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ABSTRACT: Direct evidence of the successful incorporation of
atomically dispersed molybdenum (Mo) atoms into the framework
of nanosized highly crystalline MFI zeolite is demonstrated for the
first time. Homogeneous distribution with a size of 0.05 nm is ob-
served by STEM-HAADF. 3'P MAS NMR and FTIR spectroscopy,
using trimethylphosphine oxide (TMPO) and deuterated acetoni-
trile as probe molecules, reveal a homogeneous distribution of Mo
in the framework of MFI nanozeolites, and the presence of Lewis
acidity. *'P MAS NMR of TMPO shows probe molecules interact-
ing with isolated Mo atoms in the framework, and physisorbed
probe molecules in the zeolite channels. Moreover, 2D 3'P-3'P
MAS radio frequency-driven recoupling (RFDR) NMR indicates
the presence of one type of Mo species in different crystallographic
positions in the MFI framework. The substitution of framework Si
by Mo significantly reduces the silanol defect content, making the
resulting zeolite highly hydrophobic. In addition, the insertion of
Mo into the MFI structure induces a symmetry lowering, from or-
thorhombic (Pnma), typical of high silica MFI, to monoclinic
(P21/m), as well as an expansion of unit cell volume. The novel
material opens many opportunities of catalysts design for applica-
tion in mature and emerging fields.

The introduction of metal ions into zeolites is known to modify
their acid and/or redox properties, and can be achieved by different
routes as recently reviewed.! One such route is framework isomor-
phous substitution where framework silicon ions are replaced by
transition metal ions. The classic zeolite literature states that ele-
ments such as Ga, Ce, Be, B, Fe, Cr, P, and Mg can isomorphously
substitute Si and Al in zeolite framework.>* In the 80s the introduc-
tion of Ti in the MFI zeolites was reported by ENI researchers.*
Two years ago the introduction of W into the framework of MFI
zeolite was reported by our group.’ In general, this substitution
greatly influences the physicochemical properties of the materials
and opens many opportunities for new application in catalysis and
adsorption.®!® Ti-containing materials (TS-1) are very active and
selective in partial catalytic oxidation of fine chemicals, in

particular in the presence of HyO,. The best known examples of
such transformations are propylene epoxidation (Hydrox. Process,
HPPO), hydroxylation of phenol, and cyclohexanone ammoxima-
tion.?

Properties of the metal-containing zeolites, such as Lewis acidity
and higher resilience to water, are very valuable for future applica-
tion in biomass upgrading.* Our group described the preparation of
a nanosized MFI zeolite containing atomically dispersed tungsten.’
The resulting W-containing MFI zeolite possessed exceptional sta-
bility, high hydrophobicity, and no silanol defects. These properties
give them a great potential in catalysis as silanols (often referred to
as framework and external defects) display unwanted hydrophilic
properties related to water adsorption on silanol sites.!!1

However, the proven incorporation of the molybdenum atoms in
the MFI was not described in literature so far. Attempts were re-
ported by Raghavan et al. '* who prepared a molybdenum contain-
ing silicalite-2 (MEL structure) by hydrothermal synthesis in alu-
minum-free alkaline mixtures that was active for the oxidative de-
hydrogenation of ethanol to acetaldehyde. Then, the synthetic ef-
fort to introduce Mo in silicalite-1 (MFI structure) was also re-
ported by the same group.'# Interestingly, the samples were more
hydrophilic than silicalite-1 (more defects) and thermally stable;
they displayed a high activity in the catalytic oxidation of thioethers
to the corresponding sulfoxides. A non-linear unit cell volume ex-
pansion with the introduction of molybdenum was observed, indi-
cating a significant co-formation of non-framework metallic spe-
cies. The partial incorporation of molybdenum in the silicalite-1
framework synthesized in fluoride media was reported by Taval-
aro.'’ The framework insertion of a portion of the molybdenum was
claimed to occur based on the thermal decomposition behavior of
TPA" cations blocked in the zeolite micropores without any further
evidences.

Here we present for the first time direct evidence for the hydro-
thermal synthesis of a nanosized MFI zeolite containing atomically
dispersed Mo in the zeolite framework, hereinafter referred to as
Mo-MFI-D. A reference sample, prepared by molybdenum wet-im-
pregnation of silicalite-1, hereinafter referred to as Mo-



Figure 2. STEM-HAADF micrographs revealing the distribution of Mo species in (a) Mo-MFI-D and (b) Mo-MFI-P

MFI-P, was used for comparative purposes. Both samples are in H-
form, obtained by ion exchange with ammonium chloride. The re-
sidual concentration of alkali metals was below 500 ppm in the
samples after ion-exchange.

