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ABSTRACT: In the pursuit of controlling the propensity of Cu-
mordenite (MOR) for the selective oxidation of CH4, we take a
closer look at intrinsic zeolite parameters. Via synthesis design, we
vary the relative proportion of Al situated near the 8-rings and 12-
rings of MOR zeolite. This is accomplished using different Al
sources impacting the local degree of silica dissolution and zeolite
formation as evidenced by crystallization times and morphological
differences. Interrogating the crystalline system with steric probe
molecules in conjunction with spectroscopic techniques such as 1H
magic angle spinning (MAS) NMR, infrared spectroscopy, as well
as temperature-programmed desorption confirms discrete changes
of the Al within the unit cell. The subsequent copper exchange
allows for the generation of Cu-MOR materials of different inclinations for the activation of methane in the stepwise formation of
MeOH. Here, an increasing degree of acid sites in more easily accessible locations (e.g., 12-ring) correlates with increasing maximum
productivity toward MeOH at moderate exchange degrees. X-ray absorption spectroscopy supports this notion, finding a higher
concentration of self-reduction-resistant framework-associated Cu2+ species, previously established as the active sites in the selective
oxidation of CH4.
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1. INTRODUCTION

Small alkanes, such as CH4, are potent greenhouse gases
contributing to climate change. Released primarily by the large-
scale venting of natural gas,1 waste-CH4 (and other small
alkanes) mitigation is also necessary to address their generation
during the upcycling of plastics,2 biogas leaking from municipal
waste (35−75% CH4),

3 and the potential release of CH4 from
clathrates on ocean floors and entrapped in thawing
permafrost. The challenge lies in the strong C−H bond with
a bond dissociation energy (BDE) of 435 kJ/mol posing a large
energy barrier for H-abstraction.4 This traditionally requires
complete disassembly of the CH4 molecule in large-scale,
energy-intensive steam reforming facilities. Yet, the remote and
distributed location of the gaseous waste-CH4 feedstock
precludes the use of this centralized chemical industry. To
address all of these challenges, groundbreaking selective
oxidation technologydeployed in modular unit opera-
tionsis crucial.
Mastery of the selective oxidation of CH4 requires the

isolation of the reactive MeOH intermediate, ideally using
inexpensive oxygen. Groothaert et al. were the first to report a
heterogeneous systema zeolitecontaining a copper moiety
able to activate oxygen at low temperatures and selectively
oxidize CH4.

5 Among the various types of zeolite frameworks

investigated, the mordenite system (MOR) appears to achieve
exceptionally high MeOH yields. When accounting for how
many moles of MeOH are produced under atmospheric
conditions per moles of copper used (i.e., MeOH productiv-
ity), the MOR system tends to outperform other systems such
as MFI, CHA, and FER.6,7 Note that this empirical trend holds
true for the stoichiometric, stepwise process, while the site-
specific rates of the continuous, catalytic process appear to
favor small-pore CHA over the MOR system.8,9

An interesting feature in the MOR system is the 8-ring
channel that runs in parallel to the 12-ring pore.10 The
distorted nature of the 8-ring (5.7 × 2.6 Å) prevents molecules
from entering it alongside the 12-ring. However, it is possible
to access this cavity via an 8-ring (3.4 × 4.8 Å) situated
perpendicular to the 12-ring within the zeolite framework. As a
result, MOR can be considered a one-dimensional zeolite with
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a large-pore 12-ring and an internal, small-pore 8-ring side
pocket. The latter has been identified by Grundner et al. to
impart effectiveness to the resulting Cu species.11 They
conclude that the active copper is present as a Cu-oxo trimeric
species (with a productivity of 0.3 molMeOH/molCu). Other
groups later observed productivities of 0.5, which they
associated with dimeric Cu-oxo species,12−14 also inferred
from spectroscopic means. This highlights the uncertainty still
concerning the Cu-MOR system and its active site motif for
CH4 to MeOH oxidation.
Recently, it has been suggested that the location of the Cu-

oxo system within the MOR zeolite can also influence the
reaction outcome. Solomon et al. modeled the tendency of a
[Cu2O]

2+ species to activate CH4 by abstracting a hydrogen
atom, finding that a more constricted space in the 8-ring is
favorable.15 Lercher et al. then demonstrated the possibility for
activating an additional oxygen in their proposed Cu3O3 motif
by increasing the chemical potential (i.e., CH4 pressure), and
also modeled the location of this Cu-oxo species to influence
the Gibbs free energy for CH4 activation.

16 Davis et al. showed
that when using Na-exchanged MOR instead of H+-exchanged
MOR, the Cu species occupy different sites, leading to a lower
overall selectivity toward MeOH.17 They hypothesized that the
Na+ cations populate the 8-ring exchange sites, pushing the
Cu-oxo sites closer to the 12-ring. The larger space available
promotes the formation of less selective Cu-peroxo species.
Previously, Dyballa et al. also noted a lower productivity for a
Cu,Na-MOR system over a Cu,H-MOR system; however, the
MeOH selectivity was equally high.12,18 These results suggest
that not all MOR zeolite supports are comparable and that
control over the location of Cu-oxo species, via synthesis
design, could enable the tuning of the oxidation potential of
the resulting Cu zeolites.
A distinctive feature for MOR is its four crystallographically

unique T-sites, of which one (T3) has been identified as
preferred for Al incorporation.19 Most noteworthy, this T-site
is situated deep within the 8-ring side pocket. Varying the
location of Al within a zeolite framework is an ambitious
endeavor due to the metastable nature of zeolites and the need
to kinetically isolate the most favorable composition. Recent
efforts have focused on influencing Al distributions in high-
silica zeolites such as SSZ-13 and ZSM-5.20−24 This has been
primarily achieved using a combination of low-charge-density
organic structure-directing agents (OSDA) and high-charge-
density inorganic cations.25 The use of alcohols has also been
shown to alter the incorporation location of Al.26 For the
stepwise oxidation of CH4 to MeOH, Al-rich systems (Si/Al <
10) are desirable, generating, in their Cu form, high CH3OH
yields. However, their synthesis typically precludes the use of
ionic OSDA posing a challenge to Al siting attempts. In the
case of Al-rich MOR, it should be noted that the scientific
literature historically used to differentiate between a small-port
and large-port MOR variant, implying low (<0.1 cm3/g) and
high microporosities (>0.1 cm3/g), respectively.27 Note that
Knorpp et al. have recently revisited this distinction finding
large-port Cu-MOR to be more efficient at selectively oxidizing
CH4.

28 Results by Lu et al. indicate that this port size
distinction can be influenced by the Al source, and upon
exchange of Na+ with the smaller Li+, small-port Na-MOR can
be converted into large-port Li-MOR.29 Building on these
observations, we posit that the Al source in highly alkaline
syntheses can be used to influence the Al distribution within
MOR zeolites. Subsequently, we will show how this impacts

the propensity of the resulting Cu-oxo species for the selective
oxidation of CH4.

