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This study reports continuous and selective catalytic methanol
production from methane on H*-FER with a sheet-like morphology
using N,O as an oxidant. At 325 °C, total selectivity for methanol
and dimethyl ether reaches up to 97% via trace Cu addition or
thermal treatment.

Direct methane to methanol conversion (DMTM) with high
methanol selectivity has long been regarded as the Holy Grail of
C1 chemistry and catalysis. High methanol selectivity (>95%)
has been reported on Cu- or Fe-exchanged zeolites via a step-
wise reaction, where a pre-treatment forms active Cu,O,H,
and Fe,O, sites at high temperatures (~450 °C) with O,, or at
room temperature with N,0."” Spectroscopic and theoretical
analyses identified these sites as [CuOH]",> mono-(p-oxo)-
dicopper(u) ([Cu-O-Cu]*"),"** trans-u-1,2-peroxo dicopper(u),°
[Cu,(u-0);*,”® or [Fe=0]**,° depending on the zeolite frame-
work, Al density and arrangement and the type of oxidant.'*"*
Once formed, these active sites react stoichiometrically with
methane at temperatures lower than 300 °C (T, ~ 200 °C)
while preventing overoxidation of methane to CO,. After the
reaction, surface-bound intermediates (e.gz methoxy or
methanol'®) must be removed from the surface, typically using
water vapor as a solvent.'® In this reaction, active site formation
and methane conversion occur at different temperatures
because generating active sites requires more energy than
methane activation, which is prone to over-oxidation. On the
other hand, industry prefers continuous catalytic methanol
production over 3-step stoichiometric processes due to fewer
temperature and pressure shifts and more stable gas feed
conditions. Thus, several groups have investigated continuous
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catalytic conversion of methane to methanol using O,,>'*
N,O0"'® or H,0,'” as oxidants. However, the main limitation
of these processes is the low methanol selectivity. Higher
methanol selectivity (>80%) can be achieved with limited O,
(ppm level) or higher N,O concentrations; however, it is typi-
cally accompanied by very low methane conversion (generally
below 0.1%)."®"® Recently, methanol formation rates as high as
2448 umol g~ ' h™" have been reported on Cu-SSZ-39 at 350 °C
and a WHSV of 15000 ml g* h™"', using 40% N,O as the
oxidant, with CH, conversion approaching 2%.>° This metha-
nol formation rate approaches the industrially viable bench-
mark of 3000 pmol g~* h™', as reported by Lange et al.,*
although N,O remains a more expensive oxidant compared to
air. They also reported unexpectedly high methanol formation
rates (reaching 18 mmol g~* h™" at 350 °C with an optimized
WHSV and H,O ratio) on a transition-metal-free (i.e., Cu- or Fe-
free) ferrierite.”” A clear increase in methanol formation rate
and selectivity has been previously reported with decreasing Cu
concentration in zeolites,"**° linking the decline in methanol
formation to increased over-oxidation to CO and CO, products.*?
However, N,O activation of H'-zeolites such as H'-ferrierite, H'-
ZSM-5 and H'-MOR for methane partial oxidation has not been
previously reported and is an intriguing discovery. Although
several dealumination and characterization techniques were
implemented by Xiao et al to identify the active sites in H'-
ferrierite,”* the precise position and coordination of Al atoms still
require further investigation to better understand this unexpected
activity.

This study investigates methanol formation activity on
sheet-like H'-ferrierite (Nano-FER) compared to commercial
ferrierite (Com-FER), and examines Al distribution, Cu locations,
and N,O binding using in situ diffuse reflectance infra-red spectro-
scopy (DRIFTS), nuclear magnetic resonance (NMR) and density
functional theory (DFT) analyses.

