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ABSTRACT: Cu-exchanged zeolites possess active sites able to cleave the C—H bond of methane at temperatures <200 °C, ena-
bling its selective partial oxidation to methanol. Herein we explore this process over Cu-SSZ-13 materials. We combine activity
tests and X-Ray Absorption Spectroscopy (XAS) to thoroughly investigate the influence of reaction parameters and material ele-
mental composition on the productivity and Cu-speciation during the key process steps. We find that the Cu"' moieties responsible
for the conversion are formed in the presence of O and that high temperature together with prolonged activation time increases the
population of such active sites. We evidence a linear correlation between the reducibility of the materials and their methanol
productivity. By optimizing the process conditions and material composition, we are able to reach a methanol productivity as high
as 0.2 molCH;OH/molCu (125 pumol/g), the highest value reported to date for Cu-SSZ-13. Our results clearly demonstrate that high
populations of 2Al Z,Cu'" sites in 6r, favored at low values of both Si:Al and Cu:Al ratios, inhibit the material performance by be-
ing inactive for the conversion. Z[Cu""OH] complexes, although shown to be inactive, are identified as the precursors to the me-
thane-converting active sites. By critical examination of the reported catalytic and spectroscopic evidences, we propose different
possible routes for active site formation.

1. INTRODUCTION

The direct low-temperature conversion of methane to methanol is currently a heavily investigated field, due to
its enormous potential for the energy and chemicals sector.>” However, the high energy required for cleavage of
the C—H bond in CH4 combined with the facile over-oxidation to COy pose great challenges for the realization of
such a process. In nature, mono-oxygenase enzymes in methanotrophic bacteria are able to transform methane to
methanol.®1° These enzymes have inspired researchers in the field of heterogeneous catalysis to mimic such a
unique reactivity. Metal-exchanged zeolites are able to stabilize well-defined metal-oxo sites: different zeolite to-
pologies have been demonstrated to stabilize copper,'*® iron,*1” and other!®1® metal-oxo clusters and all of them
have shown activity for stoichiometric transformation of methane to methanol.

The ability of Cu-zeolites to selectively convert methane to methanol was evidenced for the first time by
Groothaert and co-workers.!* The authors proposed the methane C—H bond cleavage to occur over bis(u-0x0) di-
copper sites present in the pores of MFI (ZSM-5) and MOR frameworks. Following these findings, a wide range
of zeolite frameworks have been investigated with MOR,® 1115 20-23 CHA 15 225 gnd MFI 14 2627 exhibiting the
highest yields of methanol.

Most reaction approaches found in the literature are based on a multi-step process, with an activation of the cat-
alyst as the first step in order to generate the active sites. For the activation, H,02,*® N,O,% 28 NO,?° and 0,15 2
24,26.30 have led to the formation of Cu centers that were able to convert methane. Generally, a relatively low acti-
vation temperature (500 °C) combined with a cheap and available oxidant (i.e. air) would be preferred for form-
ing the methane-converting centers in the zeolite. After this activation, methane is reacted over the material at dif-
ferent conditions (partial pressure, reaction time, and temperature) in order to cleave one C—H bond on the active
sites. Finally, the product (methanol) is extracted using a polar solvent or by passing steam through the reactor.
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Recently, an alternative approach to this stepwise process was reported for Cu-MOR such that methane is fed at 7
bar and H,O is utilized to partially oxidize methane and simultaneously regenerate the active sites while facilitat-
ing the product desorption.® Apart from the process conditions, the methanol yield will obviously depend on the
amount of copper present as active sites. However, the actual nature of the active Cu sites formed in different zeo-
lites is still a heavily debated subject. For Cu-MOR, mono-(u-0xo) dicopper sites have been proposed by Alayon
et al.;*3 3% jsolated trimeric Cu-oxo centers have been suggested by Grundner et al.,*? and even larger Cu-oxo
clusters have been discussed.34

Recently, Cu-SSZ-13 has also been identified as an active material for the direct conversion of methane to
methanol.’> 2 2> For Cu-SSZ-13, a zeolite with CHA topology, both monomeric active species, in the form of
[Cu"OH]* complexes,® and multimeric species® have been envisaged from theory. Ipek et al.?® proposed the ex-
istence of [Cu,0,]*" and [Cu,O]%" species in Cu-SSZ-13 zeolites based on PXRD, Raman and UV-Vis data, sug-
gesting their involvement in the direct methane conversion. Cu-exchanged SSZ-13 is also a highly efficient
deNOx catalyst via NHs-assisted Selective Catalytic Reduction (NH3-SCR),%° and has been extensively charac-
terized in the literature, focusing on the Cu-species formed inside the zeolite lattice as a function of the tempera-
ture and gaseous environment,? 3% e g. during thermal activation and into SCR-relevant conditions.>*-8

Based on the extended knowledge accumulated in the context of NH3-SCR over the past decade, and driven by
the initial experimental insights about methane activation on Cu-SSZ-13,' 225 we identified this system as high-
ly suited for establishing structure—activity relationships. Herein, we combine catalytic testing, in situ/operando
X-ray Absorption Spectroscopy (XAS)* and complementary insights from Raman and FTIR spectroscopy to ex-
plore the methane to methanol conversion over Cu-SSZ-13 for a wide range of materials and reaction conditions.
In doing so, optimization of the process conditions has been achieved, thereby arriving at the greatest reaction
yield reported so far for this material. Moreover, a linear correlation between the amount of reducible Cu species
and the reaction yield has been found.

2 RESULTS AND DISCUSSION

The Cu-SSZ-13 materials investigated in this work have been prepared by conventional aqueous ion exchange,
and subjected to compositional and physico-chemical characterization by EDX, Na-physisorption, SEM and
PXRD. Additional details on the synthesis and laboratory characterization can be found in the Supporting Infor-
mation (SI), Sections 1 and 2, respectively. The studied materials are named using (‘Cu:Al’)Cu-SSZ-13(‘Si:Al’)
code, to identify their composition.

We will first describe the effects of reaction conditions in the different steps of the process. Then, we will inves-
tigate the effect of characteristic pretreatments on the speciation via XAS and performance and follow the entire
process with operando XAS. XAS measurements were carried out at the BM23% and BM26A5! beamlines of the
European Synchrotron Radiation Facility (ESRF) (for experimental details see Sl, Section 1.4). Testing experi-
ments were performed in our home laboratory, at comparable conditions in a standard fixed bed setup (for exper-
imental details see SI, Section 1.3). Finally, the effects of material composition on productivity are explored.
Complementary spectroscopic techniques, such as Raman and Fourier Transformed Infra-Red (FTIR) are utilized
to assist the formulation of a complete scheme critically considering different active species as well as their for-
mation mechanisms based on our observations and findings from the literature.

2.1 Impact of reaction parameters on the performance

High temperature activation of Cu-exchanged zeolites in oxygen-containing atmosphere is the initial step for
the conversion. Temperature, oxygen partial pressure and time have been reported to strongly impact the Cu spe-
ciation in the materials®® 4% 4752 and therefore they are also expected to have an effect on the methanol productivi-
ty. Recently, Kim et al. explored the effect of different oxidants in the activation process and showed that, in the
case of O, 500 °C is a limit for Cu-MOR catalysts,>? while Park et al. studied the effect of activation temperature
over numerous structures finding a volcano-like behavior at 450 °C for most.>® Here, we first study the effect of
temperature, partial pressure and time during the oxygen activation step on the productivity over 0.5Cu-SSZ-
13(12).

