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1 | INTRODUCTION

Olefin metathesis is an essential catalytic reaction for rear-
ranging C=C bonds in olefins," with broad applications
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Abstract

Olefin metathesis catalysts based on molybdenum exhibit superior performance
at low temperatures when they contain highly dispersed MoO, species within
the catalyst support. However, the preparation methods that achieve this high
dispersion are often difficult to scale up. In this study, we report the scalable syn-
thesis of molybdenum silicate (Mo—SiO,) nanofibers (NFs) via electrospinning,
aimed at producing catalysts active in olefin metathesis reactions. The resulting
NFs had diameters ranging from 70 to 209 nm and exhibited high surface areas,
reaching up to 920 m? g~!. A comprehensive characterization of the MoO,, active
sites—using powder x-ray diffraction analysis, Raman spectroscopy, x-ray pho-
toelectron spectroscopy, HRTEM, H,-TPR, and in situ DRUV-Vis—confirmed
the absence of crystalline phases, indicating a high degree of dispersion and uni-
formity. Among the prepared samples, Mo—SiO, containing 5 wt% Mo, with an
average fiber diameter of 104 nm and a surface area of 456 m? g~!, demonstrated
exceptional catalytic performance in propylene self-metathesis. It achieved a
propylene metathesis rate of 17.1 umol g ! s~ at 200°C, significantly outperform-
ing a catalyst prepared via incipient wetness impregnation, used here as a model
for industrial benchmarks.

KEYWORDS
catalysts/catalysis, electrospinning, molybdenum silicates, nanostructures, olefin metathesis,
porous materials

in organic? and polymer chemistry,® pharmaceuticals,* or
biochemistry.” It has become an indispensable synthetic
tool, particularly as the increasing demand for propylene
drives significant advancements in catalyst technologies.
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Traditionally, silica-supported tungsten oxides catalysts®
have been used for cross-metathesis of ethylene and 2-
butenes in the Phillips triolefin process, typically requiring
temperatures above 300°C.”? To overcome these limita-
tions, recent efforts have focused on non-rare earth metal
molybdenum-based catalysts.

Supported molybdenum oxides, with supports such
as Si0,,'%2 Al,05," mixed oxide Si0,-Al,0,*" SiO,
doped with main group elements or transition metals,”'°
and zeolites,'>!” could offer higher activity under milder
conditions and hold promise for long-term industrial
applications.'® The mechanism of olefin metathesis over
molybdenum-based heterogeneous catalysts remains
incompletely understood,'”?° with the coordination, the
oxidation state, and connectivity of single Mo sites still
under debates.'>?° Nevertheless, an atomically dispersed
Mo-dioxo structure is widely proposed as the pre-active
site, which undergoes in situ transformation into an
Mo-oxo alkylidene structure during olefin metathesis.'*%!

The scalable incipient wetness impregnation (IWI)
method is commonly used to deposit MoO, on silica
and other supports.’’ This approach typically results in
relatively random Mo dispersion, with MoO, sites begin-
ning to oligomerize above a certain surface density."* To
address this, various synthetic strategies, including flame
spray pyrolysis,”’ advanced sol-gel techniques,””>?’ sur-
face organometallic chemistry (SOMC),'*?®?° and anion
exchange,’® have been developed to achieve greater con-
trol over active site structure. Particularly, Skoda and Zhu
recently achieved high MoO, dispersion in silica with up
to 11 wt% Mo content using a microwave-assisted sol-
gel method, producing microspherical catalysts.?>?> These
samples showed superior catalytic activity compared to the
traditional IWI-prepared samples under identical reaction
conditions.?»?%31-33 Although tailored MoO, dispersion
represents the primary advantage of these advanced syn-
thetic methods, scaling them up for industrial application
remains a significant challenge.