XRD analysis of Nano-H'-FER and Com-H'-FER reveals
characteristic diffraction peaks of the FER-type zeolite, whose
crystal structure is orthorhombic and belongs to the Immm
space group. The relative XRD intensity values of Nano-H'-FER
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Fig. 1 (a) XRD patterns of Nano-H*-FER and Com-H"-FER (1 = 1.5418 A)
and (b) diffraction intensity values with respect to the (200) plane of Com-
H*-FER, SEM images of (c) Nano-H*-FER and (d) Com-H"-FER (inset
shows views of FER framework from [001] and [010] directions), and 2”Al
MAS NMR spectra of (e) Nano-H*-FER and (f) Com-H*-FER.
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on the (200), (020), and (101) planes indicate enhanced crystal
growth in the [010] direction, along with reduced thickness in
the [100] direction. Hence, the crystals grow predominantly in
the bc plane, which reduces the concentration of straight 10MR
channels (Fig. 1a and b). This orientation is further confirmed
by TEM analysis of Nano-H'-FER, which shows a measured
d-spacing of 0.94 nm (Fig. S2d, ESIt), consistent with the (200)
plane d-spacing and indicative of crystal alignment along the be
plane.> SEM analysis showed that the thickness of the nano-
sheets ranged from approximately 40 to 60 nm (Fig. 1c), while
TEM imaging revealed that individual sheets can be as thin as
~10 nm (Fig. S2, ESIt). Com-FER crystals exhibit more uniform
crystal lengths in all three directions, with sizes varying
between 500 nm and 1 pm (Fig. 1d). The *’Al MAS NMR spectra
of Com-NH,"-FER showed that only 2% of Al atoms were in
octahedral coordination (Fig. S3, ESIt). Among the tetrahed-
rally coordinated Al atoms, 53% were located at the T4 site (56-
58 ppm>®), and 21% at the T3 site (55 ppm, Fig. 1e). In contrast,
Nano-H'-FER exhibited 13% extra-framework Al (octahedrally
coordinated), attributed to NH,'-exchange and subsequent
heat treatment (Fig. S3c, ESIT). Of the tetrahedrally coordinated
Al atoms, 82% were located at the T4 site and 14% at the T3 site
(Fig. 1e and Table S1, ESI¥).

At 325 °C, Nano-H'-FER exhibited a slightly higher direct metha-
nol formation rate (2061 pumol g~ * h™*, or 34 ymol g * min )
compared to Com-H-FER (1957 umol g ' h™' or
32.6 umol g~* min~") (Fig. 2). These values are similar to the
methanol production rates reported by Xiao et al. under similar
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Fig. 2 Methanol formation rates and carbon-based product selectivity
values of Com-H*-FER, Com-Cu-FER, Nano-H*-FER, Nano-Cu-FER, and
Nano-H*-FER-850 obtained at 325 °C and 40.5 kPa CHy, 15.2 kPa N,O,
9 kPa H,0, and balance He (~300 mg catalyst, 100 sccm total flow, GHSV =
20000 ml g™t h™? see Table S3 for all selectivity values, ESIT).

conditions (2820 pmol g~ h™" (47 umol g~ min~") on H'-FER,
at 350 °C, WHSV 15000 ml g~* h™", 40 kPa CHy, 40 kPa N,0,
8% H,0>%). Due to lower coke formation rate and selectivity on
Nano-H'-FER, the total carbon-based selectivity for methanol
and dimethyl ether increases to 89% (with 74% methanol
selectivity), compared to 86% (69% methanol selectivity)
observed on Com-H'-FER (Table S3, ESIf). On Nano-H'-FER,
increasing the water vapor concentration to 11% further
suppressed carbon formation and increased the total carbon-
based selectivity for methanol and dimethyl ether to 94%
(with methanol selectivity reaching 82%) (Table S4, ESIt). As
a result of suppressed carbon formation, Nano-H'-FER experi-
enced only a 7% drop in methanol formation activity over
11 hours of testing under 11% water vapor concentration. For
the case of Com-H'-FER, the loss in methanol formation
activity was 11%. On the other hand, Cu-exchanged Com-FER
and Nano-FER showed no deactivation during 11 hours of
testing (Fig. S4, ESIT).