Figure 1a shows a linear dependency of the methanol productivity on the activation temperature. Moving from
350 to 500 °C, an increase of 160% in the methanol output was observed, reaching a productivity equal to 0.041
molCH;OH/molCu (25.3 pmol/g) with 86% selectivity. The selectivity remained approximately constant over the
entire activation temperature range. Further, the material was activated at 450 °C for 120 min with the partial

2



pressure of O ranging from 0 to 1000 mbar (Figure 1b). Increasing the oxygen partial pressure from 67 to 187
mbar leads to a uniform increase of the productivity, which then levels to 0.038 molCHs;OH/molCu (23.2 umol/qg)
at higher partial pressures. Activation of the material in pure He at 450 °C (first point in Figure 1b) resulted in
very low productivity of 0.014 molCHs;OH/molCu. Looking into the effect of activation time (Figure 1c) it is ob-
served that increasing the activation time from 60 to 480 min results in an increase of the methanol yield by al-
most 100 %. After 480 minutes of activation, a plateau is observed, corroborating the fact that the activation pro-
cess requires time to reach an optimum at these conditions (187 mbar O, and at 450 °C). The maximum produc-
tivity is observed after 720 minutes of activation, 0.058 molCH3;OH/molCu (35.8 umol/g). These results show
that increased activation time, oxygen partial pressure, and reaction time all promote the population of Cu species
responsible for the cleavage of the C—H bond of methane. The maximum methanol yield is 0.065
molCH3;OH/molCu (40.6 umol/g) and is reached when the sample is activated in pure oxygen at 500 °C for 480
min.

Looking into the methane loading step, initially we introduced 100 mbar of methane at different temperatures,
for 60 min (Figure 1d). Loading methane at temperatures lower than 135 °C results in a very low productivity; a
35 °C increase in the temperature yields a roughly doubled output. A temperature of 200 °C is optimal for activa-
tion of methane; the corresponding productivity is equal to 0.034 molCH3;OH/molCu (21.3 umol/g) with a selec-
tivity of 86%. Increasing the temperature up to 300 °C does not affect the total productivity, as the sum of the
products remains constant. However, a significant decrease in selectivity is observed, since more COy is detected,
leading to 63% selectivity at 300 °C. As mentioned before, the quantification of the products is obtained during
the H,O-assisted extraction step, so that the resulting COx might originate from different intermediates, such as
formate, which evolve during the methane loading step. It appears that such species leading to full oxidation are
favored at higher temperature. Moreover, a further rise of the temperature to 300-400 °C results in a decreased
methanol and total productivity, indicating that high temperature hinders the stabilization of intermediates on the
active centers. Figure 1e depicts the effect of CH4 partial pressure on the productivity. The productivity doubled
moving from 100 mbar (0.034 molCH3OH/molCu) to 1000 mbar (0.061 molCHsOH/molCu). The higher CH4
pressure leads to a greater coverage of activated species from methane. A similar trend has been observed over
Cu-MOR zeolites for high-pressure methane loading, where an increased CHa pressure is suggested to transform
spectator species into species that participate in the bond cleavage.” Finally the effect of contact time for 100
mbar CH, flow at 200 °C was explored. The results, in Figure 1f, show an increase in productivity from 30 min to
120 min, reaching 0.047 molCH;OH/molCu (38.0 umol/g). Further increasing the time leads to a moderate rise in
productivity, and a plateau is observed after ca. 300 min, at 0.058 molCH3;OH/molCu.

The final step of the process is the H,O-assisted extraction of methanol. Passing 10% steam (in He) through the
fixed bed reactor, the selectively oxidized products (i.e. methanol and dimethyl ether, accounted as two methanol
molecules) are extracted along with over-oxidized COy species. Prior to extraction, the sample was exposed to
reference reaction conditions (see Sl, Section 3). Figure 1g shows productivity and selectivity obtained by per-
forming the extraction at temperatures ranging from 110 to 200 °C. A temperature above 135 °C is required to
fully desorb methanol within the fixed time. When raising the temperature, an increase in the total productivity is
observed, indicating that a higher extraction temperature favors the desorption of adsorbed C-containing species
in the form of over-oxidation products, as the methanol yield is constant. In particular, comparing extraction at
135 and 200 °C, a constant methanol yield of 0.037 molCHsOH/molCu (23.1 pmol/g) is observed, whereas the
selectivity decreases from 86 to 70%. From a process-design perspective, the constant yield over this broad tem-
perature range is an important feature, since it potentially allows methane loading and methanol extraction to be
operated isothermally at 200 °C.

The evaluation of the individual reaction parameters was translated into optimized conditions and applied in
multiple process cycles. Activation at 500 °C for 480 min in a 1000 mbar O, feed, followed by methane loading
at 200 °C for 360 min in a 1000 mbar CH. feed, and a H,O-assisted extraction of methanol at 200 °C (see also Sl,
Section 3) yield 0.172 molCHs/molCu (107 umol/g), the highest value reported so far for Cu-CHA zeolites. After
completion of the first process cycle, the material was purged in He, at 200 °C and subsequently subjected to in
total four complete cycles (Figure 1h). Interestingly, productivity and selectivity gradually increase after each
process cycle. After four cycles, the methanol productivity reaches 0.202 molCH;OH/molCu (125 umol/g), a 17
% increase compared to the first cycle. An increase in productivity during successive process cycles has also been
observed for Cu-exchanged MOR zeolites.?% %0
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Figure 1. Normalized methanol productivity (molCH3OH/molCu - circles) and selectivity (% - triangles) during different reaction condi-
tions and multiple cycles. Figures a-g follow the reference reaction conditions (i.e. Oz activation: 450 °C for 120 min in 187 mbar 02, CH4
loading: 60 min in 100 mbar CH4 at 200 °C and H20 assisted extraction: online with a 10% H-O stream at 135 °C) while for each a single
parameter is studied: (a) Oz activation temperature; (b) Oz partial pressure; (c) Oz activation time, (d) CHa, loading temperature; (€) CHa
partial pressure; (g) CH4 contact time; (g) H20 assisted extraction temperature. Figure h shows the effect of reaction conditions for achiev-
ing the highest productivity (i.e. O2 activation: 500 °C for 480 min in 1000 mbar Oz, CH4 loading: 360 min in 1000 mbar CH4 at 200 °C
and H20 assisted extraction: online with a 10% H20 stream at 200 ‘C) and the effect of multiple cycles of the process. Solid lines in the
figure are utilized as a guide to the eye.

2.2 Impact of activation conditions on the XAS spectroscopic fingerprints

In the previous section, we demonstrated that temperature, oxygen partial pressure, and activation time have an
impact on the methanol productivity of the 0.5Cu-SSZ-13(12). We characterized the material by XAS after four
different pretreatments, namely (i) standard O-activation at 500 °C, (ii) activation in He at 500 °C, (iii, iv) activa-
tion in He at 500 °C followed by reaction with O, either at 500 °C or at 200 °C. The productivity was determined
by contacting the sample with 1000 mbar of CH4at 200 °C for 60 min, followed by steam-assisted extraction of
the products at 135 °C in a laboratory fixed bed reactor in order to identify Cu-speciation <> performance rela-
tionships.

The characteristic XANES features detected after the different activation protocols can be interpreted based on
previous Cu K-edge XANES studies in Cu-zeolites®? 40-41 45, 47,5457 and Cu-containing enzymes.>®%° X AS for the
O-activated material at 500 °C (Figure 2, red curves) indicates a virtually pure Cu" state.**41 4" |n the XANES, a
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pronounced rising-edge shoulder is observed in the 8985-8990 eV range, assigned to 1s — 4p transitions in
three-/four-fold coordinated Cu" sites. The weak pre-edge peak, arising from the dipole-forbidden 1s — 3d transi-
tion in d® Cu" ions, is also well evident. Within the spectral resolution of our data, no evidence of Cu' species is
found after the O»-activation step.