Electrospinning has emerged as a versatile and scalable
method for fabricating nanofibers (NFs).** This process
involves applying a high voltage to an electrospun solution,
typically of a polymer, or melt, resulting in the forma-
tion of a jet that solidifies into NFs. The electrospinning
technique enables precise control over NF diameter,
composition,®”*® and morphology,>*' allowing for tai-
lored designs suited to specific catalytic applications.*>*
NFs offer distinct advantages similar to other nanostruc-
tures, including increased surface area, enhanced porosity,
and superior mass transfer properties, all of which can
contribute to improved catalytic performance.*

A key challenge lies in achieving well-dispersed MoO,
species within silica NFs to enable the in situ forma-
tion of active metal-carbene sites that drive the Chauvin
cycle.'®?031 The presented study addresses this challenge

by combining the advantages of electrospinning and sol-
gel synthesis to establish a scalable and continuous process
for preparation of silica-based NFs with highly dispersed
MoO, active centers. The outstanding catalytic perfor-
mance of Mo—SiO, NFs is demonstrated in propylene
self-metathesis catalytic reaction.

2 | METHODS

2.1 | Materials
Bis(acetylacetonato)dioxomolybdenum(VI)
(MoO,(Acac),) (99%, Merck) was used as a molybde-
num precursor in all reactions. Dimethylformamide
(DMF) (99.5%, Penta), tetraethyl orthosilicate (TEOS)
(99%, Merck), polyvinylpyrrolidone (PVP) (average molec-
ular weight: 360 000 g mol~!, Merck), and HCI (35%,
Lachner) were used without additional purification and
used for nanofibres preparation.

Propylene (99.5%, Airgas), helium (99.999%, UHP,
Airgas) used in the catalytic test were further purified
using in-house built traps consisting of molecular sieves
(3 A, Sigma-Aldrich) and supported Cu samples (BASF
R3-11G, Research Catalysts Inc.). House air was used
after sequentially purification using a Wilkerson modular
compressed air filter (McMaster-Carr), an FID tower
(NM Plus 1350 FID tower, VICI DBS), and an indicating
moisture trap (Restek).

2.2 | Synthesis
The solution for the synthesis of Mo—SiO, NFs was pre-
pared as follows: PVP (1.2 g) and the desired amount of
MoO,(Acac), were dissolved in 9.0 g of DMF, and stirred
at 70°C until the transparent solution was formed. Then,
the solution was cooled to room temperature, and TEOS
(2.5 g) was added dropwise to a rapidly stirred polymer
solution. After a clear solution was formed, its conductiv-
ity was adjusted to 1.0 mS cm~! by the dropwise addition
of concentrated HCI (35%). The electrical conductivity of
the solutions was set with the help of an XS Instrument
Cond51 conductometer.

The benchmark catalysts were prepared by IWI. Full
synthetic procedure as well as characterization can be
found elsewhere.>>*

2.3 | Electrospinning

A small lab-scale setup was used for the electrospinning
process (Figure S1). The prepared solution was loaded into
a syringe with a metal needle (1.0 mm diameter). A syringe
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pump was maintained at the flow rate of 1.5 uL min~! to
prevent dripping and minimize splashing to produce a uni-
form layer of NFs on the collector. The distance from the
needle tip to a collector was 15.0 cm, 16 kV of voltage was
applied, +8 kV was applied to the needle, and —8 kV to
the collector. The drum collector (diameter 10 cm) cov-
ered with aluminum foil was rotating slowly at around
10 rpm. Prepared green NFs were calcined in a mulffle fur-
nace under static air using a heating rate of 3°C min™"
to 500°C for 3 h (according to thermogravimetry [TG]
analysis Figure S2).

2.4 | Characterization

The MiniFlex 600 instrument by Rigaku was used to mea-
sure powder x-ray diffraction analysis (PXRD). The Co K,
radiation (1 = 1.7903 A) was used (15 mA, 40 kV). Data
processing was performed with Rigaku PDXL2 software.

TG was measured on device STA 449 by NETZCH. Sam-
ples were measured in a platinum crucible with air set
to 100 cm® min~!, the heating rate was 5°C min~!, and
samples were heated up to 1000°C.

The elemental experimental composition of samples
was determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES). Samples were mineral-
ized with a1:1 ratio of HF:HNOQj3. Measurements were done
on the iCAP PRO x-ray photoelectron spectroscopy (XPS)
instrument (Thermo, RF Power 1.10 kW, nebulizer gas flow
0.65 dm> min~!, and radial viewing height 11.0 mm).