2. RESULTS AND DISCUSSION
2.1. Characterization of As-Made Zeolites. We

investigated the synthesis of MOR using four different Al
sources, NaAlO2, Al(OH)3, Al(NO3)3, and Al2(SO4)3. In all
cases, gel composition and crystallization temperature (170
°C) were held constant varying only the Al source. The
crystallization was followed by periodically removing auto-
claves from the oven and studying the degree of crystallinity,
and ultimately pure MOR phase was isolated in all cases, as
assessed by X-ray diffraction (Figure S1). The resulting
materials were all found to be highly crystalline MOR;
however, physicochemical differences can be observed depend-
ing on the Al source (Table 1).

Most significantly, the pH of the synthesis prior to
crystallization varied slightly. The pH is typically a function
of the mineralizer agents (i.e., NaOH) concentration. A high
pH (i.e., a high NaOH concentration) facilitates rapid
depolymerization of the amorphous SiO2 source needed to
enable the formation of small aluminosilicate building units
that subsequently reorganize and crystallize into larger zeolitic
segments.30,31 It follows that the lower pH observed for
Al(NO3)3 and Al2(SO4)3 results in the observed longer
crystallization time that also includes a prolonged induction
period during which no X-ray visible crystals are observed. In
addition to the crystallization time, another aspect that is
seemingly affected by the choice of the Al source is the yield of
the crystalline phase. Higher yields are measured for the gels of
lower alkalinity. Tracing the crystallization process by record-
ing the solid yield infers that the amorphous precursor is highly
stable under alkaline conditions (Figure S1). de Jong et al.
have noted that MOR synthesis proceeds via a reorganization/
dissolution of an aluminosilicate gel rather than a silica gel.32

Once a sufficient degree of crystalline material is formed, the
solid yield drops. We hypothesize that the higher pH for
Al(OH)3 and NaAlO2 is seemingly enough to dissolve part of
the crystalline material, resulting in a lower yield of the zeolite
phase. This dissolution also results in a lower Si/Al compared
to both the initial gel ratio (Si/Algel 14) and compared to the
gels of lower alkalinity (Al(NO3)3 and Al2(SO4)3), implying
less Si retention. It should be noted that the molarity of the
mineralizer agent, NaOH, was held constant in all syntheses,
implying that it is the Al source that affects the pH. The
structure of Al in aqueous conditions can vary depending on
the pH; however, under such highly alkaline conditions, it is
always present as Al(OH)4

−.33,34 Thus, we can specify that the
pH-induced differences in the materials must be associated
with the role of the inorganic Al salt’s anion. The Al salts
dissociate, releasing, in the case of Al(NO3)3 and Al2(SO4)3,

Table 1. Impact of Varying the Al Source on the pH of the
Synthesis Gel, Crystallization Time, Solid Yield, and Si/Al
of the Resulting MOR Pure Crystal Phasea

Al source pHgel crystallization time (h) solid yield (%) Si/Al

Al(OH)3 >14.5 24 51 6.7
NaAlO2 14.35 48 59 6.3
Al(NO3)3 14.20 67 84 9.2
Al2(SO4)3 14.10 88 88 9.1

aThe gel composition was 5.9 Na2O:Al2O3:28 SiO2:318 H2O.
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the weak conjugate bases of strong acids. Unlike strong
conjugate bases (e.g., OH−), they do not increase the pH.
While the pH meter only detects the pH in the bulk of the gel,
we speculate these differences to be more pronounced in the
local environment of the amorphous precursor’s pores. Here,
the degree of supersaturation and thus the rate of
crystallization as well as the mode of crystal growth will vary.
Differences in crystal growth are evident from inspecting the
crystals with scanning electron microscopy (SEM, Figure 1).

In all four syntheses, micron-sized MOR crystals (>10 μm)
were obtained that have well-defined facets forming prismatic
bulk crystals without significant intergrowth. The large crystal
size is due to the low water content during the hydrothermal
synthesis.32 At the same time, the slower crystallization kinetics
of the less basic Al salts also results in larger particle sizes (20
vs 12 μm for the longest axis, the a-axis). Measuring the aspect
ratios (Lc/Lb and Lc/La) suggests a slight inclination toward
preferential crystal growths along the a and c-axes at the
expense of the b-axis for syntheses at a lower alkalinity (Figure
S2). For MOR, the c-axis is assigned to the direction of the 12-
ring channel, implying that the b-axis would follow the
orthogonal 8-ring side pocket. Recently, Valtchev et al. have

shown how adding NH4F in ZSM-5 synthesis significantly
reduces growth along the b-axis, allowing for easier diffusion
along the straight channels in the zeolite.35 Growth
modification can also be achieved by surfactants,36 as well as
reactivity differences of the Si source.37

Subtle changes are also observed for the specific surfaces
areas assessed with N2 adsorption at −196 °C (Table S2), with
the more alkaline systems (NaAlO2, Al(OH)3) having slightly
lower surface areas (400 vs 450 m2/g). However, as their
micropore volumes are above 0.1 cm3/g, all MOR systems are
classified as large-port MOR. Upon transformation of Na-
MOR into the H-MOR system, the surface areas and pore
volumes increase to ca. 500 m2/g for all samples irrespective of
the Al source. This increase is suggestive of pore blockage due
to the larger Na+ cations in the one-dimensional system. At the
same time, it also points toward an enrichment of Na+ (and
thus framework Al) in certain areas, leading to a lower porosity
for the more alkaline systems.

2.2. Determination of the Acid Site Distribution. To
obtain an active Cu-MOR system necessitates the ion exchange
with aqueous Cu2+ salts that titrate and exchange the H+

balancing the negative framework charge induced by
isomorphously substituted Al. Hence, the location of the Cu
exchange sites, the Brønsted acid sites, and the underlying Al
distribution are intrinsically linked, and determining any of
these will yield insight into the remaining unknowns.
Interrogating Al distributions is complicated by multiple T-
sites (such as in ZSM-5) as recently summarized by Bickel et
al.38 It requires UV−vis spectroscopy in conjunction with Co2+

ions and coupled with temperature-programmed desorption
(TPD) techniques to determine the amount of paired Al in
SSZ-13 and ZSM-5 zeolites.20,22 In the past, Vjunov et al. have
also successfully used a combination of Al MAS NMR, Al-
extended X-ray absorption fine structure (EXAFS), and density
functional theory (DFT) modeling to determine the Al
distribution in BEA zeolite.39

2.2.1. Temperature-Programmed Desorption (TPD). In the
case of MOR, we are exploiting the markedly different pore
systems of the 12-ring and 8-ring to elucidate differences
among the synthesized zeolite systems. Temperature-pro-
grammed desorption (TPD) utilizing a small probe molecule
such as NH3 (kinetic diameter 2.6 Å) can be a powerful
technique to quantify acid sites in the synthesized zeolites.
Starting with the NH4 form of the zeolites, we initially

Figure 1. Representative scanning electron micrographs of the as-
synthesized MOR zeolites. Crystal axes are annotated. The prismatic
crystals show different aspect ratios (Figure S2) depending on the Al
sources used.