The k2-weighted, phase uncorrected, Fourier transform of the EXAFS spectrum (hereafter FT-EXAFS) collect-
ed at 500 °C after Oz-activation shows three well defined maxima, peaking at ca. 1.4, 2.4, and 3.2 A. These are
seen throughout the entire stepwise methane conversion process, with modifications in their intensity (see Section
2.3). EXAFS fitting (see SI, Section 5.1) reveals that the first maximum derives from Cu-O single scattering (SS)
paths involving two framework (Os,) and one extra-framework (Oer) oxygen in the first coordination shell of Cu,
at (1.97 £ 0.04) A and (1.86 + 0.05) A, respectively. In line with previous EXAFS studies on Cu-SSZ-13, the sec-
ond maximum is assigned to the SS path involving a second-shell Al atom (T+) in framework-coordinated Cu-
species,*> 4761 here refined at Cu-Trw = (2.72 + 0.02) A. Differently to what was proposed for Cu-MOR?3! and Cu-
ZSM-5°" no significant contribution from Cu-Cu SS paths is found in this R-space range for Cu-SSZ-13. Con-
versely, considering the lack of other important scattering contributions in this R-space range, we associate the
third maximum in the FT-EXAFS spectra with neighboring Cu sites in CuyOy moieties, best-fitted to average
metal-metal separation of (3.41 + 0.06) A. The FT-EXAFS spectra in Figure 2b are also reported in Figure S13 in
an extended R-space range up to ca. 6 A. Here, the weak peak at 3.4 A can be clearly distinguished from the
noise, dominating the spectra for R > 3.7 A. Noteworthy, the experimental conditions employed here (activation
up to 500 °C in pure O) yielded a more pronounced third maximum in comparison with our previous study men-
tioned before® conducted on a Cu-SSZ-13 zeolite with very similar composition (Si:Al = 13; Cu:Al = 0.44) but
by activating the material only up to 400 °C in 50% O./He.

When Cu-SSZ-13 is pretreated in He at 500 °C (Figure 2, black lines), the overall XANES spectral shape is
representative of a dominant Cu' state. The characteristic Cu' 1s — 4p peak at 8982.5 eV is evident, while the pre-
edge peak is significantly reduced. Indeed, high-temperature treatment in inert gas is known to trigger, from ~
230 °C upward, the so called ‘self-reduction’ from Cu' to Cu'.3L 40 47. 54,6263 |n the corresponding FT-EXAFS
spectrum, we observe a lower intensity in the whole range, supporting the observations from XANES. Indeed,
this state mostly consists of ‘bare” ZCu' ions (where Z indicates coordination to O, next to one isolated Al in a
framework T-site, i.e. 1Al site) in both 6r and 8r of the CHA framework.*% 5% Both are twofold-coordinated
sites, but with different local environments in the second shell. Such heterogeneity, together with the higher mo-
bility of Cu' with respect to Cu"",% causes a broadened and dampened second-shell signal. After He-activation, the
third maximum at ca. 3.2 A, well evident after O.-activation, becomes barely detectable.

The productivities observed after the two different pretreatments are 0.008 molCH3OH/molCu (4.7 umol/g) and
0.082 molCH3;OH/molCu (50.8 umol/g) for He and O activation, respectively (Figure 2c), clearly indicating a
positive correlation between methanol yield and the existence of Cu'" species in the activated materials. Instead, a
low productivity is seen when the pretreatment is carried out in the absence of O..

To decouple the high-temperature treatment in inert leading to dehydration and self-reduction of copper from
the reaction with O resulting in the oxidation of Cu' species, we reacted the He-activated sample with O, for 30
min at 500 and 200 °C (bordeaux and blue curves/bars in Figure 2a-c).

The oxidation at 500 °C (subsequent to He activation at the same temperature) yields very similar XAS spectra
compared to the sample activated directly in O.. In addition, the productivity after the two different activations is
almost equivalent, only differing by ca. 10 %. Nonetheless, as it can be clearly noted by looking at the first deriv-
ative of the XANES spectrum, a small amount of Cu' is still present after the subsequent oxidation. The amount
of the remaining Cu' is ca. 10% of the total copper, which is in good agreement with the slightly lower productivi-
ty. After both Oj-activation and oxidation at 500°C, a higher third shell component is observed compared to the
He-only activated sample.

Carrying out the reaction with O at 200 °C (after He activation at 500 °C) results in the same relative Cu'/Cu!
abundance as observed at 500 °C: a dominant Cu" state is formed, with a residual fraction of ca. 10% Cu', indi-
cating that the same fraction of Cu' species formed during inert treatment react with oxygen even at lower tem-
perature. Although XAS evidences that the fraction of Cu'"' species formed upon re-oxidation at 500 °C and 200
°C is equivalent, the methanol yield of 0.046 molCH3OH/molCu for the low temperature oxidation is 45% lower.
Hence, low temperature oxidation alters the balance between active and inactive Cu"" species.

Further comparing the XAS spectra of the material contacted with O at 500 °C and 200 °C, significant differ-
ences in the average coordination environment of the Cu'' component are observed. In particular, oxidation at 200
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°C yields a higher intensity of the XANES white-line peak around 8998 eV and of the first-shell peak in the FT-
EXAFS (beyond what is expected due to different acquisition temperature, see Sl, Section 5.2 for details). Both
these observations indicate a higher relative fraction of four-fold coordinated Cu" sites formed when Cu' is react-
ed with O, at 200 °C. The observed differences in coordination of Cu'' complexes, during direct Oz-activation and
oxidation of a pre-reduced sample point to a temperature-dependent coordination preference: three-coordinated
species are favored at 500 °C but undergo a partial conversion to four-coordinated species at 200 °C. If the reac-
tion between Cu' and O; is directly conducted at 200 °C, the preference towards four-coordinated Cu'" complexes
appears more pronounced. The lower productivity observed in the latter conditions suggests that the tridentate co-
ordination mode of Cu" centers, with first-shell ligation to two Os, and one O atom, is most favorable for the ac-
tive Cu site responsible of methane to methanol conversion in Cu-SSZ-13. Such a coordination mode is the one
characteristic of Z[Cu'"OH] species, which are currently considered as the prototypes for redox-active framework-
interacting Cu-sites in Cu-SSZ-13. Their presence after O.-activation at 400 °C has been ascertained by in situ
FTIRY: 4767 detecting their v(OH) fingerprint band at 3656 cm™ and their high stability in the proximity of 1Al
sites in the 8r has been confirmed by DFT.*® 47 Nevertheless, from the results discussed above, it is difficult to
conceive that the Z[Cu''OH] species are directly responsible for the CH4 conversion, as it has been suggested the-
oretically.® In fact, significant populations of Z[Cu''OH] species have been evidenced after both He and O, acti-
vation at 250 °C, i.e. when dehydration is completed and before the self-reduction process initiates (see also Sec-
tion 2.5).4% 84 67 However, these kinds of pre-treatments do not yield significant methanol productivity (SI, Sec-
tion 4).
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ence of each pre-treatment, followed by CHa activation at 200 °C for 60 min using 1000 mbar CH4 feed, and H20 assisted extraction at 135

°C.