XPS and Kratos Axis Supra instrument measured sur-
face composition NFs. The instrument was equipped with
a monochromatic x-ray source with Al K, (E = 1486.6 eV)
excitation and Si 2p in SiO, (binding energy 103.3 eV) was
used as a calibration reference.

Raman spectra were recorded under ambient atmo-
spheric conditions using a DXR Raman Microscope
(Thermo Fisher Scientific) equipped with a 780-nm wave-
length laser. The laser power was set to 20 mW, and
spectra were collected in the range of 50-2000 cm~!. A
high-resolution grating was employed during the measure-
ments.

The specific surface area (SSA) was determined through
nitrogen porosimetry utilizing an Autosorb iQ3 instru-
ment by Quantachrome Instruments. Measurements were
conducted at a temperature of 77 K to obtain adsorp-
tion and desorption isotherms. Prior to measurements,
samples underwent degassing for a minimum of 12 h
at 200°C. The BET analysis provided SSA values from
observed isotherms throughout a relative pressure range
of 0.05-0.30. The micropore analysis was performed using
the t-method. Argon porosimetry was performed on same
device with temperature 87 K using Cryosync attachment.

For the scanning electron microscopy (SEM) analysis, a
Versa 3D instrument manufactured by the Thermo Fisher
Scientific company was used. Scanning was performed in
a single or double lens mode using backscattered electrons
or secondary electrons detection. The diameter of fibers
and distribution data were obtained using the ImagelJ soft-
ware analyzing at least 100 fibers from one micrograph per
sample.*0

For the HRTEM and STEM analysis, the samples were
dispersed by ultrasonication in hexane and drop-casted
onto a copper grid with a lacey carbon film. EDS was
measured on a Thermo Scientific Talos F200i equipped
with a Bruker Dual-X spectrometer, operated in the STEM
regime at a high voltage of 200 kV and beam current
of 0.5 nA. Spectrum images were post-processed using
the Velox software. Micrographs were analyzed using the
Image] program to determine the object’s diameters.

The reducibility of Mo—SiO, NFs was studied by hydro-
gen temperature-programmed reduction (H,-TPR). Mea-
surements were conducted on a Micrometric Autochem II
2920 system equipped with a thermal conductivity detec-
tor. Approximately 50 mg of ground NFs were loaded in
a U-shape quartz reactor between layers of quartz wool.
The sample pretreatment involved heating to 400°C under
a 50-mL min~! flow of 5% O, in He at a heating rate of
3°C min~! for 3 h, followed by purging at 150°C under a
50-mL min~! flow of He for 1 h. H,-TPR analysis was per-
formed under a 50-mL min~! flow of 10% H, in He, with
temperature ramped from 100 to 900°C at a heating range
0f 10°C min~!

In situ DRUV-Vis spectrometry was performed using a
Cary 5000 UV-Vis-NIR spectrophotometer equipped with
a diffusion IR environmental chamber (162-4200, PIKE
technologies). BaSO, (99 wt%, Millipore Sigma) under
ambient conditions served as the baseline material for all
measurements. Prior to each measurement, samples were
pretreated by heating to 400°C under a 60-mL min~! flow
of purified air at a heating rate of 3°C min~! for 3 h, fol-
lowed by cooling to room temperature under the same flow
of purified air. Diffuse reflectance measurements were ini-
tially converted to absorbance using the Kubelka-Munk
function. The edge energy for direct allowed transitions
was determined from the intercept of a straight line fitted
to the low-energy onset in the plot of [FR(co0)hv]? versus
hv (incident photon energy).

2.5 | Catalytic experiments

The catalytic performance of the Mo—SiO, NFs was eval-
uated using a packed-bed reactor, as described in detail
elsewhere.”> In a typically experiment, approximately
10 mg of NFs was ground into fine particles and mixed
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TABLE 1

Nominal and experimental (inductively coupled plasma optical emission spectroscopy [ICP-OES]) Mo loading in Mo—SiO,

nanofibers and their average diameters (scanning electron microscopy [SEM]).