The distribution of molybdenum in the Mo-MFI-P and Mo-MFI-
D samples was investigated by STEM-EDS (Figure 1). Both Mo-
containing samples show a homogeneous distribution of Mo with a
mean content of 0.8 to 1.2 wt. %. STEM-HAADF results reveal
structural information of the materials by providing Z-contrast im-
ages. The white dot-like features identified by the high-resolution
STEM-HAADF micrographs disclose the homogeneous distribu-
tion of Mo in Mo-MFI-D. The size of the white dots is 0.05 nm,
which is approximately 10 times smaller than the crystalline
fringes. This indicates that atomically dispersed Mo atoms are part
of the MFI framework (Figure 2a). Similar dots that are of a larger
size (1.5 nm) are observed in Mo-MFI-P (Figure 2b). For compar-
ison, the STEM-HAADF micrograph of the pure siliceous calcined
MFT zeolite used for the preparation of sample Mo-MFI-P prior

ion-exchange is presented in Figure S1. The larger white dots ob-
served in sample Mo-MFI-P correspond to small molybdenum ox-
ide clusters homogeneously distributed in the MFI sample as indi-
cated by Raman spectroscopy (Figure S2). The bands at 247, 621,
890, and 980 ¢cm! in the Raman spectrum of Mo-MFI-P are as-
signed to molybdenum oxide.'® These bands are not observed in
Mo-MFI-D, indicating the absence of any oxide phases in this sam-
ple. A small peak at 980 cm™ in Mo-MFI-D is not attributed to an
oxide phase (narrow signal), but to a small amount of silanols (wide
band). Furthermore, in Mo-MFI-D, two new bands (803 and 820
cm') possibly originate from single Mo atoms in the MFI frame-
work positions. Two shoulders (332 and 416 cm™) are attributed to
the perturbation of Si-O-Si vibrations linked to the presence of
neighboring Mo-O-Si species, or possibly Mo-O-Si vibrations.!?
This result is further supported by the presence of a broad band at
1105 cm! in the FTIR spectrum of sample Mo-MFI-D, correspond-
ing
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Figure 3.3'P-*'"P MAS RFDR NMR spectra (top: 1D *'P MAS NMR spectra) of (a) Mo-MFI-P and (b) Mo-MFI-D under 'H spinal-
64 decoupling (magnetic field of 500 MHz, MAS at 12 kHz and 14 kHz for 1D and RFDR spectra, respectively)

to Si-O-Mo framework vibration (Figure S3). The two samples dif-
fer substantially: (i) sample Mo-MFI-D contains Mo atoms in the
MFI framework and no oxide phase, with a negligible amount of
isolated silanols (3745 cm™), and (ii) sample Mo-MFI-P contains
molybdenum oxide and silanols as shown by FTIR (Figure S4).
Upon direct introduction of molybdenum in the MFI framework
(Mo-MFI-D), the diffraction peaks at 23.30, 23.75, and 24.50 ° 20
split (Figure S5). This is a direct consequence of the symmetry low-
ering from orthorhombic (Pnma) to monoclinic (P21/n11), con-
firmed by Le Bail profile refinements of the respective diffraction
patterns (see Table S1 and Figure S5). The unit cell volume of Mo-
MFI-D expands also from 5337.4 to 5360.6 A> compared to Mo-
MFI-P. Such a polymorphic transition is observed in MFI zeolite,
and its transition temperature depends on the incorporation of T-
elements such as aluminum and titanium into the MFI frame-
work.'82° The Mo-MFI-D sample exhibits monoclinic symmetry,
although the incorporation of Mo in the MFI framework is expected
to lower the transition temperature of the monoclinic-orthorhombic
phase transition instead.?' This result is probably a consequence of
the hydrophobic and silanol defect-free properties of the Mo-MFI-
D material. An increase in the unit cell volume proportional to the
amount of metals introduced into the zeolite framework has been
previously reported.??>?* The unit cell volume expansion and sym-
metry change of the MFI type zeolite are due to distortion of the
framework to accommodate Mo atoms with an ionic radius larger
than Si.2* The space group transition and volume expansion ob-
served for Mo-MFI-D provide additional evidence for the incorpo-
ration of molybdenum atoms into the framework of the MFI type
zeolite. In contrast, Mo-MFI-P does not show any evidence for the
presence of framework Mo. This is based on its orthorhombic sym-
metry and its unit cell volume that are both similar to purely

siliceous MFI type zeolite (orthorhombic symmetry, measured vol-
ume = 5333.1 A3).

The nature of the silicon environment in the MFI type zeolite
framework was investigated by 2°Si magic-angle spinning (MAS)
NMR and ['H] cross-polarization (CP) 2’Si MAS NMR spectros-
copy (Figure S6). The absence of Q3 species in Mo-MFI-D is high-
lighted by a one-pulse experiment (absence of a -104 ppm peak).
Few silanols are observed by 2°Si CP MAS NMR for Mo-MFI-D,
while for Mo-MFI-P a higher concentration of Q3 species is de-
tected. Moreover, well resolved Q4 species in Mo-MFI-D are at-
tributed to the local homogeneity of the sample. Mo-MFI-D can be
described as a silanol-free material with a high degree of local ho-
mogeneity.