2.3 Operando XAS of the complete process

We employed operando XAS to follow the oxidation state and average coordination of the Cu ions in the mate-
rial during each step of the methane to methanol conversion over 0.5Cu-SSZ-13(12). Figure 3 shows the XANES
and FT-EXAFS spectra collected after each step of the process, hamely O-activation at 500 °C, He flush after
cooling to 200 °C in Oz, CHs-activation and H>O-assisted extraction at 200 °C. Each FT-EXAFS spectrum was
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fitted as described in Sl, Section 5.3, to evaluate average Cu coordination environment during the stepwise pro-
cess. The procedure adopted for operando XAS experiments was adjusted to balance between the optimized pro-
cess conditions and an effective exploitation of the beam-time. The exact experimental conditions as well as qual-
itative Mass Spectroscopy (MS) data collected during XAS experiment can be found in the SI. Such conditions
resulted in an overall productivity of 0.100 molCHsOH/molCu measured in a fixed bed reactor.

The XAS spectrum of O.-activated 0.5Cu-SSZ-13(12) at 500 °C has been already described in detail in Section
2.2, and it is reported in Figure 3 (red curves) for comparison. After the high-temperature O-activation step, the
sample was cooled down to 200 °C in O, and then flushed with He for 60 min. The XAS spectra collected at this
stage depict the actual condition of the material before interaction with CHa. From XANES, monitoring both the
1s—3d pre-edge peak and the rising-edge region, it is evident that the oxidation state of Cu remains unchanged.
Nonetheless, XAS evidences an increased coordination number for the O sub-shell, from 1.0 £+ 0.5t0 1.3 = 0.5.
The modifications observed after cooling to 200 °C are very similar to what was noted in Section 2.2, when,
comparing the XAS spectra of the material after oxidation at 500 and 200 °C. Indeed, a significant increase in the
XANES white-line region is observed, accompanied by a 27% increase in the intensity of the first-shell peak in
the FT-EXAFS spectrum with respect to the O,-activated state at 500 °C. Such spectral changes are beyond what
would be expected solely due to the decreased thermal contribution to Debye-Waller (DW) factors when lowering
the temperature from 500 to 200 °C (see Sl, Section 5.2). Concomitantly, the second- and third-shell regions are
less perturbed, suggesting that, on average, the coordination mode to the zeolite framework is retained and that
multimeric moieties formed during high-temperature O,-activation are still intact.

Similarly to what has been previously reported for Cu-MOR,*32 loading of methane at 200 °C on Cu-SSZ-13
results in the partial reduction of Cu' to Cu', as indicated by the development of a rising-edge peak around 8983
eV. In parallel, the 1s— 3d peak undergoes a ca. 35% intensity decrease with respect to what was observed after
He flush at 200 °C, confirming the reduction upon interaction with CHa. As described in SI Section 5.4, we ap-
plied linear combination fit (LCF) analysis to obtain quantitative insights into Cu-speciation during interaction
with CHa. LCF evidences the formation of 27% Cu' species, together with a small fraction (ca. 7%) of hydrated
Cu'"' complexes (see Figure 3d). In the FT-EXAFS (Figure 3b,c), interaction with CH, causes a slight decrease in
the intensity of the first maximum, in line with a diminished first-shell coordination number in the newly formed
Cu' species (Nogw) lowers from 2.0 to 1.6 after methane loading), whereas in the range from 2.0 to 3.5 A only mi-
nor changes can be observed. The reduction of Cu-species after methane activation can, on the one hand, result
from the formation of the reactive intermediate, which, according to Sushkevich et al.,® could involve the stabili-
zation of methoxy species on the active sites and the formation of new Bransted sites. On the other hand, Cu'
formation can be connected to the formation of COy species from Oz-donating Cu-sites, prompting the CH,4 oxida-
tion. Noteworthy, oxidation of CHs to COx would be reasonably accompanied by production of H,, reported to
induce a complete Cu'" to Cu' reduction in both Cu-SSZ-13*" and Cu-MOR.32 H; has been indeed detected by MS
during operando XAS, together with over-oxidation products (SI, Section 5.8).

Finally, H.O-assisted methanol extraction (Figure 3, light blue curves) promotes the formation of a significant
fraction of hydrated Cu'" species, yielding an intensity increase and shape change in the XANES white-line re-
gion, together with an enhancement of the first-shell intensity in the FT-EXAFS spectra with respect to the CHa-
activation step. Importantly, at the end of the extraction step, the well-defined second-shell peak appears to be
partially degraded, which is in excellent agreement with the formation of a fraction of mobile Cu' aquo-
complexes, 24% from LCF. Conversely, the third-shell maximum is largely intact after 60 min in 10% H,O/He
flow at 200 °C. Based on these evidences, we propose that introduction of water during the methanol extraction
provokes a detachment of Cu-ions from redox-inert positions. If multiple cycles of the process are run, the mobile
Cu"-aquo complexes*® 47 %8 formed during extraction are then thermally decomposed and able to form new active
sites during the O»-activation step of the subsequent cycle, justifying the observed performance enhancement (see
Figure 1h).

We also note that, albeit diminished with respect to the CHg-activation step, a certain fraction of Cu' is still pre-
sent in the system: LCF indicates 14% of residual Cu' at the end of the extraction step. By calculating the differ-
ence between the relative fractions of Cu' present in the system after methane loading and extraction steps, we
find 13% of total Cu to be re-oxidized during extraction, in good agreement with the corresponding productivity
of 0.100 molCH3;OH/molCu. This correlation suggests that these Cu-species which undergo reduction when ex-
posed to CH, and are re-oxidized when contacted with water, directly participate in the reaction.
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2.4 Cu-SSZ-13 materials with different compositions

Having explored the effect of the different process parameters on the methanol yield and Cu-speciation for the
0.5Cu-SSZ-13(12), we extended our investigation to Cu-SSZ-13 samples with different elemental compositions
(i.e. Cu:Al and Si:Al ratios).

Using the optimized process conditions (S, Table S3), we evaluated samples with Cu:Al from 0.14 to 0.49, and
constant Si:Al of 12 with respect to methanol productivity. Increasing the Cu content results in higher productivi-
ty per gram of sample, while selectivity remains constant at ca. 87 %. Additional insights can be obtained consid-
ering the normalized methanol productivity, reported in Figure 4a. Interestingly, at Cu:Al ~ 0.15 the output is sig-
nificantly lower than for the higher-loading samples. Further increasing the Cu:Al ratio to ~ 0.5 only results in a
slight increase in the normalized methanol yield, which reaches 0.172 molCHs;OH/molCu. Hence, the fraction of
active species depends on the Cu-loading.

We also tested Cu-SSZ-13 materials with similar Cu:Al ratios (~ 0.5) at Si:Al ratios varying from 5 to 29. Not
surprisingly, the methanol yields increase monotonically with the amount Cu per gram of sample, reaching 130
pmol/g for the Si:Al = 5 sample. However, normalization of these results with respect to the Cu loading leads to a
rather different picture (Figure 4b), with the Si:Al = 12 sample showing the highest productivity among the four
tested materials, equal to 0.172 molCH;OH/molCu. In this comparison, the sample with the highest aluminum
content reaches only a productivity of 0.112 molCH;OH/molCu. Similar observations were reported also by Wul-
fers et al., evidencing a poorer performance for Cu-SSZ-13 zeolites with low Si:Al ratios.’® For samples with
Si:Al ratios of 12 and 15 we measured very similar normalized productivity, in line with the similar composition-
al characteristics. Conversely, increasing Si:Al to 29 results in a decrease of the productivity, down to 0.131

molCH3zOH/molCu.
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Figure 4. Productivity and selectivity for the methane to methanol conversion over Cu-SSZ-13 with different compositional characteristics
evaluated utilizing the optimized process conditions (i.e. Oz activation at 500 °C for 480 min in 1000 mbar Oz, CH4 activation at 200 °C
for 360 min using 1000 mbar CH4 feed, H20 assisted extraction at 200 °C) (a) normalized methanol productivity (molCHsOH/molCu) as a
function of Cu:Al ratio for Cu-SSZ-13 samples with Si:Al=12, (b) normalized methanol productivity (molCHsOH/molCu) as a function of
Si:Al ratio for Cu-SSZ-13 samples with Cu:Al=0.5.

