 1 bar and 40 bar CH, conditions. Even
under the high reducing potential of 40 bar of CH,, a constant
methanol yield and product selectivity was obtained for up to
6 reaction cycles (Figure S15). This shows that active sites are
fully regenerated during oxygen activation step and that the
CuMOR materials studied here can be regarded as catalysts.

Since the results above showed that there is mainly one
kind of active site, we focused on the CuMOR with
434 umolg™' of Cu for spectroscopic analysis to gain insight
into the nature and oxidation potential of the active Cu-oxo
species. Let us first compare the product distribution at 1 and
40 bar of methane exposure (Figure S11). At 1 bar, the yields of
methanol, DME, and CO, were 81, 9.5, and 21 umol/g s re-
spectively. Taking into account that each molecule of CO, is as-
sociated to the formation of 2 H,O molecules, this result indi-
cates that the material has activated 120 pmol/g,, of CH, and
has introduced a total of 184 umol/g. (100 plus 21*4) of
oxygen atoms to oxidation products. Assuming the absence of
Cu spectators and only the existence of active [Cu;(u-0),1*"
clusters in this sample,® the maximum concentration of tri-
mers would be ca. 145 umol/g.,, (434/3) and the concentration
of potentially active u-O bridges is 434 umol/g.,. This is consis-
tent with oxidation of one CH, by one u-O from the oxo clus-
ter. When the reaction is performed at 40 bar, the productivity
of methanol and CO, was 251 and 16 pmol/g.. This corre-
sponds to a total 267 umol/g.,, of CH, activated and a total
amount of 315 pmol/g., (251 plus 16*4) of O atoms. This cor-
responds to an average of two CH, molecules activated and
two p-O bridging atoms involved in oxidation processes in a
trimeric Cu cluster. In light of this, we hypothesize that the
higher chemical potential of methane at 40 bar allows utiliza-
tion of two oxygen atoms per Cu-oxo cluster, and, thus, dou-
bles of the productivity to methanol.

We have probed the state and constitution of active sites
after reactions at low and high pressure of methane with
magic-angle spinning nuclear magnetic resonance (MAS NMR)
and in situ infrared (IR) spectroscopy. Typically, the NMR spec-
tra were observed at 25°C after the catalyst had been reacted
with methane or had methanol adsorbed at 200°C. The
3C NMR spectra (Figure S5) show that both methoxy species
and adsorbed methanol are present after methane exposure.
The "H NMR spectra (Figure 2a) show two intense resonances
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Figure 2. (a) Comparison of 'H cross-polarization (CP) MAS NMR spectra of a
CuMOR (Cu concentration 434 umol/g.,,) collected at room temperature
after the treatment under different conditions: O, activated at 500 °C (black),
unlabeled CH, loaded at 1 bar (orange) and 40 bar (wine), *C-labeled CH,
loaded at 1 bar (blue), and *C-labeled CH;OH adsorbed (red). (b) Time re-
solved in situ FTIR spectra collected during the interaction of activated
CuMOR (Cu concentration 434 pmol/g,,,) with 1 bar (bottom) and 20 bar
(top) of methane at 200 °C.

at 1.7 and 3.9 ppm that are assigned to SiOH and Brensted
acidic Si(OH)AI groups, respectively.'”? Exposure to methanol
led to a resonance at ~3.7 ppm assigned to the hydrogens of
methanol, which is difficult to differentiate from the protons of
Brensted acid sites.”® Comparing the spectra of CuUMOR ac-
quired after exposure to 1 bar (blue and orange) and 40 bar
(brown) methane, the peak at 3.9 ppm was more intense than
at 1 bar (normalized to the intensity of the silanol peak) after
methane loading at 40 bar. This increase in intensity is attribut-
ed to the presence of a larger concentration of methyl groups
and/or additional SiOHAI groups formed by the reaction at
high pressure. There is also a weak contribution at 2.2 ppm,
which is tentatively attributed to hydroxyl groups bonded to
the extra-framework aluminum.™

The NMR spectra agree well with in situ IR spectra recorded
during the interaction of activated CuMOR with 1 and 20 bar
of methane. Figure 2b shows bands at 2978, 2965 and 2868,
2858 cm™' corresponding to the asymmetric and symmetric vi-
brations of C—H in methyl groups of methoxy and methanol,
respectively."™ Consistent with these observations, control ex-
periments showed that a fraction of methanol adsorbed on
BAS in CuMOR reacted at 200°C to methoxy species and DME
(Figures S6). We note that the intensities of these bands are
significantly enhanced by increasing methane pressure. For ex-
ample, contacting the CuMOR with 20 bar of methane for 5
minutes showed a similar band intensity to that of 1 bar for
60 minutes. The relative intensities indicate that a larger con-
centration of adsorbed methanol relative to methoxy species is
formed at high pressures.