Table 2. Elemental Composition of Synthesized MORa

acid site concentrationTPD
(μmol/g)b

H-MOR (Si/Al & Al source)
Al concentration

(μmol/g)b
extra-framework Al (AlVI)

(μmol/g)b
framework Al (AlIV)

(μmol/g)b NH4
+ NH3 n-propylamine

accessibility
index (%)c

MOR7-Al(OH)3 2165 450 1715 2090 1460 730 43 ± 3
MOR6-NaAlO2 2260 430 1830 2090 1530 830 45 ± 3
MOR9-Al(NO3)3 1640 290 1350 1590 1390 840 63 ± 4
MOR9-Al2(SO4)3 1660 340 1320 1460 1360 840 64 ± 4
MOR6 commercial 2150 430 1720 2070 1440 1190 69 ± 4
MOR8-NaAlO2 1890 360 1530 1700 1400 660 44 ± 3
MOR8-Al2(SO4)3 1850 350 1500 1620 1320 820 56 ± 3

aTotal Al concentration (from elemental analysis) and tetrahedral Al (AlIV, from 27Al MAS NMR) are in good agreement with the concentration
determined via temperature-programmed desorption of the NH4 form and titration of Brønsted acid sites with NH3. A more sterically hindered
probe, n-propylamine, titrates only a fraction of the sites postulated to be more accessible sites in the 12-ring opposed to the 8-ring. We define the
accessibility index (AI)-acid sites from n-propylamine with respect to the tetrahedral Al concentration. The accessibility index varies across the
investigated MOR samples. bUncertainty: ±5%. cBASn‑propylamine/Al

(IV).
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quantified the NH3 released during the decomposition of the
NH4

+-charge-balancing cation. This allows us to determine the
total amount of Al (i.e., theoretical maximum H+ concen-
tration) in the framework, with the concentration being in
excellent agreement with the Al concentration obtained via
elemental analysis from microwave plasma atomic emission
spectroscopy (MP-AES) (Table 2). The small discrepancy (ca.
10%) is attributed to adsorbed water on the zeolite, in
agreement with thermogravimetric analysis (TGA, not shown).
The decomposition of NH4

+ at high temperatures leads to
the formation of extra-framework Al as evidenced from 27Al
MAS NMR (Figure S8). Integration of the spectra for all
samples in their hydrated state allowed us to quantify the
amount of extra-framework Al in the form of octahedral hexa-
aqua Al species at 0 ppm being comparable for all protonic
zeolites (Table 2). Extra-framework Al can exist in many
different states;40 however, it no longer behaves as a Brønsted
acid or ion exchange site. Therefore, following the NH4

+-
decomposition TPD, we performed an NH3 adsorption step
during which NH3 chemisorbs on the in situ generated
Brønsted acid sites. Prior to the TPD step, the sample is
flushed with a stream of inert N2 at 170 °C, which removes
weakly bound physisorbed NH3 and NH3 from Lewis acid
sites.41 This ensures that the Lewis acidic extra-framework Al
does not conflate the total number of Brønsted acid sites
probed. The titrated amount of NH3 on Brønsted acid sites can
be compared to the concentration of tetrahedral Al obtained
by subtracting the amount of extra-framework Al (from 27Al
MAS NMR) from the total Al concentration measured with
MP-AES. Once more, we achieve a very good agreement across
the quantification techniques.
As the Si/Al ratio decreases, the TPD profile (Figure S4)

shows an increasing contribution of NH3 desorbed at lower
temperatures (300 vs 475 °C), suggestive of the weaker acid
strength associated with an increasing number of Al as next
nearest neighbor.42 As a result, it is conceivable for the inert
flushing period to remove more NH3 adsorbed on weaker sites,
leading to a higher discrepancy between titrated acid sites
titrated and those theoretically available based on 27Al MAS
NMR and MP-AES. Sodium back-exchange into the NH4 form
does after all suggest that 95% of all Al is exchangeable,
irrespective of the Al source (Figure S13b).
n-Propylamine is another base molecule that can be used to

titrate acid sites. It is only sensitive to Brønsted acid sites that
upon heating catalyze a Hoffman-type elimination reaction
releasing propene, directly correlated with the Brønsted acid
site concentration.43 The propylamine molecule is larger than
NH3, allowing for discrimination in acid site locations. It has
been observed that propylamine is able to titrate all sites in 10-
ring ZSM-5, however, only a fraction thereof in the small-pore
SSZ-13, as the molecule is hindered by diffusion through the 8-
ring window.41 We observe a similar differentiation in MOR,
with propylamine TPD leading to lower concentrations of acid
sites compared to NH3 TPD (Table 2). Based on the
similarities with the small-pore SSZ-13 zeolite, we suggest that
propylamine cannot access acid sites in the 8-ring with the
caveat that we cannot exclude the possibility of acid site
titration in the 8-ring pore mouth. Yet, the origin of the zeolite
sample affects the amount of Brønsted sites available for
titration by propylamine. We find that MOR crystallized from
using NaAlO2 and Al(OH)3 in the synthesis gel contains a
higher contribution of acid sites in the 8-ring, compared to
using Al(NO3)3 and Al2(SO4)3. We define the ratio between

acid sites quantified with propylamine and tetrahedral Al from
27Al MAS NMR, the accessibility index (AI, Table 2). This
descriptor neatly suggests that in accordance with the
morphological differences described in the previous section,
the choice of Al source and pH affects the intrinsic zeolite
properties. Interestingly, the acid site properties of a
commercial sample (CBV10Ads), previously used to generate
the highly active Cu-MOR material,13 are in agreement with
the latter two Al sources.