Nominal Experimental Si:Mo Mo (Wt%) Nanofibers average Diameter
Sample Mo (wt%) ratio (ICP-OES) (ICP-OES)?* diameter (nm) distribution (nm)®
2Mo—SiO, 2 1:75.2 2.06 184 42
5Mo—sSiO, 5 1:28.1 5.29 100 27
7Mo—SiO, 7 1:20.7 6.99 79 24
11Mo—SiO, 11 1:13.7 10.22 113 23

Mo wt% calculated from experimental Mo:Si and assumption of MoO,SiO, structure.

bCalculated by standard deviation.

with 100 mg of silicon carbide (SiC). The catalyst bed was
packed between two layers of inert SiC (150 mg each) and
secured with quartz wool plugs (4-6 um, Technical Glass
Products). The reaction temperature was monitored using
an upstream type-K thermocouple (Omega Engineering).
The packed bed was pretreated by heating to 400°C at
a heating rate of 3°C min~! for 3 h, followed by cooling
to 300°C under a 60 mL min~! flow of purified air. The
sample was then purged for 30 min and activated at 500°C
(2°C min™) for 3 h under a 100-mL min~—' flow of He.
Finally, the sample was cooled to the reaction temperature
and exposed to a mixture of propylene and He at the
desired propylene concentration. The reactor effluent was
analyzed by online gas chromatography (GC; Shimadzu
GC-2014) equipped with an Agilent HP-PLOT Al,03-S
(30 m X 0.25 mm) column and a flame ionization detector.
In this study, all reported rates refer to the propylene
metathesis rate, defined as the sum of the production rates
of ethylene, trans-2-butene, and cis-2-butene.

3 | RESULTS AND DISCUSSION

In this study, we developed the preparation of NFs
containing molybdenum embedded in the silica matri-
ces (Mo—SiO,). Elemental composition of the prepared
NFs was analyzed using the ICP-OES method (Table 1).
The experimental results for Mo content aligned with
the prepared solutions’ nominal values, demonstrating
the electrospinning method’s effectiveness in precisely
controlling the final Mo content across the range of 2-
10 wt%. The ability to accurately control the Mo content
further highlights the versatility and reliability of this
preparation method, enabling the tailoring of NF prop-
erties for specific applications, such as heterogeneous
catalysis.

SEM analysis of the calcined Mo—SiO, NFs revealed
smooth, uniform, and round fibers (Figure 1). All sam-
ples demonstrated high uniformity with minimal inho-
mogeneities, such as beads and plates. However, the
5Mo—Si0O, and 7Mo—SiO, samples exhibited slightly
reduced homogeneity, likely caused by dispersed droplets

during the spinning process, as shown in Figure S3.
The Mo content influenced the final diameter of the
NFs, though no clear trend was observed. The average
diameter of all calcined Mo—SiO, NFs ranged from 70
to 200 nm (Table 1), and a histogram of NFs’ diam-
eters is shown in Figure S4. Notably, the 5Mo—SiO,
and 7Mo—SiO, NFs had an average diameter of 104
and 70 nm, respectively, highlighting the readily achiev-
able nanometer-range fibers with this synthesis procedure
compared to the methods described in the literature.*’~*’

STEM analysis revealed that the prepared NFs exhibit
uniform fibrous structure (Figure 1). The NFs walls display
a sponge-like structure with numerous pores ranging from
2 to 4 nm, according to graphic analysis (Figure S6). Sur-
prisingly, hollow segments within the fibers’ volume were
observed with bamboo-like structure. These internal cavi-
ties were observed across all Mo—SiO, NFs (Figure 1C,D
and Figure S5), with the 5Mo—SiO, sample showing
the highest prevalence. Wall thickness varied from 10
to 50 nm. Sample 5Mo—SiO, appeared almost hollow,
emphasizing the significant presence of these cavities, as
shown in Figure 1. The 7Mo—SiO, sample exhibited fewer
and smaller cavities. Nonetheless, similar features were
observed in all NFs prepared by this method (Figure S5).
Noteworthy, significantly more complex methods based on
electrospinning (i.e., coaxial electrospinning,”’? emul-
sion electrospinning,”*~>> and hard templating®®~%) have
been reported to obtain hollow fibers.