To investigate methanol selectivity and activity, small
amounts of Cu were jon-exchanged into Nano-FER (Si/Al = 12,
Cu/Al = 0.027, 0.20 wt% Cu) and Com-FER (Si/Al = 9, Cu/Al =
0.024, 0.26 wt% Cu, Table S2, ESIt). Despite the increased over-
oxidation observed on Com-Cu'-FER compared to Com-H'-FER,
the total selectivity for methanol and dimethyl ether rose from
86% to 91%, due to the suppression of olefin and coke
formation by Cu addition. When 0.20 wt% Cu is ion-
exchanged to Nano-FER, the total selectivity for methanol and
dimethyl ether increased to 96% (Nano-Cu-FER, Fig. 2a). Cu
exchange of the two Brensted acid sites located in the 10MR
can explain the reduced olefin and coke formation on Cu-
zeolites, as this region is where DME and olefin production
primarily occurs.?**® This assignment is further supported by
vibrational spectroscopy: the framework frequency values at
912 cm™ " and 955 cm™ " observed on dehydrated Com-Cu-FER
and Nano-Cu-FER (Fig. 3a) agree well with the calculated Cu-O
bending vibrations for Cu located at site I (a-site in the 10MR)*’

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) DRIFT spectra of samples following dehydration at 450 °C and

1 h and the optimized geometry of Cu at site | and site Il resulting in
matching T-O vibrations to the spectra. (b) DRIFT spectra of Nano-H*-
FER following N,O adsorption at 25 °C and the optimized geometry of
N,O adsorbed near the distorted tetragonal Al at site II.

near two Al atoms at the T3 positions (Fig. S8, ESIt). The
additional 971 ecm ™' band observed for Nano-Cu-FER indicates
that some of the Cu cations are located at site II (B-site in SMR
cage”’) near two Al atoms at T4 positions, which is theoretically
calculated to be more favorable (Table S8, ESIt).

Heating the Nano-H'-FER sample at 850 °C for 5 hours
increases the total selectivity for methanol and dimethyl ether
to 97%, with a corresponding methanol formation rate of
2270 pumol g ' h™' (Nano-H'-FER-850, Table S3, ESIt). This
heat treatment reduces the proportion of tetrahedrally coordi-
nated Al atoms—and thus the Brgnsted acid concentration—re-
sulting in increased Al' and AIY' coordination (5% and 24%,
respectively), which correlates with lower olefin and coke
production, despite an increase in Al distribution at the T3
positions (Table S1, ESIt).

To probe the location of active sites, pyridine was adsorbed
at 150 °C and partially desorbed at 325 °C—conditions under
which pyridine remains in the 10MRs (Fig. S6 and S7, ESIt).
When methane activation was then performed, the methanol
formation rate on Nano-H'-FER dropped by nearly half (Table
S3, ESIt). This implies that methane activation predominantly
occurs in the 8MRs, as pyridine blocks 10MRs and may also
obstruct methanol diffusion through them. The dimethyl ether
formation rate (55 umol g~ h™') is one quarter of that observed
on pyridine-free Nano-H*-FER (211 pmol g ' h™"), and the near

This journal is © The Royal Society of Chemistry 2025
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absence of C,-C, (olefin and alkane) products further indicates
pyridine occupancy in the 10MRs. Removing coke from the list
of products—since calculated coke increases due to pyridine
combustion—raises methanol selectivity from 78% to 91% in
the presence of pyridine and increases the total selectivity for
methanol and dimethyl ether to a remarkable 99%. However,
adsorbed pyridine does not affect methanol activity on Nano-
H'-FER-850, while it further reduces olefin formation due to its
binding to H' sites in the 10MRs (Table S3, ESIY).