2.2.2. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS). To corroborate the evidence for
differing Al distributions in MOR, we performed additional
characterization of the materials, mainly with infrared (IR) and
solid-state NMR spectroscopy. Previously, IR spectroscopy has
been utilized to highlight spatial differences in the acid sites of
MOR by probing the stretching vibrations of the bridging
hydroxyls.44,45 The band located at 3605 cm−1 can be
deconvoluted into two species at 3610 and 3590 cm−1

associated with acid sites in the 12-ring and 8-ring, respectively
(Figure 2).44,45 As the large crystal size of the synthesized

MOR prevented the use of transmission mode, the measure-
ments were performed in diffuse reflectance mode (DRIFTS).
The range of hydroxyl bands observed can be assigned to
bridging hydroxyls (3600 cm−1), hydroxyls associated with
extra-framework Al (3650 cm−1), and those belonging to
internal and external silanol groups (3720 and 3740 cm−1,
respectively).46 The smaller crystal size of the commercial H-
MOR (CBV10Ads) is evident from the higher contribution of
external SiOH, relative to the bridging hydroxyls. MOR9-
Al2(SO4)3 and MOR9-Al(NO3)3 also exhibit a slightly higher

Figure 2. DRIFTS spectra of the hydroxyl region for the protonic
forms of MOR synthesized in-house and commercially available
(CBV10Ads). The spectra are normalized to the lattice vibrations
(2090−1750 cm−1, not shown) and shifted vertically. Spectra are
collected at 380 °C under atmospheric conditions.
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contribution of external SiOH compared to MOR synthesized
under more alkaline conditions, which we tentatively attribute
to the larger external surface area generated by the preferential
crystal growth along the a-axis.
In agreement with vibrations of two distinct bridging

hydroxyl groups, the asymmetric nature of the 3600 cm−1

peak is self-evident. Note that the spectra are collected at high
temperatures, leading to a redshift compared to those typically
reported at room temperature. Deconvolution of the spectra
into three main components assigned to bridging hydroxyls in
the 8-ring (3570 cm−1), 12-ring (3590 cm−1), and Al-OH
(3650 cm−1) supports the data obtained from TPD results
(Figure S5). MOR synthesized with NaAlO2 or Al(OH)3 has a
higher preference for incorporating acid sites in the 8-ring,
compared to Al(NO3)3 and Al2(SO4)3. Most noteworthily,
commercial H-MOR follows the latter two Al sources,
repeating the trend first substantiated with TPD.
2.2.3. Magic Angle Spinning NMR (MAS NMR). Unlike

DRIFTS, 1H MAS NMR is a powerful technique not
susceptible to erroneous surface effects. A quantitative
assessment of protons can be achieved by evaluating spectra
of the dehydrated MOR (Figure S6). Similar to the DRIFTS
spectra, the most pronounced feature belongs to the bridging
hydroxyls (3.8 ppm).47,48 Additional peaks up- and downfield
are assigned to SiOH (1.9 ppm), AlOH (2.6 ppm), and more
distorted protons (6−9 ppm), respectively. These distorted
protons are likely coordinated to residual, strongly bound
water molecules.49−51 As observed with DRIFTS, the main
difference between MOR9-Al2(SO4)3 and MOR6-NaAlO2 is
the higher relative concentration of Al-OH and SiOH groups
in the latter. Quantification of octahedral, extra-framework Al
with 27Al MAS NMR (Figure S8) resulted in largely the same
amount for all synthesized MOR. Note that the discrepancy to
the 1H MAS NMR and DRIFTS data can be rationalized by
the presence of small extra-framework Al clusters.40,52

Furthermore, it is possible for some more distorted Al to be
broadened beyond detection at this field strength.53,54

1H MAS NMR by itself is not able to resolve spatial
differences between the bridging hydroxyl groups (3.8 ppm).
To achieve spatial resolution, Zheng et al. suggest the use of
the weak base molecule, deuterated acetonitrile (CD3CN).

49

The small size of this probe molecule (3.9 Å kinetic diameter)
should allow it to diffuse into the small 8-ring pore channel via
the side pocket (3.4 × 4.8 Å) and titrate those acid sites in
addition to those present in less confined places of the 12-ring.
To ensure complete titration of acid sites, the dehydrated
sample was exposed to CD3CN vapors at room temperature
until equilibration was achieved, followed by a rapid degassing
of physisorbed CD3CN. The resulting

1H MAS NMR spectra
exhibit the presence of two new peaks at ca. 10.5 and 12.5 ppm
at the expense of the peak at 3.8 ppm while leaving the
remaining peaks untouched (Figure 3).
Zheng et al. assigned the two peaks at 10.5 and 12.5 ppm to

acid sites in the 12-ring and 8-ring, respectively.49 The higher
chemical shift of 8-ring protons is related to their stronger acid
strength, in agreement with the lower wavenumber for the O−
H stretching vibration as observed with DRIFTS. An adequate
fit of the two peaks is achieved for a number of spectra,
suggesting 17% of the Brønsted acid sites are in the 8-ring for
the MOR9-Al2(SO4)3 sample. In contrast, the MOR6-NaAlO2
sample has more protons in the constricted spaces of the 8-ring
(23%). Commercial H-MOR has only 14% of protons in the 8-

ring, continuing the trend now observed with TPD and
DRIFTS.

2.2.4. CO Infrared Spectroscopy. Studying the samples by
titrating acid sites at low temperatures (−196 °C) with CO
(kinetic diameter 3.7 Å) further strengthened the evidence for
having successfully altered the Al distribution in MOR. With
increasing CO pressure, two peaks appear in the region
between 2200 and 2080 cm−1 (Figure S9).55 At 2170−2175
cm−1, perturbed CO vibrations appear from the interaction
with acid sites. At higher pressures, physisorbed CO gives rise
to the band at 2138 cm−1. It is apparent from the intensity of
the perturbed CO vibrations that MOR6-NaAlO2 has more
acid sites, in line with the higher Al concentration.
Furthermore, the peak shape is more symmetric. Lavalley et
al. assign two species to the band centered at 2173 cm−1, with
CO adsorbed on acid sites in the 8-ring giving rise to a
shoulder at 2169 cm−1 while those in the 12-ring appear at
2175 cm−1.55 These two species can be clearly distinguished at
low to medium CO pressures in the MOR9-Al2(SO4)3 sample.
The more symmetric peak shape of the MOR6-NaAlO2 sample
results from a higher contribution of the species at 2169 cm−1,
in agreement with DRIFTS and 1H MAS NMR. To assess and
confirm the relative contribution of acid sites in the 12-ring
and 8-ring, we attempted deconvolution of the IR band at 2173
cm−1 (Figure S10). In contrast to MOR6-NaAlO2, a higher
contribution of acid sites are located in the 12-ring for MOR9-
Al2(SO4)3, even at low CO pressures. While this result concurs
with the trends observed with TPD, DRIFTS, and MAS NMR,
dosing of CO does purport an overall higher relative
concentration of acid sites in the 8-ring, irrespective of Al
source (Figure 4).