STEM-EDS elementals map (Figure 1, bottom) showed
that silicon, oxygen, and molybdenum are distributed
throughout the NFs, with no evidence of significant segre-
gation into islands or clusters. The absence of carbon EDS
signals in NFs confirmed the successful removal of PVP
during the calcination step (Figure S7).

The N, adsorption-desorption isotherms of Mo—SiO,
NFs, displayed in Figure 2, are type IV with hysteresis in
the mesoporous region. Using the BET method, the NFs
exhibited surface areas ranging from 456 to 922 m? g%,
as summarized in Table 2. Samples with 5 and 7 wt%
Mo exhibited lower SSAs due to occasional imperfections
observed by STEM and SEM (Figure S3). In contrary, vir-
tually defect-free NFs 2Mo—SiO, and 11Mo—SiO, showed
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500 nm

FIGURE 1

500 nm 500 nm

Scanning electron microscopy (SEM) micrographs of prepared 5Mo—SiO, (A) and 7Mo0—SiO, (B) and STEM analysis of

5Mo—Si0, (C), and 7Mo—Si0, (D). Elemental composition map for Si (blue), O (green), and Mo (yellow) by STEM-EDS method of sample

5Mo—Si0, (bottom).

TABLE 2 The specific surface area (SSA) (BET method), micropore fraction (¢-plot method), and average pore diameter.
Micropore Pore diameter® Total pore volume Microporous

Sample SSA (m? g1) (m2g?) (nm) (cm?®g™1) volume (cm? g1)
2Mo—SiO, 866 465 2.5 0.544 0.204
5Mo—SiO, 456 190 34 0.386 0.080
7Mo—SiO, 505 343 23 0.287 0.135
11Mo—SiO, 922 703 2.1 0.475 0.308

*Estimated by dpore = W

SA

significantly higher and similar surface areas. No clear
trend was observed between surface area changes and Mo
content.

The average pore diameter of Mo—SiO, NFs ranged
between 2.1 and 3.4 nm, falling within the mesoporous
range (Table 2). However, a significant fraction of SSA orig-
inated from micropores, accounting for 40%-75% of the

SSA. The presence of micropores was proved by argon
porosimetry (argon isotherms, pore size distributions, and
SSAs are shown in Figure S8 and Table S1). Among the
samples, 5Mo0—SiO, exhibited the highest mesoporous
fraction, with SSA of 456 m? g~!, of which 41% origi-
nated from micropores. This sample also demonstrated
the highest fraction of mesoporous volume, constituting
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FIGURE 2 Isotherms of prepared Mo—SiO, nanofibers

analyzed by N, porosimetry.

79% of its total pore volume (0.386 cm® g~1). Additionally,
2Mo—Si0, (0.340 cm® g™!) also achieved high meso-
porous pore volume (Table 2). Thus, samples with a lower
Mo loading developed a higher mesoporous volume and
thus generally better porosity properties, in accordance
with other reports on metallosilicate materials.”® All these
findings underscore the structural features and potential
applications of the Mo—SiO, NFs as heterogeneous cata-
lysts, emphasizing their high surface area and mesoporous
character.

XPS was used to study the surface of Mo—SiO, NFs.
Particularly the Mo 3d spectra were analyzed to con-
firm the oxidation states of the surface MoO, species
(Figure 3). Two distinct peaks were observed in the Mo 3d
region corresponding to 3d 5/2 and 3d 3/2. For 5Mo—SiO,,
these peaks were located at binding energies of 233.0
and 236.1 eV, respectively, whereas for 7Mo—SiO,, they
appeared at 233.4 and 236.5 eV. These values are consis-
tent with the reported binding energies of dispersed MoO,
species in silica and also confirm the presence of Mo"! oxi-
dation states in the samples.”? XPS spectra of Si 2p and
O 1s confirmed the presence of SiO, matrix,%°-%> whereas
adventitious carbon®*%* was detected in the C 1s region
(Figure S9).

PXRD and Raman spectroscopy analyses revealed
the absence of MoO; crystallization (Figures S10 and
S11). No absorption bands typical for crystalline MoO;%
were observed at 995, 820, 666, and 286 cm™! in the
Raman spectra. Accordingly, no diffraction was observed
in PXRD diffractograms. Those finding was supported
with HR-TEM measurement where the absence of MoO;
nanoparticles and MoO,. clusters was confirmed (Figures
S12 and S13).