X-ray absorption spectroscopy (XAS) was used to assess the
structure of Cu-oxo clusters and the changes they undergo
upon reaction at different CH, pressures. Figure S7 shows the
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phase-uncorrected k*-weighted Mag[x(R)] and Img[x(R)] plots.
All three samples show nearly the same average Cu—O dis-
tance. But the sample exposed to 1 bar CH, has a lower ampli-
tude, indicating a lower coordination number. The Cu—Cu path
shows a signal at 2.3 A, which shifts to higher values after
methane exposure, especially at high pressure, compared with
that of activated CuMOR. The amplitude of this feature de-
creased upon reaction with CH,. Fitting the EXAFS spectra
shows that the average Cu—Cu coordination number (CN) de-
creased from 2 in [Cus(u-0);1*"™ to 1.1+£0.8 and 0.6+04
after the sample was exposed to 1 and 40 bar of methane (Fig-
ures S9, S10, Tables S2, S3). Including a Cu—C path for metha-
nol or methoxy species slightly improved the fit quality and
gave a Cu—C CN of 0.4-0.5 for both 1 and 40 bar experiments.
The obtained Cu—C distance (=~3.05A) was larger than the
Cu—Cu distance (~2.96 A) (Figures 59,510, Tables 52,53).

Combining the product yield data and spectroscopic obser-
vations, we propose that CH, at 1 bar and 200°C reacts with
one -0 bridge of the [Cu,(u-0);]**, forming methanol binding
to the Cu site. Consequently, the Cu—Cu path becomes more
disordered, which leads to a decrease in the Cu—Cu CN. At
40 bar, the stoichiometry of 0.6 MeOH per Cu in a sample with
virtually no spectators can be explained by the reaction of CH,
with two p-O bridge atoms in the cluster. The conversion of
two CH, molecules leaves the active site in a highly disordered
state and, thus, with a lower Cu—Cu CN.

It must be emphasized that, according to experiments in
Figure 1a, activation of CH, by the first p-O site is very fast at
40 bar. This is shown by our kinetic analysis assuming a two-
step reaction of methane with Cu-oxo clusters, where the rate
constant for the oxidation of the first CH, molecule is found to
be two orders of magnitude larger than that of oxidation of a
second molecule. For more details, see Supporting Information
section “Kinetic analysis”. Thus, if a site with two active oxygen
atoms is hypothesized, the first oxygen reacting rapidly with
methane and the second oxygen reacting slower, both exhibit
a reaction order of 1. Similarly, reaction of CH, at 1 bar with
the first p-O site also shows a reaction order of 1 in methane.

The thermodynamic limitations on the stoichiometry of
methane oxidation by a model [Cu;(u-0),]*"/MOR (Figure 3a)
and their condition dependency were evaluated by an ab
initio thermodynamic analysis (aiTA) based on periodic DFT cal-
culations (see the Supporting Information for details). In line
with previous experimental findings,® the 8-MR of the MOR
side pocket was selected as the preferred site for the stabiliza-
tion of the trinuclear Cu;0,>" cluster. Figure 3b presents the
computed reaction Gibbs free energies (AG) for the sequential
CH, activation by [Cu,(u-0);]**/MOR as a function of the chem-
ical potential of CH,, Aty The most stable CH, oxidation in-
termediates are shown in Figure 3 c. The results of the DFT and
aiTA calculations show that under all practical T and pcy, as
represented by the relevant range of Aucy,, the stoichiometry
for CH, activation by [Cu,(u-O);]*" is limited to 2 CH, per 3 Cu.
While the activation of the first CH, (1CH,*Cu;0;) is strongly
exergonic at all Aucy,, elevated pgy, is required for favorable
thermodynamics to oxidize a second CH, molecule by the
copper trimer (2CH,*Cu;0;, Figure 3b).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) The structure of the active Cu;0,/MOR site sitting in the MOR
side pocket, (b) the computed Gibbs free energies of sequential methane ac-
tivation by this cluster as a function of ApCH, and (c) the local optimized
geometries of the corresponding surface products.

Similar conclusions are obtained, if calculations are per-
formed for the Cu;0; cluster in the 12-MR channel, an alterna-
tive position of the Cu;0; cluster (Figure S18). Importantly, the
stable intermediates of two CH, oxidation feature a partially re-
duced Cu cluster with CH;0H and CH;O~ ligands capable of
producing methanol during the post-reaction steaming treat-
ment. The activation of a third CH, molecule yields an inter-
mediate with a Cu—CH; moiety, which would produce methane
upon reaction with H,0. The formation of such an intermedi-
ate has been found to be unfavorable even at pressures much
greater than 40 bar."®

In summary, we present here evidence for an unprecedented
methanol yield per Cu in the low-temperature selective oxida-
tion of methane with [Cus(u-0);1*" clusters exchanged in MOR.
The results indicate, however, that this stoichiometry of
0.6 molyon/Mole, is near the upper limit in this catalyst. Com-
bined evaluation of the reactivity, spectroscopic studies, kinet-
ics analysis, and DFT calculations showed that methanol yields
in CUMOR are maximized by increasing the chemical potential
of methane to values enabling the activation of two CH, mole-
cules at one active center containing three oxygen atoms.
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