The nature of the Mo and the acidity of the zeolites is studied
using trimethylphosphine oxide (TMPO) adsorption monitored by
3P MAS NMR spectroscopy (Figure 3). The spectra of Mo-MFI-
D exhibits contributions from TMPO interacting with framework
Mo atoms (45 ppm) as well as physisorbed TMPO (29 ppm).2° The
absence of a peak at 50 ppm indicates that no or few silanols are
present on Mo-MFI-D. This is further supported by 2D 3'P-3'P
MAS RFDR NMR (Figure 3). The symmetry and shape of the 45
ppm peak related to framework molybdenum Lewis acid sites indi-
cates the presence of a single chemical species, with some small
variations in its environment. This is potentially indicative of Mo
atoms in different crystalline positions of the framework. In con-
trast, the spectra of Mo-MFI-P exhibits contributions from silanols
(50 ppm), crystalline TMPO (42 ppm), and physisorbed TMPO (29
ppm). The 50 ppm peak in Mo-MFI-P is attributed to the presence
of different species such as Q2, Q3, silanol nests, and isolated si-
lanols. The absence of correlation in the 2D experiment indicates
that the amount of TMPO is too low to observe interactions



between probe molecules and high enough to observe physisorbed
species. Moreover, the peak at 29 ppm attributed to physisorbed
TMPO is narrower on Mo-MFI-D than on Mo-MFI-P. This indi-
cates that the local geometry for the physisorbed TMPO is different
in the two samples, possibly due to a lower anisotropy of the local
environment in Mo-MFI-D compared to Mo-MFI-P. The higher an-
isotropy of the TMPO would then be attributed to the presence of
different species in the zeolite pores, such as Mo oxides and silanols
in Mo-MFI-P. In Mo-MFI-D, the narrow peak at 29 ppm may be
attributed to the local homogeneity in the micropores, i.c., a single
type of Lewis acid site as discussed above. Additionally, the peak
corresponding to physisorbed TMPO on Mo-MFI-D is shifted by -
0.5 ppm compared to Mo-MFI-P. A slightly lower chemical shift
in Mo-MFI-D is linked to the absence of silanol groups and thus to
a higher hydrophobicity compared to Mo-MFI-P. It was reported
that the higher the chemical shift of TMPO, the stronger the acidity
of the zeolite.® The presence of a significant number of silanol
groups in Mo-MFI-P, compared to Mo-MFI-D, makes the material
more acidic, as observed by a shifting of the peak attributed to phy-
sisorbed TMPO to higher ppm values compared to Mo-MFI-D.
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Figure 4. FTIR spectra of CD;CN adsorbed on (a) Mo-MFI-D

(3.7, 11.3, 26.2, 41.4 x10°* mmol/g), and (b) Mo-MFI-P (2.6,
7.8, 18.1, 28.0 10 mmol/g) at room temperature.

The acidity of these two molybdenum containing zeolites is also
investigated by the adsorption of deuterated acetonitrile (CD3CN)
monitored by FTIR spectroscopy (Figure 4). The spectra of Mo-
MFI-D exhibits one band at 2308 cm™' corresponding to CD;CN
adsorbed on the Lewis acid sites brought by the atomically dis-
persed framework molybdenum and low intensity bands at 2283

and 2274 ¢cm! indicative of trace amounts of alkali metal and si-
lanols. The 2308 cm™! band is attributed to closed Lewis acid sites,
i.e. non-hydrolysed framework Mo, that may also correspond to
MoV"! in the MFI framework (O=Mo(-OS1i)4), based on previous re-
ports on Me-containing zeolites.2®2® In contrast, the spectra of Mo-
MFI-P exhibits two bands at 2317 and 2303 cm indicating the
presence of molybdenum oxide species. In addition, low intensity
band at 2283 cm’! is due to trace amounts of alkali metals, and peak
at 2274 cm’! corresponds to silanol groups. The bands at 2303 and
2317 cm! highlight the presence in Mo-MFI-P of two different mo-
lybdenum oxide species with slightly different acidity.

In summary, a nanosized MFI type zeolite with atomically dis-
persed molybdenum in framework is prepared. Mo-MFI zeolite dis-
plays high local homogeneity of the atomically dispersed Mo at-
oms, low silanol content, and high hydrophobicity. These proper-
ties originate from the incorporation of Mo atoms into the MFI
framework as closed Lewis acid sites (O=Mo(-OSi)4). The inser-
tion of Mo in the MFI structure induces a space group transition
and increase of the unit cell volume. The uniform nature of the Mo
incorporated into the MFI framework is confirmed by IR spectros-
copy (deuterated acetonitrile probe) and 3'P MAS NMR spectros-
copy (trimethylphosphine oxide probe). The homogeneous distri-
bution of the atomically distributed Mo in the MFI framework is
proven by STEM-HAADF. The materials open many opportunities
of catalysts and adsorbents design for applications in mature and
emerging fields.
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