DRUV-Vis spectroscopy of the Mo—SiO, NFs revealed
band edge energy (E;) indicative of charge transfer transi-
tions associated with MoO, species, as shown in Figure 4.
For 7Mo—SiO, NFs, the E, value was 3.79 eV. This energy
aligns more closely with well-dispersed MoO,. on silica,
which typically exhibits absorption bands between 3.5 and
4 eV, where clusters of polymolybdates are observed.®¢
In contrast, atomically dispersed MoO, on SiO, support
typically shows higher energy transitions above 4.0 eV.57:68
Better distribution of MoO, species, hence likely the
higher content of isolated molybdenum dioxo species,
was observed for NFs with a lower molybdenum content
(5M0—Si0,). E; was equal to 3.98 eV. Thus, 5Mo—SiO,
exhibited close to atomic distribution with a small frac-
tion of oligomerized species.”” Kubelka-Munk function
dependency on photon energy shown in Figure S14.

The TPR analyses provide further evidence of the high
similarity of MoO,, species in 5SMo—SiO, and 7Mo—SiO,
samples (Figure 5). These materials exhibited broad reduc-
tion peaks at 456°C, with additional shoulders approxi-
mately at 360°C. The broad peaks indicate a variety of
local environments and coordination states of the Mo
atoms, consistent with the presence of non-uniformly
distributed MoO, species rather than a homogeneous
atomic dispersion. The shoulder at 360°C (more signifi-
cant for 7Mo—Si0,) suggests the presence of additional
reducible sites, further supporting the presence of a range
of catalytic centers based on MoO,. species. Similar reduc-
tion temperature (456°C) was observed for 11Mo—SiO,
(Figure S15). Reduction of 2Mo—SiO, occurred at a lower
temperature (389°C). All these temperatures are signif-
icantly below the reduction temperatures reported in
literature for bulk MoO; and MoO; deposited on vari-
ous carbon and SiO, supports (550-900°C).”°"7* On the
contrary, the observed TPR patterns are similar to the
analyses reported for highly homogeneous MoO,-SiO,
microspherical catalysts prepared by microwave-assisted
sol-gel method.? Traditionally, differences in MoO, clus-
ter size and varying interaction between MoO, species
and support have been used to explain the differences in
reduction temperatures.’>’* More recently, strained MoO,,
species have been shown to undergo reduction at lower
temperatures.”’ The increased strain might be the reason
for the low reduction temperatures observed herein.

The catalytic performance of NFs was evaluated in
propylene self-metathesis reaction at 200°C. The NFs
were ground (Figure S16) before testing under differential
conditions, free from mass and heat transfer limitations
(Table S2 and Equations S1-S4). The primary products—
ethylene, cis-2-butene, and trans-2-butene—were observed
in a molar ratio of approximately 2:1:1, with selectivity
exceeding 99% and a carbon balance over 99%. Catalysts
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FIGURE 5 TPR analyses of 5Mo—SiO, and 7Mo—SiO, for

reducibility characterization of catalytic active MoO, centers.

5Mo—Si0,, 7M0—Si0,, and 11Mo—SiO, reached steady
state after 8 h on stream.