In order to interpret the normalized methanol yields derived from the samples with different Si:Al as a function
of the Cu speciation in the pre-treated materials, we applied XAS. In Section 2.2 we have shown how O,-
activation and high-temperature reaction with O, of the He-activated state result in almost identical performance,
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thus yielding equivalent populations of active Cu-sites. This knowledge allows us to decouple the dehydration,
self-reduction and re-oxidation steps and obtain an in-depth understanding of the underlying redox mechanisms.
Figure 5a-c shows the XANES and FT-EXAFS spectra of He-activated Cu-SSZ-13 samples with fixed Cu:Al ra-
tio of 0.5 and Si:Al ratios of 5, 15, 29, namely 0.5Cu-SSZ-13(5), 0.5Cu-SSZ-13(15) and 0.5Cu-SSZ-13(29). The
corresponding spectra collected on the same materials after subsequent oxidation at 500 °C are reported in Figure
5d-f.

The XANES spectra of the He-activated samples always show the presence of a certain fraction of Cu', which
however increases in the following order: Si:Al = 15 > 29 > 5. These results are in line with previous reports,
demonstrating that the SSZ-13 framework provides two different cation sites, with markedly different redox bar-
rier, namely redox-active 1Al sites in the 8r and redox inert 2Al sites in the 6r.47 5970
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Figure 5. (@) Main panel: XANES spectra collected on 0.5Cu-SSZ-13(5) (red curves), 0.5Cu-SSZ-13(15) (black curves) and 0.5Cu-SSZ-
13(29) (blue curves), with fixed Cu:Al = 0.5 and Si:Al = 5, 15 and 29, respectively, after He-activation at 500 °C; left inset: background-
subtracted pre-edge 1s — 3d peak; right inset: first derivative of the XANES spectra reported in the main panel in the rising-edge region.
(b, ¢) Magnitude (b) and imaginary part (c) of the FT-EXAFS spectra for the He-activated samples reported in part (a), obtained by Fourier
transforming the k?y(k) curves reported Figure S10c,d (SI) in the (2.4-10.8) A range. (d-f) XAS spectra for 0.5Cu-SSZ-13(5), 0.5Cu-

SSZ-13(15) and 0.5Cu-SSZ-13(29) as parts (a-c) but collected after re-oxidation in Oz at 500 °C of the He-activated samples.

Table 1. Fractions of framework-interacting Cu" and Cu' species evaluated by XANES LCF analysis for samples 0.5Cu-
SSZ-13(5), 0.5Cu-SSZ-13(15) and 0.5Cu-SSZ-13(29) after He-activation together with correspondent LCF R-factors. Total
fraction of Cu species at 1Al sites is also reported, and compared with values extracted from the compositional phase dia-
gram from ref. %

Sample LCF Fraction of framework-interacting Cu-species

(He Act. 500 °C) R-factor 2Al Z,Cu" 1Al Z[Cu"OH] 1Al zCU!' Total 1AI2 Total 1AI°
0.5Cu-SSZ-13(5) 1-10* 0.51 £ 0.03 0.00 £ 0.02 0.47 £0.01 0.47 £0.03 ~0.50
0.5Cu-SSZ-13(15) 3-10* 0.08 £ 0.03 0.13+0.03 0.79£0.01 0.92 £ 0.04 ~0.85
0.5Cu-SSZ-13(29) 6-104 0.01 £ 0.04 0.35+0.04 0.64 £0.01 0.99 £ 0.05 ~0.95

@ This work.

b Values extracted from the compositional phase diagram reported by Paolucci et al. in ref. 47
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For an accurate quantification of the Cu-speciation, we have taken advantage of the results of our recent work,®
where advanced multivariate curve resolution (MCR) methods were applied to extract the theoretical XANES
signatures of “pure’ Cu-species formed in He-activated Cu-SSZ-13 as a function of the Si:Al ratio. These pure
XANES curves, previously connected with well-defined local geometries of Cu-ions by multi-component EXAFS
fits,* have been employed here as references to assess Cu-speciation from the spectra reported in Figure 5a by
linear combination fit (LCF) analysis (see SI, Section 5.5 for additional details). As expected, Cu-speciation in the
He-activated state at 500 °C is dominated by framework-interacting Cu-species, including 1Al sites in their oxi-
dized, Z[Cu"OH], and reduced, ZCu', form as well as 2Al Z,Cu'" sites. The contributions from mobile Cu" com-
plexes are almost negligible (< 3% total Cu) for all samples. The fractions of framework-interacting Cu" and Cu!'
species evaluated by LCF analysis are reported in Table 1.

From Table 1 it is evident that for Si:Al = 5 a substantial contribution of redox-inert 2Al Z,Cu" sites is present
(51% total Cu), as also reflected in the higher intensity of both first and second maximum in the corresponding
FT-EXAFS spectrum with respect to the other He-activated samples (Figure 5b,c). The sample with Si:Al = 15
shows optimal reducibility: LCF reveals 79% of ZCu' species and around 10% of both residual Z[Cu""OH] species
and Z,Cu" sites in 6r. Concomitantly, the FT-EXAFS indicates a majority of twofold-coordinated sites, and a
dampened/broadened second-shell peak, in relation with higher mobility of Cu' cations and heterogeneity in ZCu'
siting.5* % Finally, the sample with Si:Al = 29 shows intermediate reducibility, with 64% of ZCu' and 35% of
Z[Cu"OH] surviving in their oxidized state; at such low Al-loading, 2Al Z,Cu'"" are almost undetectable.

These findings fit well into the larger picture developed so far in the literature about the influence of composi-
tion on Cu-speciation in Cu-SSZ-13 materials prepared by solution ion exchange. As it can be also observed in
Table 1, the total fractions of Cu-species hosted at 1Al sites determined here by XANES LCF analysis are in ex-
cellent agreement with the correspondent values extracted from the theoretical compositional phase diagram re-
ported by Paolucci et al.*” The presence of two Cu docking sites yielding Cu-species with markedly different re-
dox properties also provides the basis to rationalize the two peaks observed during H2-TPR experiments on Cu-
SSZ-13 materials.” Focusing on the compositional impact, Gao et al. ™ systematically analyzed several Cu-SSZz-
13 zeolites by TPR with Si:Al ratios of 6, 12 and 35, and Cu:Al ratios in the 0.005-0.44 range. Two reduction
peaks at ~230 °C (~250 °C for the Si:Al = 35 samples) and at ~380 °C, are observed throughout the composi-
tional series, assigned to reduction of partially hydrated Cu" and [Cu"OH]" ions within CHA cages, and of Cu"
hosted at 2Al sites in 6R. The trends observed in the intensity of the reduction peaks as a function of the composi-
tion corroborates that Cu" ions at 2Al Z,Cu" sites possess a significantly higher binding energy to the CHA
framework. TPR results also indicate that their fraction decreases by increasing either the Si:Al ratio or the Cu: Al
ratio in the material, in line with the values reported in Table 1.