2.2.5. Acid Site Accessibility. Figure 4 summarizes the four
characterization techniques used to differentiate between acid
sites in the 8- and 12-ring of MOR. There is an unmistakable
trend toward higher acid site concentrations in the 12-ring
when using Al(NO3)3 or Al2(SO4)3 as the Al source. However,
discrepancies for the individual techniques need to be
rationalized. For the lab-synthesized, large MOR crystals,
DRIFTS measures a higher concentration of acid sites in the
12-ring, compared to TPD results. The small crystals of the
commercial H-MOR sample, however, agree well with TPD
results, indicating a surface bias for the DRIFTS measurement.

Figure 3. Adsorption of CD3CN onto dehydrated MOR leading to
the appearance of two new peaks at the expense of the 3.8 ppm peak.
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Even higher relative concentrations of acid sites in the 12-ring
are obtained from dosing CD3CN and probing with 1H MAS
NMR. Qualitatively, the spectra are comparable to those
reported by Zheng et al.,49,50 yet typical acid site distributions
(12-ring vs 8-ring) in MOR are usually reported as 2:1 to
1:1.44 This discrepancy could be associated with unknown
molar extinction coefficients in IR spectra or a degree of sites
in the 8-ring that cannot be titrated. The residual presence of
the peak at 3.8 ppm post-adsorption would support the latter
hypothesis. Finally, dosing of CO yields a good agreement with
TPD results for the MOR6-NaAlO2, while slightly diverging
for MOR9-Al2(SO4)3. We attribute this deviation to the
inability of CO to differentiate between acid sites in the 8-ring
and those situated in the 8-ring side pocket closer to the 12-
ring, whereas n-propylamine can conceivably titrate these sites.
Thus, we conclude that the miniscule pH changes in the
synthesis gel, attributed to the dissociation of different Al
precursors, impacts the Al distribution in MOR as evidenced
by the subsequently probed acid site accessibility.
To prove this concept, we synthesized two additional MOR

zeolites (Supporting Information). In the first case, we
increased the Si/Al of MOR-NaAlO2 from 6 to 8 to assess
whether the accessibility index is an artifact of lower Si/Al
ratios. The obtained zeolite, MOR8-NaAlO2, showed com-
parable morphological and physicochemical properties to the
previously synthesized MOR6-NaAlO2. NH4-TPD and NH3-
TPD were in line with the total Al and theoretical tetrahedral
Al contents (Table 2). Most importantly, the accessibility
index was 44% and thus comparable to those indices obtained
for MOR6-NaAlO2 and MOR7-Al(OH)3.
The second proof-of-concept MOR synthesis aimed at

confirming the impact of the pH. Synthesis of MOR with
Al2(SO4)3 was repeated; however, the gel was modified by the
addition of more NaOH, increasing the ratio of OH-/SiO2
from 0.42 to 0.50. This increased the pH from 14.1 to 14.25.
Consequently, the synthesized MOR had a slightly lower Si/Al
of 8, a faster crystallization time (57 vs 88 h), and a smaller
average particle diameter (17 vs 21 μm). Determining the
accessibility index yielded a lower value (56%) compared to
the parent MOR9-Al2(SO4)3 (64%), which appears to confirm

the successful modification of the Al site distribution on MOR
as a function of the local pH.
In conclusion, it is evident how minor pH adjustments

strongly affect the physicochemical properties of zeolites, with
the inorganic cations and more importantly anions playing a
structure-directing effect. Interestingly, the role of anions in
zeolite synthesis has been investigated before by Kumar et al.
showing that oxyanions, including SO4

2−, can accelerate the
formation process.56,57 More recently, Yu et al. observed a
similar crystallization rate enhancement by expanding the
investigation to include the complete Hofmeister series
(SO4

2−, F−, Cl−, etc.).58 They find that the OSDA molecule
is surrounded not only by a hydration sphere, a clathrate
model first proposed by Burkett and Davis,59 but also by the
anions that facilitate the release of water molecules from the
hydration sphere and thus promote condensation of Si−O−Si
bonds in the zeolite. Although this has been shown for high-
silica zeolites, the synthesis of Al-rich FAU has also been
shown to be influenced by the structuring of water molecules
surrounding ions, in this case Na+.31,60 We do not observe any
beneficial effect on the crystallization rate induced by the
presence of oxyanions (SO4

2− and NO3
−) for MOR synthesis.

It is strongly suggested that pH plays a dominant role in
controlling the crystallization behavior. However, we do not
want to exclude the very exciting possibility for these anions to
influence the incorporation degree of Al into specific T-sites.
Liu et al., for example, have highlighted the significance of
gripper-like Si species to direct the spatial arrangement of
heteroatoms,61 a process that might very well be influenced by
the presence of specific anions.

2.3. Towards the Direct Activation of CH4. Several
authors have noted the significance of MOR with different acid
site distributions, mainly with effect on the carbonylation of
dimethylether, where acid sites in the 8-ring are exceptionally
active.45

However, as pointed out above, the partial oxidation of CH4
over MOR zeolites also exhibits a range of performances.
Having successfully altered the acid site distributions in MOR,
we now aim to investigate its impact on the productivity
towards direct activation of CH4 to MeOH over Cu-MOR.
Copper is introduced via ionic exchange of aqueous copper
acetate solutions at room temperature and a controlled pH of
5.2, the latter preventing the formation of copper nano-
particles.62 In our previous study, different copper exchange
degrees were achieved by changing the molarity of the
Cu(acetate)2 solution;12 however, preliminary results sug-
gested that the copper uptake in lab-synthesized H-MOR was
severely limited compared to the commercial H-MOR (Figure
S12a). The NH4-MOR form, however, had a higher copper
uptake. Higher exchange degrees were also attainable for the
H-MOR forms at higher temperatures (60 °C) as well as when
performing sequential exchange steps with intermediary drying
steps. We were able to construct an exchange isotherm for the
copper exchange at room temperature, as shown in Figure
S12b.
From Figure S12b, it is evident that the large crystal size of

the synthesized MOR hampers the transport of hydrated
copper ions, [Cu(H2O)6]

2+. The long diffusion pathways in
the crystal lattice prevent the hydrated copper ions from
occupying all possible exchange sites. Instead, an intermediary
drying step, removing the water ligands, allows the smaller
Cu2+ ions to migrate to their final exchange location. This
enables sequential exchanges to increase the copper loading in

Figure 4. Acid site distributions for MOR zeolites discussed in this
study as assessed with several different techniques. Color coding is
used to illustrate the respective technique. The solid colored bars
correspond to acid sites in the 12-ring (AI) with those in 8-rings
making up the difference (patterned bars).
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the zeolites. Intuitively, the more accessible the acid sites, the
more readily a higher copper exchange degree is achieved, seen
in Figure S12b.
Next, we assessed the performance of these Cu-MOR

zeolites in the stepwise partial selective oxidation of CH4. The
reaction protocol follows our previously described method-
ology;13 however, the CH4 loading was shortened to 3 h
without significantly affecting the total yield of the reaction.63

In our previous study, investigating copper exchanged on the
commercial MOR highlighted that a Cu/Al ratio of <0.2 was
optimal in terms of the MeOH productivity.13 We therefore
focused our study on two series of Cu-MOR across a range of
copper loadings on the tetrahedral Al (i.e., Cu/Al(IV)). No
nanoparticles were observed in any of these samples as
ascertained by backscattering electrons.12 Unlike the materials
reported by Lercher et al.,11 our prepared Cu-MOR zeolites
are not single-site catalysts as the amount of CH4 activated per
copper proceeds through a productivity maximum (Figure 5).