In the DRIFT spectra of dehydrated Com-H'-FER, O-H
stretching bands appear at 3745 cm™ ' for external silanol
groups and at 3600 cm ' for Bregnsted acid sites (Fig. S5a,
ESIY). Bronsted acid sites were not discernible in Nano-H'-FER,
consistent with its sheet-like morphology. Instead, absorption
increases at 3650 cm ' and 3745 cm '. The absorption at
3650 cm ' is mostly attributed to the extra-framework Al
groups.”® However, Ravi et al. assigned a similar absorption
band at 3660 cm™*, observed on MOR, to the O-H stretching
vibration of a distorted tetrahedrally coordinated Al species
((Si0);-Al-OH).*° The presence of such species is also evident
in the deconvoluted >’Al MAS NMR spectra of Nano-H'-FER and
Com-H'-FER (Fig. 1 and Table S1, ESIf). The DFT-computed
O-H vibrational frequency for a surface Al-OH species with
distorted tetrahedral geometry was 3653 cm ™' (Table S7, ESIY),
and aligns well with the experimentally observed 3650 cm ™"
band. In addition, the T-O-T region of dehydrated Nano-H'-
FER shows absorption bands at 971 ¢cm™' and 885 cm ™'
(Fig. 3a). These features can be attributed to AI-OH bending
modes involving Al at the T4 site (site II, 8MR), as well as T-O
bending from distorted tetrahedral Si and Al atoms located
along the ac and bc planes (Table S7, ESIt). Collectively, the
NMR, DRIFTS, and DFT results indicate that Al atoms are
primarily located at T4 sites near the 8MR channels in Nano-
FER, with additional distorted tetrahedral Al species likely
present at the surface or within the 8MR regions of the FER
crystals.

N,O adsorption on Nano-H'-FER and Nano-Cu-FER showed
absorption features at 2231 and 2219 em™ ', and at 1299 and
1274 c¢cm™', attributed to the asymmetric and symmetric
stretching of the N-N-O molecule, respectively (Fig. 3b and
Fig. S9, ESIf). N,O molecules are weakly bound to zeolites at
25 °C as desorption of the molecule under inert flow is observed
(Fig. 3b). Computational investigations were conducted to
identify possible N,O binding sites on Nano-H'-FER and Nano-
Cu-FER. For Cu-exchanged FER, four candidate sites—sites I, II, III
and IV—were examined, with N,O modelled to coordinate through
either the nitrogen or oxygen atom. Among these, N,O binding to
site IV yielded the highest adsorption energy (—85 kJ mol %),
compared to sites I and II (—53 to —46 k] mol " and —44 to
—40 kJ mol ', respectively; Fig. S10, ESIt). However, the calculated
vibrational modes at these Cu-bound sites do not match the
experimentally observed values (Table S8, ESIt). Further DFT
simulations were performed to explain the vibrational fea-
tures observed on Nano-H"-FER (2231 and 2219 cm™'; 1299 and
1274 cm '), by modelling N,O adsorption near distorted tetrahe-
dral and trigonal Al sites at site II (Fig. S11, ESIf). The resulting
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frequencies—2259 cm™~ and 1275 cm~ —for a distorted tetra-
hedral Al coordination showed the closest match to the experi-
mentally observed values of 2231 cm™ " and 1274 cm ™.

In summary, Nano-H'-FER catalysts with a sheet-like mor-
phology were prepared, exhibiting suppressed coke formation
and achieving a total carbon-based selectivity of 89% for
methanol and dimethyl ether at 325 °C and 20000 ml g ' h™"
WHSV. Methanol and dimethyl ether selectivity was further
enhanced to 96% through the addition of a very low amount of
Cu (0.20 wt%) or to 97% through heat treatment at 850 °C. Cu
addition reduces olefin formation by reducing Brensted acid
density in the 10MR channels, while heat treatment suppresses
primarily olefin and coke formation. Occlusion of pyridine in
10MRs led to a partial loss of activity in Nano-H'-FER, which is
attributed to an active centre partly in 8MRs and partly at the
crystal surface.
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