Figure 5d-f shows how re-oxidation in O at 500 °C effectively restores a largely dominant Cu'" state, irrespec-
tively of the composition. The characteristic XAS fingerprints of 2Al Z,Cu'" sites*’ ® remain a distinctive feature
at Si:Al = 5, while the re-oxidized 0.5Cu-SSZ-13(29) and 0.5Cu-SSZ-13(15) samples show a very similar
XANES. However, we observe significant differences in the FT-EXAFS at Si:Al = 15 and 29. In particular, at
Si:Al = 29, a lower first-shell peak is observed, together with an overall deterioration of the EXAFS signal, con-
nected with a higher heterogeneity in the Cu" component. The absence of a well-defined third maximum in the
FT-EXAFS at Si:Al = 29 suggest that the formation of multinuclear oxo or peroxo Cu" species is hampered in
this sample. The development of such EXAFS feature appears to be inversely correlated with the Si:Al ratio (see
SI, Figure S11), in line with the statistical availability of suitable docking sites with Al-Al separation < 10 A772

Correlating the LCF results reported in Table 1 with the performance of the investigated Cu-zeolites with Si:Al
=5, 15, 29, we found a linear correlation between the normalized productivity and the sample reducibility in the
He-activated state, quantified through the fraction of ZCu'. The productivity-reducibility correlation is highlighted
in Figure 6, demonstrating that the normalized methanol productivity is directly proportional to the relative abun-
dance of Cu' sites available for high-temperature reaction with O, to a set of Cu''xOy species among which the ac-
tive sites should be searched. Thereby, it is also clear that redox-inert 2Al Z,Cu'" site are inactive toward the con-
version of methane. Although our recent study® suggests that a complete ‘2Al saturation” scenario is unlikely,
there is solid evidence in the literature that points towards a preferential population of 2Al sites at low Cu-
loading.*” ™ 7 We can therefore also link the lower normalized productivity observed in low-loading Cu-SSZ-13
samples (Cu:Al ~ 0.15) at Si:Al = 12 (see Figure 4a) with a higher relative abundance of Z,Cu'" species.
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Figure 6. Correlation between the normalized productivity of Cu-SSZ-13 samples with Si:Al = 5, 15, 29 and their reducibility in the He-
activated state, quantified through the relative fraction on ZCu' from LCF of the XANES spectra reported in Figure 5a. The best fit line
through the experimental points is reported in grey.

So far, we have not answered the question about the nuclearity of Cu' Oy species derived from the re-oxidation
of ZCu', and whether the nuclearity correlates with productivity in Cu-SSZ-13. Unfortunately, the EXAFS signa-
ture of such species is only found in the high-R range, where the technique sensitivity inherently decreases (espe-
cially for high-temperature measurements on complex, multi-component systems). Moreover, Cu-Cu contribu-
tions prevail over the more abundant Cu-O ones only in high k-range, where the increased noise could signifi-
cantly affect the FT-EXAFS signal. To further assess this aspect, we thus employed Raman spectroscopy as a
complementary technique in order to identify fingerprints correlated to multimeric Cu'xOy species, as described
in Section 2.5.

2.5 Complementary Results from Raman and FTIR and Spectroscopy

Raman spectroscopy is a highly sensitive technique to detect the presence of multinuclear Cu'xOy species in
zeolites, due to the fact that resonance conditions towards these moieties can be achieved by proper excitation.?:
60. 74 The Raman spectrum of the O, activated 0.5Cu-SSZ-13(15) sample (Figure 7a, red line) shows a series of
new bands which are absent in the hydrated sample (Figure 7a, black line), revealing the presence of several oxy-
gen-activated Cu" species.

The bands at 510, 580 and 830 cm™ were also observed by Ipek et.al?® for activated Cu-SSZ-13 and assigned to
[Cu(trans-p-1,2-0,)Cu]?* species. In addition, we observe strong Raman bands between ~1000-1200 cm™ (exhib-
iting maxima at 1100 and 1155 cm?) for the activated sample, in agreement with the presence of [Cu"O"]* super-
oxo species.” The broadness of the bands, suggests that the Cu-superoxo species are located at various Cu sites,
as well as in different coordination symmetries (end-on vs side-on).”>"® The presence of [Cu-(u-O)-Cu]?* species
is not easy to access, due to the very intense band at 580 cm™, which is the range where one would expect the
symmetric metal-oxo stretch of such species.® However, a shoulder at ~620 cm™ adumbrates their presence. In
this context, Ipek et.al observed a fast intensity decrease of the band at 580 cm™ with time, which they ascribed to
small amounts of water leaking into the system and the high sensitivity of the [Cu(trans-p-1,2-O,)Cu]?* species
towards hydrolysis. Interestingly, we found [Cu(trans-p-1,2-O,)Cu]?* to be sensitive to the measurements condi-
tions, such as different sampling times and laser powers (Figure 7b). By increasing the energy at the sample
through higher laser power and/or longer sampling time the intensity of the 580 cm* band increases. At very low
laser power (~0.1 mW, Figure 7b, purple line) or at short exposure at ~1 mW (Figure 7b, pink line), the latter is
diminished significantly whereas a band at 620 cm™? (assigned to the [Cu-(u-O)-Cu]?* species) 2> becomes visi-
ble. In the case of the spectrum of the activated sample (Figure 7a, red line), we aimed for a high-quality spec-
trum and therefore applied a sampling time of 120 min at laser output power of ~1mW. The high energy input
therefore explains the high intensity of the band at 580 cm*, overshadowing the much weaker band at 620 cm
(observed as a shoulder in this case).

Since the samples were sealed in capillaries at ~550 °C (see Sl, Section 1.5), we can exclude a hydration-
related effect as suggested by Ipek et.al. % We suspect in our case a temperature-related effect, due to laser heat-
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ing, as the cause for the observed changes in the spectrum. However, such behavior requires a careful evaluation
and will be the object of future investigation.
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Figure 7. (a) Raman spectra of 0.5Cu-SSZ-13(15) in its hydrated (black line) and activated (red line) forms. The spectral contributions
from the observed Cu'xOy moieties are highlighted: [Cu(trans-pi-1,2-O2)Cu]?* (green filling); [Cu-(u-0)-Cu]?* (orange filling); and [Cu"
1027 (light-blue filling). (b) Raman spectra of the activated sample, collected at different exposure times and excitation laser powers. The
spectra on activated 0.5Cu-SSZ-13(15) have been collected with the sample inside sealed capillaries (see Sl, section 1.5). All the spectra
have been normalized to the most intense feature of the SSZ-13 framework (485 cm™) and vertically shifted for sake of visualization.

To further complement the characterization of relevant Cu-species for the conversion of methane to methanol,
we chose Infrared (IR) spectroscopy, to monitor the Oz-activation step to 400 °C. In the 3800 to 3500 cm™ range,
the spectra exhibit common features related to v(O-H) modes of silanols at (3737 cm™) as well as Bransted sites
at 3611 cm™ and 3584 cm.4-4! Another distinct band around 3650 cm™ gradually decreases as the temperature
increases. In previous studies, such band has been identified as the fingerprint of [Cu""OH]* species in Cu-SSZ-
13.%0 The spectrum collected at 400 °C shows a clear depletion in intensity of the specific feature which decreases
further after 150 mins at that temperature. As discussed in the previous sections, such species are unlikely to be
the active species for the methane activation. However, the data confirms that high temperature combined with
prolonged exposure time in oxidative atmosphere depletes the population of [Cu'"OH]* sites. This trend is in
agreement with the picture obtained from XAS and Raman spectroscopy, indicating that during O activation at
high temperature [Cu"OH]* species further evolve, acting as precursors for new species, most probably the active
sites, as will be discussed in the following section.
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Figure 8. Oz activation of sample 0.5Cu-SSZ-13(15) monitored by in situ FTIR spectroscopy in the 250-400°C range, in the v(OH) region.
The dotted line highlights the progressive decrease in the intensity of the band at ca. 3650 cm (fingerprinting Z[Cu'"OH]) as temperature
increases.