The 5Mo—SiO, NFs exhibited a steady state rate of
17.1 umol g~! s7!, higher than the 11.1 pymol g~!' s7!
observed for the 7Mo—SiO, NF (Figure 6, Table 3).
Notably, the NFs outperformed Mo-IWI catalysts with
similar Mo loading under identical reaction conditions,
delivering significantly higher catalytic activity (4-MoIWTI:
0.88 pmol g=' s7!; 7-MoIWI: 3.51 pmol g=! s71).%
SOMC also produced MoO,-SiO, catalyst exhibiting
a lower steady state rate than NFs produced herein
(1.64 umol g~ s~ for Mo0O,-SiO, SOMC catalyst with
1.5 wt% Mo).’! The steady state rate of nanofibrous cata-
lysts was, however, lower than the rate observed for highly
homogeneous MoO,-SiO, microspherical catalysts pre-
pared by microwave-assisted sol-gel (41.1 umol g~ s7!
for MoO,~SiO, microspheres with 4 wt% Mo).>> At least
two important characteristics need to be considered when
comparing the catalytic performance in olefin metathe-
sis: (i) surface area (higher in nanofibrous catalysts than
in chosen reported catalysts, Table 3) and (ii) band edge
energy describing the MoO, species dispersion (interme-
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TABLE 3 Comparison of catalytic performance of MoO,-SiO, samples prepared by various synthetic methods.
Mo loading Surface area Band edge Propylene rate Dimerization rate
Synthesis method (Wt%) (m2g?) energy (eV) (umol g 's™1) (umol g 's™1)
Electrospinning 5.29 456 3.98 17.1 0.15
Electrospinning 6.99 505 3.79 1.1 0.30
Impregnation® 3.64 297 3.81 0.88 Not observed
Impregnation® 6.64 275 3.65 3.51 Not observed
MW-assisted sol-gel* 3.62 376 4.09 411 Not observed
soMc?! 15 Not studied 4.25 1.64 Not studied

diate between impregnated catalysts and MW-assisted sol-
gel and SOMC prepared materials, Table 3). This results in
the observed variations in catalytic activity (Table 3).

Figure S17 shows propylene rates of 2Mo—SiO, and
11Mo—SiO, catalysts. Despite its high initial activ-
ity (higher than both 5Mo—SiO, and 7Mo—Si0,),
2Mo—Si0, (2.06 wt% Mo) was not stable, exhibiting a
continuous decline in activity over time on stream. In
contrast, 11Mo—SiO, reached steady state. It slightly
outperformed 7Mo—SiO,, maintaining a stable propylene
production of 13.1 umol g~ s~ and falling outside the
observed trend (the lower the Mo loading, the higher
the catalytic activity, already observed and discussed
elsewhere).”> However, the comparison is not entirely fair,
as 11Mo—SiO, possesses a significantly higher surface
area (922 m? g~!) than 7Mo—SiO, (505 m? g!).

A promotion effect was observed for 5Mo—SiO,, with
catalytic activity increasing by a factor of 1.5 when 1 mol.%
of 2,3-dimethyl-butene isomers were co-fed into the reac-
tor (Figure S18).>! The promotion factors were much
higher in the case of SOMC-prepared catalysts (up to 26).>!

Bronsted acid-driven dimerization of propylene to C6
olefines was also observed as a minor reaction path-

way, with selectivity less than 1% for 5Mo—SiO, and
7Mo0—Si0,. The C6 olefin production rate increased with
Mo content, reaching 0.15 ymol g=! s~! for 5-MoSiO, and
0.30 umol g~ s~! for 7Mo—SiO, (Figure 6). The dimeriza-
tion rates at 200°C were higher for Mo—SiO, NFs than for
Mo—SiO, microspheres and Mo-IWI catalysts (Table 3),>
consistent with the pronounced Bronsted acidity of the
NFs, as revealed by FTIR analysis of pyridine adsorption
(Figure S19).

4 | CONCLUSION

In this study, Mo—SiO, NFs were successfully syn-
thesized via the electrospinning method and demon-
strated significant potential as heterogeneous catalysts for
olefin metathesis. The NFs exhibited high surface areas
(456-922 m? g~!) with favorable pore sizes (2-4 nm),
contributing to their mesoporous nature and catalytic
potential. PXRD, STEM-EDS, and Raman spectroscopy
revealed the absence of MoO; crystallization indicating
a homogeneous Mo distribution over nanofibrous sam-
ples. However, in situ DRUV-Vis spectroscopy and H,-
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TPR suggested the formation of small clusters of MoOy
species.

The catalytic activity of the NFs was assessed in the self-
metathesis of propylene at 200°C, yielding ethylene and
2-butenes with selectivity over 99% and long-term stability
on stream. Notably, the 5Mo—SiO, NFs exhibited supe-
rior performance, achieving a propylene metathesis rate
of 17.1 ymol g~! s7!, outperforming the activity of con-
ventional catalysts prepared by IWIL. The dimerization of
propylene to C6 olefins driven by Bronsted acid sites was
observed as a minor reaction pathway.
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