At low exchange degrees, the MeOH selectivity is markedly
lower at 70% and correlates with a lower productivity. The
selectivity reaches and remains at a maximum of 90% in line
with a maximum in productivity at intermediate exchange
degrees. As the Cu loading is increased to nearly full exchange
(i.e., Cu/Al 0.5), the efficiency of copper atoms to oxidize CH4
to MeOH decreases. The volcano-type plots describe the
formation of an optimum number of Cu-oxo sites as the
copper loading is increased. At low exchange degrees, less
selective copper sites are present, likely attributed to a lack of
nearby copper atoms available for the formation of Cu-oxo
dimers. Consequently, no selective oxidation to CO2 occurs.

As the loading is increased, more nearby sites are populated,
enabling the formation of selective Cu-oxo species stabilizing
methoxy intermediates and improving the overall MeOH
productivity. Once the maximum number of active Cu-oxo
sites is obtained, any additional copper behaves as a spectator,
lowering the MeOH productivity at high loadings. These
spectators appear to be inactive rather than nonselective, as
evidenced by the continuously high MeOH selectivity. Note
that this volcano-type behavior implies the significance of
copper location in the framework. As demonstrated by the two
investigated Cu-MOR series, their provenance also plays a
crucial role in the maximum productivity obtained (Figure 5).
MOR synthesized with Al2(SO4)3 achieves a significantly
higher maximum productivity (0.40 molMeOH/molCu) than the
MOR synthesized in the presence of NaAlO2 (0.30 molMeOH/
molCu).
We have thus achieved, for the first time, the alteration of

MeOH productivity over Cu-MOR by changing synthesis
parameters, previously only shown for the SSZ-13 zeolite.64 In
that case, it was shown that Cu-oxo species situated near the
double 6-ring and coordinated to two framework aluminum
atoms are inactive. For MOR, however, no such synthesis−
structure−activity relationship exists to date. Davis et al.
observed that a Cu,Na-MOR system activates both less CH4
and less selectively toward MeOH than a comparable Cu,H-
MOR system.17 They pointed out that Na+ ions preferentially
exchange on acid sites in the 8-ring, thus suggesting that the
lower selectivity (70%) arises from the formation of Cu-peroxo
sites, which require more space (e.g., in the 12-ring) than Cu-
oxo dimers. It is clear that the two investigated Cu,H-MOR
systems reported here have diverging activities while showing
no differences in selectivity. Further, we can exclude Cu-Al-oxo
extra-framework clusters as proposed by Lee et al. having an
outsize role in explaining our reported material differences as
we used both NH4 and H forms for the ion exchange with
copper.52 It did not lead to distinct activity trends (Table S5).
Instead, we postulate that the acid site accessibility degree
induced by the Al site distribution influences the reactivity of
the subsequently formed Cu-oxo species. MOR-Al2(SO4)3 has
conceivably fewer acid sites in the highly constricted 8-ring,
and this correlates with a higher propensity for the activation
of CH4 than the MOR-NaAlO2 counterpart across the whole
Cu/Al range. The biggest improvement is achieved at
intermediate exchange degrees. Here, the trend can also be
extrapolated to the Cu-MOR previously reported by Pappas et
al.13 This sample is based on the commercial H-CBV10Ads,
shown by the results above, to have a high degree of acid site
accessibility (Table 2).
To underpin our hypothesis, we performed an ionic

exchange with Co2+ ions to quantify the concentration of Al
pairs. Acidic solutions of Co2+ ions preferentially exchange on
paired Al sites.20,65,66 The Langmuir-type cobalt-ion exchange
isotherm of the acidic cobalt acetate solution (pH 3−4)
showed comparable cobalt uptake for both MOR zeolites and
the absence of cobalt oxide nanoparticles. This was irrespective
of their Al source discounting varying degrees of Al pairing as a
possible explanation for the differing MeOH productivity
(Figure S13a).

2.4. Quantifying the Active Site with X-ray Absorp-
tion Spectroscopy (XAS). The active sites for the partial
CH4 oxidation in MOR have been suggested to be dimeric Cu-
oxo species formed during the high-temperature activation
procedure in oxygen.13 Linear combination fitting of X-ray

Figure 5. Partial oxidation of CH4 as performed over MOR
synthesized in-house using two different Al sources that generated
high and low degrees of acid site accessibility. The reaction protocol is
shown at the top. The data points are connected by a spline curve to
illustrate the trend behavior.
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absorption near-edge spectroscopy (XANES) along with
principal component analysis proposed that the most active
Cu-oxo dimers are formed by self-reduction-resistant Cu2+

bound to the zeolite framework.13 Utilizing XAS, we decided
to look more closely at the synthesized Cu-MOR zeolites of
different acid site accessibility. The XAS spectra of samples
with medium and high Cu loading were obtained on sealed
capillaries, pretreated in air at high temperatures. The XANES
region of all spectra shows the features of a pure Cu2+ state, as
previously described in detail.13 The most productive sample,
0.11CuHMOR-Al2(SO4)3, shows a differently shaped and
higher white line (WL) than the rest of the samples. This,
combined with a higher intensity in the first shell of the EXAFS
region suggests that this sample has more uniform bond
lengths and higher contributions from Cu−oxygen scatterings
(Figure 6). From our previous studies, we can infer that this

implies that the 0.11CuHMOR-Al2(SO4)3 has a higher
concentration of the highly active, self-reduction-resistant
Cu2+ active sites compared to the NaAlO2-based MOR. In
addition, due to more Cu in less favorable positions in the
higher Cu-loaded Al2(SO4)3 MOR, we see that the XANES
WL and EXAFS first shell are less intense also for this sample,
compared to the medium loaded version of the same Al salt,
likely a consequence of XAS being an averaging technique.
Based on these spectroscopic results, the origin for the higher

productivity of Cu-MOR-Al2(SO4)3 lies in the larger
concentration of active Cu-oxo dimers. This in turn implies
the formation of self-reduction-resistant Cu2+ to be favored
within the more accessible spaces of the MOR framework (i.e.,
not within the 8-ring channel). We can promote their
concentration and the subsequent generation of more efficient
Cu-oxo species by variations in zeolite formation, establishing a
clear synthesis−structure−activity relationship.