14



3. THE FORMATION OF ACTIVE CU SPECIES

We have shown that the availability of Cu' sites able to react with O, at high temperature has a key impact on
the methanol productivity. The reducibility of Cu-SSZ-13, and, in general, the resulting Cu speciation, is highly
dependent on the composition, in terms of Si:Al and Cu:Al ratios. Optimal methanol productivity is associated
with optimal reducibility, so that the compositional characteristics of the material have to be tuned in order to
maximize the relative fraction of Cu sites efficiently undergoing self-reduction during activation. As depicted in
Scheme 1a and further corroborated by a number of previous studies,*" 42 4. 47. 64, 69-70. 73, 77 this condition is met at
intermediate Si:Al ratios (~ 12—15) and high Cu-loading (~ 0.5). Instead, low Si:Al and low Cu-loading promote
large populations of redox-inert 2Al Z,Cu'", trapping Cu sites in stable, inactive positions in the 6r. However,
when the Si:Al ratio increases beyond the optimum (~ 30), although the relative fraction of 1Al sites is maxim-
ized, the redox potential of such species is diminished, suggesting that the efficiency of the self-reduction process
depends on the Bransted acid site density in the material. Z[Cu""OH] complexes at 1Al sites efficiently undergoing
self-reduction (middle panel in Scheme 1a) are thus identified as the precursors to the active sites responsible for
the methane to methanol conversion in Cu-SSZ-13.

In Scheme 1b we give an overview of the possible routes for the formation of active Cu''xO, species, which we
will critically discuss by combining the results presented in the previous sections with key findings from litera-
ture. Complementary, Table 2 reports a selection of spectroscopic fingerprints for the Cu-species presented in
Scheme 1b. It is worth to note that Scheme 1b only considers Cu'and Cu'" species, since the formation and the in-
volvement of Cu'' moieties, e.g. bis(u-oxo) dicopper(ll1), have been ruled out based on the absence of any Cu'"
evidence either from XAS%7 and from Raman in all the experimental conditions monitored in the present
study.

The homolytic cleavage of the Cu—OH bond in the Z[Cu"OH] precursor (1 in Scheme 1b), yielding a reduced
ZCu' site (2) and an HO" radical is envisaged as an initial key step towards the active species formation. Tempera-
ture-dependent IR data (Figure 8) evidence that this step is also occurring to some extent in O flux. The methane-
converting Cu'«Oy species can be primarily formed by direct reaction between O, and the available ZCu' sites
(Scheme 1b, top part). This is supported by our observation that introduction of O, after He-activation at 500 °C
promptly restores a largely dominant Cu'' state rather irrespectively of the tested re-oxidation temperature: ~ 90%
total Cu is found as Cu"" both carrying out the re-oxidation at 500 and at 200 °C. Starting from isolated ZCu' sites,
Cu'" moieties possibly formed under these conditions include ZCu"O," superoxo complexes, with either end-on
Cu(n!-O2) or side on Cu(n?-O2) binding modes, species (3a) and (3b), respectively. Multimeric peroxo-Cu" spe-
cies such as ZCu''(O2)Cu""Z (4) can be also formed. The probability to stabilize such multimeric moieties depends
on the proximity of Al atoms in the zeolite framework: Al—Al separations up to ~10 A are envisaged to enable
suitable docking sites for neighboring Cu ions. As may be observed in Scheme 1b, having two ZCu' satisfying the
aforementioned criterion, it is possible that they react with O, to ZCu'"(O,)Cu'"Z species, e.g. forming [Cu(trans-
u-1,2-0,)Cu]?* (4a) or [Cu(u-n%n?-0O2)Cu]?* complexes (4b).

Indeed, EXAFS analysis supports the formation of multinuclear Cu" species in Cu-SSZ-13 with average Cu-Cu
distances of ~ 3.4 A, involving ca. 30% of Cu sites in the O,-activated material. As summarized in Table 2, with
Raman we were able to identify the spectroscopic fingerprints of both ZCu"O," superoxo complexes in different
coordination modes (3) and of [Cu(trans-p-1,2-O2)Cu]?* (4a). Conversely, species 4b was previously identified in
Cu-ZSM-5 .8 but has not been detected by Raman neither by us nor in the recent study by Ipek et al.?®

Importantly, the average coordination mode, side-on- or end-on-like, in such species is found to be influenced
by the operation temperature. As discussed in Section 2.3, cooling down to methane loading temperature (i.e. 200
°C) during operando XAS experiments, we observe modifications in both XANES and FT-EXAFS spectra point-
ing to an increased coordination number in the Cu-Oes shell at lower temperature. The XAS data are consistent
with a partial temperature-induced transition from end-on to side-on O, binding modes, resulting in threefold and
fourfold coordinated Cu'-sites, respectively. We observe the same spectroscopic fingerprints, but more pro-
nounced, after re-oxidation of the pre-reduced sample at 200 °C, which also leads to a significantly lower metha-
nol yield compared to re-oxidation at 500 °C. These observations suggest that a tridentate framework-interacting
Cu'"' site with end-on binding mode of an O.-derived ligand, as it seen e.g. in species 3a, 4a or 6, represents the
most favorable site geometry for methane conversion.

Apart from the formation of CuxOy species through the reaction of O, with Cu!' sites, internal pathways have al-
so been proposed in the literature, based on experimental evidences and theoretical studies?® 3% 3 62:63.82 (Scheme
1b, bottom part). Such pathways explain the residual productivity observed after pre-treatment in inert. If the OH"
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released during the self-reduction of a first Z[Cu''OH] is able to reach another Z[Cu"OH] complex, a ZCu"O" (5)
could be formed together with an H,O molecule.® 623 Albeit species (5) has been previously indicated as one of
the most effective in methane activation, 3 834 to the best of our knowledge this highly reactive intermediate has
never been detected in Cu-zeolites, hence its existence and role remain speculative.

DFT studies actually support the self-organization of mononuclear oxygenated/hydroxylated cations in zeolite
frameworks towards oxygen-bridged binuclear complexes (black dashed arrows in Scheme 1b). Computational
analysis predicts energetic benefits as high as 400 kJ mol ! associated with such self-organization phenomena, in
connection with the stabilization of under-coordinated metal centers with excessively basic terminal O/OH lig-
ands.® Interestingly, tridentate ZCu"O" complexes in Cu-MFI are predicted to dimerize into either bis(n-0X0)-
dicopper or p-(m?m?)-peroxo dicopper cores for two different docking sites with Al-Al separations of 5.48 and
8.72 A, respectively.®? Similarly, condensation of two Z[Cu"OH] complexes at a suitable distance will result in
the formation of a H,O molecule and a mono-(u-oxo) dicopper core (6 in Scheme 1b), currently indicated as the
active site for direct methanol conversion in Cu-ZSM-5 and Cu-MOR® 3132 34 74 High-temperature treatment in
O.-deficent atmosphere has been proposed to favour desorption of the bridging oxygen from the oxocationic spe-
cies,®! 8 leaving two Cu(l) sites and an O vacancy. In this context, Smeets et al.8! demonstrated that first a p-
(m?m?)-peroxo dicopper species is formed by reacting O, at RT with a pre-reduced Cu-ZSM-5 zeolite, which is
then transformed into mono-(u-oxo) dicopper upon thermally-driven oxygen elimination from 175 °C upwards
(orange dashed orange arrow in Scheme 1b). Our Raman data indicate that the mono-(u-oxo) dicopper core (6) is
also present in air-activated Cu-SSZ-13, as seen in Figure 7 and shown by Ipek et.al.?> Beside bis-p-oxo dicopper
species, Cu-trimers have been also proposed to form in O;-activated Cu-MOR.'? Moreover, from DFT, clusters of
even higher nuclearity have been suggested as favorable sites for the methane conversion.®** Nonetheless, com-
bining our XAS and Raman results on Cu-SSZ-13, no evidence for CuxOy species with x > 2 is obtained.
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Scheme 1. (a) Rationalization of the effect of composition (Cu:Al and Si:Al ratios) on the productivity for the methane to methanol
conversion over Cu-SSZ-13. (b) Possible mechanisms for the formation of active Cu'xO, moieties from precursor 1Al Z[Cu'"OH]
sites, considering Cu'xO, formation from reaction of self-reduced ZCu' sites with O, (top part) and from internal pathways (bottom
part). Selected spectroscopic fingerprints for the Cu-species (1)-(6) presented in the scheme, are summarized in Table 2, comparing
previous literature and experimental observations in the present work. Species indicated with grey labels have been previously de-
tected in Cu-zeolites (4b) or proposed as intermediates (5) but are not directly observed in this study on Cu-SSZ-13 materials.
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Table 2. Selected spectroscopic fingerprints for the Cu species presented in Scheme 1, derived from previous literature on
Cu-zeolites and/or Cu model compounds and experimental data reported in the present work. FTIR frequencies and Ra-
man shifts are reported in cm™.