3. CONCLUSIONS

We successfully altered the propensity of Cu-MOR for the
partial oxidation of CH4 by modifying intrinsic zeolite
parameters, namely, the Al site distribution. This was
accomplished by varying the choice of Al salt used in the
synthesis gel leading to pH differences. Such small variations
had a significant impact on the zeolite formation process. This
leads to different aspect ratios of the micron-size crystals,
altering the Al distribution in the framework and by extension
the acid site and ion exchange site locations. A slightly lower
pH promotes zeolite formation with acid sites situated in more
accessible locations, away from the highly constricted 8-ring.
This trend was captured via size discriminating base molecules,
NH3, and n-propylamine and further supported by observa-
tions made with DRIFTS, 1H MAS NMR, and CO-IR. The
correlation between inorganic Al source and intrinsic zeolite
parameters was confirmed by variation of the gel pH, with a
slightly higher pH leading to lower acid site accessibility,
irrespective of the Si/Al ratio. The subsequently tested Cu-
MOR systems showed diverging MeOH productivity as more
accessible exchange sites promoted the formation of self-
reduction-resistant Cu2+ sites, previously identified to lead to
the most active pool of Cu-oxo dimers. The results reported
herein indicate that the properties of the underlying zeolite
support cannot be neglected and bear the potential for further
improvement of the CH4-to-MeOH conversion process.

4. EXPERIMENTAL PROCEDURE

4.1. Zeolite Synthesis. The synthesis was adapted from
the IZA-verified synthesis reported by Kim and Ahn.67 In a
first step, 9.63 g of NaOH (99% VWR) was dissolved in 20 mL
of H2O. Then, 4.83 g of NaAlO2 (50−56 wt % Al2O3, technical
grade, Sigma-Aldrich) was added to the clear solution and
stirred for 1 h. To the milky white solution, an additional 20
mL of H2O was added and stirring was continued for an
additional hour, during which the solution became clear. Then,
109 mL of H2O was added, followed by the slow addition of 45
g of amorphous precipitated SiO2 (Hi Sil 233, PPG
Industries), gradually forming a dense gel. The gel composition
was as follows: 5.9 Na2O:Al2O3:28 SiO2:318 H2O. Alternative
Al sources, used in equimolar Al2O3 amounts, were Al(OH)3 ×
H2O (50−57% Al2O3, Aldrich), Al(NO3)3 × 9H2O (Sigma-
Aldrich), and Al2(SO4)3 × 18H2O (98%, Sigma-Aldrich). This
gel was aged at room temperature for 2 h with intermittent
stirring before being placed in a Teflon-lined autoclave and
allowed to crystallize at 170 °C under static conditions over
the course of 24−96 h, depending on the gel composition and
Al source. Upon completion, the autoclave was quenched and
the solid powder isolated by filtration and washed with hot
distilled water until a pH <10 was obtained. The samples were
then dried at 70 °C overnight before undergoing further
characterization. To obtain protonic zeolites, the as-synthe-
sized Na-MOR was first exchanged 3× at 70 °C for 12 h with 1

Figure 6. (Top) XANES spectra of the Cu K-edge for several
activated Cu-MOR previously synthesized and tested for the partial
oxidation of CH4. (Bottom) EXAFS region highlighting the first shell
interactions.
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M NH4NO3 solution (20 mL/g). The NH4-MOR was then
calcined at 500 °C for 6 h (2 °C/min) in static air to
decompose the ammonium cations.
4.1.1. Sample Nomenclature. yMORx-“Al source” will be

used as nomenclature to describe the various zeolites
synthesized, with x representing the Si/Al ratio, y the Cu/Al
ratio, and Al source being replaced by the respective Al salt.
4.1.2. Preparation of Cu Zeolites. Cu zeolites of varying Cu

loading were obtained by exchanging either the NH4 or H
form of the synthesized MOR zeolites with aqueous 0.02 M
Cu(acetate)2 solution at room temperature for 4 h. Dropwise
addition of NH4OH increased the pH to 5.2. The pH was
measured, using an electrode, at the beginning, after 2 h, and at
the end to ensure that the pH was stable. As the exchange of
Cu into the microporous system was limited at room
temperature (see the Supporting Information, SI for exchange
isotherm), samples with higher Cu loading were achieved by
performing the exchange at 60 °C. After the exchange. the
solids were separated from the solute via filtration, washed
several times, and finally dried at 70 °C overnight. The samples
were calcined at 500 °C before further characterization and/or
testing. The samples were referenced based on their Cu/Al
ratio rather than their specific exchange history.
4.2. Characterization. 4.2.1. X-ray Diffraction. XRD

patterns were collected on a Bruker D8 Discovery diffrac-
tometer using Cu Kα radiation (λ = 1.5418 Å). Experiments
were run on a pressed powder sample holder in 2 theta range
of 2−50° with a step size of 0.02°/s under ambient conditions.
4.2.2. N2-Physisorption. N2-physisorption isotherms were

obtained using a BELSorp Maxi volumetric gas adsorption
instrument (MicroTrac MRB) at −196 °C. Prior to analysis,
the sample was evacuated at 300 °C for 10 h. The specific
surface area was determined using the BET equation under
pressure range relevant for microporous materials as defined by
Rouquerol et al.68 The total pore volume was obtained at p/p0
0.99. The micropore volume was calculated based on the t-plot
method.
4.2.3. Thermogravimetric Analysis (TGA). A Netzsch STA

449F Jupiter system was used to perform thermogravimetric
analysis to determine the amount of physisorbed water on the
zeolites. The material was heated to 1000 °C with a ramp rate
of 5 °C/min under the flow of 50 mL/min synthetic air and 15
mL/min N2.
4.2.4. Scanning Electron Microscopy (SEM). A Hitachi

SU8230 microscope was used to obtain micrographs using a 1
kV acceleration voltage at a 10 μA current. Backscattering
mode was used to identify any metallic clusters in Cu-
exchanged zeolites.
4.2.5. Transmission Infrared Spectroscopy. IR spectra were

measured on a Bruker Vertex 80 FT-IR spectrometer with an
MCT detector. The material was pressed into a self-supporting
wafer (15 mg) and placed inside a gold envelope within a
homemade vacuum cell. The sample was activated in vacuum
for 1.5 h at 450 °C before cooling to −196 °C with the help of
liquid nitrogen. Then, about 20 mbar of CO was dosed onto
the sample. After reaching equilibrium, the adsorbed CO was
desorbed in a controlled manner, while simultaneously
collecting spectra. The spectra were normalized to the
overtones at 1871 cm−1, and the spectrum collected before
the introduction of CO was used as background for the
background subtraction.
4.2.6. Diffuse Reflectance Infrared Fourier Transformed

Spectroscopy (DRIFTS). DRIFTS spectra were obtained on a

Bruker Vertex 70 FT-IR spectrometer using a Harrick Praying
Mantis cell. Prior to measurement, a reference sample (KBr)
was placed in the sample holder and a background was
collected. Then, the reference sample was replaced by the
material to be investigated and sample activation took place.
The final spectra were collected at 380 °C after 1 h activation
at 450 °C.