Relevant FTIR, Raman and XAS spectroscopic fingerprints

Cu species in Scheme 1

Previous literature ["*] This work
FTIR: v(O-H) ~ 3650 [40-41:47] FTIR: v(O-H) 3650
(1) Z[Cu"OH] XAS: Cu'l, 3C 441 47] XAS: Cu'l, 3C?

N2-FTIR: ZCu'-N2 2300, 2992 [¢67]
CO-FTIR: ZCu'(CO) 2155; ZCu'(CO)2
2178, 2148; ZCu'(CO)s 2194, 2169 (sh),

(2) zcu! 2134 (&) [*] XAS: Cu', 2C
XAS: Cul, 2C [*047.84]
(3a) [Cu(n-02)]* Raman: v(0-0) 1121, v(Cu-0) 472 ["*79] Raman: v(O-O) broad bands with
3) ZCu'"oy . maxima at 1100 and 1155
©) (3b) [Cu(n?®-02)] Raman: v(0-0) 1043, v(Cu-0) 554 [4 6] XAS: Cul' 3C/AC
Raman:
. 0-0) 830
. Raman: v(0-0) 837, v(Cu-O) 510, 580 :
U-1.2- 2 -
(4a)[Cu(trans-p-1,2-02)Cu] [%]: v(0-0) 832, v(Cu-0) 561 [ ¥] \5153((:)11 0) (IaSS(();_,
(4) ZCu'(O2)Cu'"Z sensitive) XAS:
Cu'' 3c/4C;
Raman: v(O-0O) 736, v(Cu-O) 269 [*1]; Raman: Cu—Cu3.42 A

(4b) [Cu(u-nZ:n%-02)Cu]?* v(0-0) 763, v(Cu-0) 284 [2];

Not observed in [%5] Not observed

(5) ZCu"Or Not identified Not identified
Raman: v(Cu-0) 616-617 [%]; )
(6) ZCu'oCu'Z  (6) [Cu-(1-O)-CuJ?* XAS: Cu" 3C; Cu—Cu~2.9 A in Raman: v(Cu-0) 618

. 1 . —
CU-MOR [1] and Cu-ZSM.5 [¥] XAS: Cu'' 3C; Cu-Cu 3.42 A

a2C, 3C,4C = 2-, 3-, 4-fold coordinated Cu species with Oer and Onw atoms the first coordination sphere, respectively.

Based on these considerations, the residual Cu'" component observed after He-activation of Cu-SSZ-13 with
Si:Al in the 12-15 range could be ascribed to a mixture of inactive Z,Cu" sites in 6r and active ZCu""OCu'"'Z cores
still retaining their oxo bridge, which would account for the corresponding non-zero yield. These internal path-
ways to Cu'Oy, moieties can, in principle, occur also during O-activation in parallel to reactions of newly
formed Cu' sites. In this case, the O,-rich atmosphere is expected to limit the aforementioned oxygen desorption
phenomena, thus enriching the population of ZCu"OCu"Z cores. In Cu-SSZ-13, these latter species have so far
been assumed only to form in 8r containing 2 Al atoms, corresponding to DFT-optimized Cu-Cu distances in the
2.6-3.1 A range, depending on the number of Si atoms separating the two Al sites.3® 72 The longer Cu-Cu distanc-
es found here by EXAFS, more similar to what predicted for mono-(u-oxo) dicopper in the 12r of Cu-MOR (Cu-
Cu ~ 3.5 A™) could suggest these species to form also by bridging two Cu centers distinctly located in 8r and
6r,as previously found from DFT for a ZCu"O,Cu"Z complex.?> ™

Summarizing Scheme 1, Z[Cu"OH] precursors can evolve to a set of tri-coordinated Cu" moieties either from
direct reaction of self-reduced ZCu' with O, giving [Cu(n!-O2)]* superoxo or [Cu(trans-p-1,2-O2)Cu]?* peroxo
complexes, or from internal pathways, resulting e.g. in mono-(pu-oxo) dicopper cores. The abundance of multi-
copper species is definitely determined by the availability and distribution of Al in the zeolite.

4. CONCLUSIONS

The individual process steps in the direct conversion of methane to methanol over Cu-SSZ-13 materials have
been investigated in detail and relationships between productivity and Cu-speciation have been established. High-
temperature treatment at 500 °C in oxygen and a prolonged activation time positively impact the productivity, as
a result of an increased formation of reactive Cu'' species. We evidence how high partial pressure of CH,4 at 200
°C is required to achieve saturation of the active centers with reactive intermediates, and illustrate the possibility
of isothermal extraction of methanol. Employing optimized process conditions, we are able to achieve a methanol
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productivity equal of 0.172 molCH3;OH/molCu (107 umol/g). Intriguingly, four cycles of the process drive the
productivity to 0.202 molCH3zOH/molCu (125 pmol/g). This increase is related to the water-assisted mobilization
of the metal centers during the extraction step, driving higher fractions of Cu into the active framework positions.

Our results support tri-coordinated framework-interacting Cu" centers, with two O and one O ligands in the
first metal coordination sphere, as the most favorable sites for methane conversion. We found this coordination
mode to be dominant at 500 °C, whereas at 200 °C four-coordinated Cu' species appear to be also present, result-
ing in a lower productivity. By coupling the XAS spectroscopic insights with the results from activity measure-
ments, we were able to exclude the direct involvement of Z[Cu""OH] complexes. These species progressively de-
plete during exposure to high temperature oxidative treatment, and are proposed to be precursor to the active spe-
cies.

Via operando XAS we directly probed the Cu'" to Cu' reduction of 27% of the Cu sites during methane loading.
However, a certain fraction of the Cu' formed during interaction with methane likely originates from pathways
leading to over-oxidation products. Indeed, during H»O-assisted extraction, we observed the re-oxidation of only
about half of the previously reduced Cu sites (13% total Cu), identified as the actual reactive sites.

Furthermore, we explored the correlations between elemental composition (Cu:Al and Si:Al ratios) in Cu-SSZ-
13 and methanol productivity. The combination of testing and XAS measurements clearly evidences a positive
linear correlation between the methanol productivity and the reducibility of the Cu centers. The high redox inert-
ness of 2Al Z,Cu'"" sites in 6r, favored at low Si:Al and low Cu-loading, results in completely inactive Cu sites for
the methane to methanol conversion. Instead, intermediate Si:Al ratios (~ 12—15) and high Cu-loading (~ 0.5)
lead to a high population of Z[Cu"OH] sites, ultimately resulting in high methanol yields per Cu.
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