4.2.7. Temperature-Programmed Desorption (TPD). To
probe the concentration of Brønsted acid sites, the acid-
catalyzed Hoffman elimination of chemisorbed n-propylamine
was studied in a homemade flow adsorption setup connected
to a Pfeiffer Omnistar quadrupole mass spectrometer. First, ca.
50 mg of protonic zeolite was activated for 1 h at 500 °C (10
°C/min) in the flow of synthetic air (50 mL/min). After
cooling the sample to 170 °C, the catalyst was exposed to
saturated propylamine vapors in a N2 carrier gas (50 mL/min)
for 1 h. Physisorbed propylamine was then desorbed at the
same temperature over the course of 4 h (66 mL/min N2)
followed by heating to 500 °C to generate propene. To
quantify the amount of propene released, a calibrant gas was
injected into the system at the end of the experiment.
Additional experiments with varied N2 flow rates verified that
no released NH3 readsorbed on the surface.
To quantify the total Al concentration, the NH4 form was

decomposed in a flow of N2 (50 mL/min) heating to 600 °C at
10 °C/min, held for 1 h and cooled to 100 °C, and held for 5
h. The in situ generated acid sites were then titrated with NH3
(2000 ppm in N2) at 170 °C for 4 h. Once all sites were
saturated, breakthrough of the NH3 mass trace was observed
and used to calibrate the NH3 signal. Subsequently,
physisorbed and weakly adsorbed NH3 was removed from
the sample by flushing with N2 (66 mL/min) for 6 h. Finally, a
second TPD step (66 mL/min N2, 600 °C 10 °C/min) was
performed to quantify the amount of NH3 titrated on Brønsted
acid sites.

4.2.8. Microwave Plasma Atomic Emission Spectroscopy
(MP-AES). The elemental composition of the samples was
determined with the help of an Agilent 4100 MP-AES
instrument. Initially, the samples needed to be solubilized by
dissolving ca. 20 mg of material in 1 mL of 15% hydrofluoric
acid (HF) for 1 h in a Teflon liner. Complete dissolution was
verified by the absence of solid particles when shining a light
through the thin Teflon wall. Excess fluoride anions were
bound by the addition of 5 wt % H3BO3, and the solution was
diluted to 50 mL with distilled water. Quantification of the Si,
Al, Na, and Cu contents was achieved using external
calibration curves using commercial elemental standards.

4.2.9. Solid-State NMR. 27Al MAS NMR measurements
were performed on a Bruker Avance III spectrometer (11.74
T) located at SINTEF, Oslo (NO). Experiments were
conducted in a 3.2 mm triple-resonance MAS probe at a
spinning speed of 20 kHz. A single pulse sequence with a pulse
length of 0.44 μs, corresponding to a 15° pulse angle and a
recycle delay of 0.5 s, was used. A total of 10 000 scans were
collected. The spectra were referenced to an aqueous
Al(NO3)3 solution. The samples were hydrated over saturated
Ca(NO3)2 solution for 48 h prior to the measurement.

1H MAS NMR spectra were obtained using a 4 mm double-
resonance probe at a spinning rate of 12 kHz with a single
pulse sequence involving a 5 s recycle delay. A total of 800
scans were accumulated. The broad background in the proton
spectra was subtracted using an empty rotor spectrum after
bringing the spectra in-phase with each other. A 100 GHz
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Gaussian apodization and zero filling to 16k were used to
enhance the spectra resolution. Prior to the measurement, the
samples had to be dehydrated, which was achieved by
connecting a glass tube to a vacuum manifold and pretreating
the sample under vacuum at 450 °C for 16 h. The tube was
then flame-sealed under vacuum and used to fill the rotor (with
KF end-cap) in a glovebox. To titrate and identify specific acid
sites, deuterated acetonitrile vapors were adsorbed onto the
activated zeolite sample and allowed to equilibrate over the
course of 2 h. Physisorbed CD3CN was quickly removed, and
the sample was flame-sealed under vacuum.
4.2.10. X-ray Absorption Spectroscopy. XAS experiments

were performed at the BM31 beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble. Prior to
the experiment, the samples were pretreated at 500 °C in air
overnight before they were sealed and subsequently cooled
down to room temperature. The thickness of the capillaries
was chosen to be 1.5 mm, leading to a total absorption after
the edge, μx, around 2.4. The edge jumps were in the 0.2−0.5
range. The Cu K-edge spectra of the samples were collected in
transmission mode with the use of a water-cooled flat Si[111]
double-crystal monochromator. He- and Ar-filled ionization
chambers were used to measure the incident (I0) and
transmitted (I1) X-ray intensities. The EXAFS scans were
collected in the energy range of 8800−10 500 eV, with a
constant energy step of 0.3 eV. The spectra were normalized to
the unity edge jump using the Athena software from the
Demeter package.69 The χ(k) EXAFS functions were also
extracted using the Athena software, and finally, by calculating
the Fourier transform of the k2 χ(k) functions in the k range of
2.4−12.4 Å−1, we obtained the Fourier transform (FT) EXAFS
spectra.
4.3. CH4 to MeOH Testing. Sieved Cu zeolites (100 mg,

250−425 mm) were placed in a glass tubular reactor
containing a porous plug. The reactor was placed inside an
oven and connected to the gas feed system and a Pfeiffer
Quadstar Quadrupole Mass spectrometer. The sample was first
dehydrated at 150 °C in He (15 mL/min) before changing to a
flow of pure oxygen (100%, 15 mL/min) and activating the
sample at 500 °C (5 °C/min) for 8 h. This time was chosen
based on recent work on Cu-CHA to ensure that all Cu species
are transformed to the active Cu-oxo sites.64,70 Upon cooling
to 200 °C, the sample was purged in He (15 mL/min) for 45
min and then exposed to a flow of CH4 (100%, 15 mL/min)
for 3 h. This was followed by another purging step (He, 15
mL/min, 30 min) and subsequently, methanol was extracted
with a stream of 10% H2O saturated Ne/He (15 mL/min) for
2 h. All of the gas lines after the water saturator were heated to
∼130 °C to prevent cold spots and condensation in the lines.
The detected products were MeOH, dimethylether, and some
carbon monoxide and carbon dioxide. The effluent was
quantified using external conversion factors obtained from
calibrant gases. Dry weights were used to normalize the
amount of products formed.
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