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Assembly of Tailored Porous Nanofibers from Mesoporous MCM-41

Nanoparticles via Electrospinning

Jana Timm, Michael Furtmair, and Roland Marschall*®

Abstract: For the first time the assembly of isolated and
purified MCM-41 nanoparticles into nanofibers was realized
by electrospinning. Electrospinning was conducted with a
dispersion of these nanoparticles and polyvinylpyrrolidone in
ethanol. The nanofibers were characterized by electron
microscopy, X-ray diffraction, elemental analysis, gas phys-
isorption and infrared spectroscopy in diffuse reflectance. The
variation of the spinning parameters was investigated in
detail towards the influence on the nanofiber diameter. The

change of the applied voltage and the flow rate show strong
impacts on the nanofiber diameter. Therefore, the nanofiber
diameter can be tailored by choosing suitable electrospin-
ning parameters. The fiber mats with thin nanofibers were
then additionally functionalized with sulfonic acid groups in a
proof of principal study. The nanofiber morphology was
maintained both after functionalization with thiol group and
subsequent oxidation to sulfonic acid groups.

J

Introduction

The possibility to synthesize highly ordered mesoporous silica
(OMS) materials, which were named after the Mobil Oil
Company, Mobil Composition of Matter (MCM), was discovered
in 1992.1? In this new class of materials the tailoring of highly
ordered mesopores is possible, so the pores can be arranged in
3D cubic (MCM-48), 2D hexagonal (MCM-41) or even lamellar
pore structure (MCM-50).B* MCM materials are synthesized in
template-based sol-gel processes, where the template and the
reaction parameters define the pore size and the pore structure.
The removal of the organic template is done by (Soxhlet)
extraction or calcination.” After removal of the template the
MCM material class offers highly ordered mesopores, which
allow e.g. the formation of nanoreactors in the pores®™®
Further due to mesoporosity (pore sizes between 2 to 50 nm),
MCM materials provide very high surface area (up to
1500 m*g™"), which is very promising for different fields of
application  like  catalysis,*'  medicine*”  proton
conduction® " or purification/adsorption processes®>? and
immobilization processes,®>¥ like e.g. immobilization of
catalysts.*’*" Another very attractive characteristic of MCM
materials is the fact that these materials consist only of silica
(Si0,), which is non-toxic for our body, so the application in and
on our body is possible.”’** Therefore, MCM materials are also
perfect platforms for biomedical applications.***! However, the
material and biological interactions should not be neglected,
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especially in case of nanomaterials.***”’ Regarding the MCM
materials another huge advantage is the option to tailor these
materials via different techniques. Tailoring the morphology of
MCM materials is possible regarding e.g. particle size**>% A
new possibility to assemble MCM-41 materials is presented in
the following.

Electrospinning can be used to prepare polymeric fiber
mats with macroporous voids.”" It is a widely used technique
to produce polymer, carbon, or oxide fibers for different
applications.®*>* In general, a solution or a melt is filled in a
syringe and pressed out of a metal needle with constant speed
using a syringe pump, while a high voltage is applied between
the needle tip and a collector. When enough voltage is applied,
the surface tension of the solution/dispersion droplet at the
needle tip breaks down and a jet of the solution erupts. This
effect leads to the formation of multilayer fiber mats at the
collector, which can be removed and are ready for further
treatments. The diameter of the resulting fibers is in the
nanosize regime depending on the material and electrospin-
ning parameters. Thus, the fiber mat forms macroporous voids
(pore sizes >50 nmP®) due to overlaying nanosized fibers.
Therefore, the advantage of the electrospinning procedure is
that the fiber mats are very light due to macroporosity, but
exhibit also a lot of active material. Additionally, the possibility
to prepare a lot of material via electrospinning in short times is
available.®>*”

The electrospinning procedure is very often based on sol-
gel processes®>***? or polymerization,*®’ while electrospin-
ning of particle dispersion is possible but only rarely used.’***®
To the best of our knowledge, here for the first time the
electrospinning procedure was used to prepare mesoporous
nanofibers which only consist of pre-synthesized, isolated and
purified MCM-41 nanoparticles. Combining the synthesis of
nanosized pre-synthesized MCM-41 particles with the process
of electrospinning enables both macroporosity and multiple
mesoporosity in one material, leading to hierarchically porous
fiber mats. We also present the assembly of ordered mesopo-
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rous MCM-41 nanoparticles into nanofibers while adjusting the
nanofiber diameter by variation of the electrospinning parame-
ters. Additionally, we functionalize the fiber mats to push the
feasibility of the preparation of MCM-41 particle-based nano-
fibers and the subsequent functionalization to the next level
towards application with tailor-made materials. Most impor-
tantly, the nanofibers morphology is retained throughout the
whole functionalization process.

Results and Discussion

As standard electrospinning parameters 12 kV voltage, a
dispersion of 5wt% MCM-41 nanoparticle in a solution
containing 10 wt.% polyvinylpyrrolidone (PVP) in ethanol, a
needle tip diameter of 0.8 mm, and a flow rate of 0.9 mL/h were
chosen. After the electrospinning process the nanofiber mats
were taken off the collector. To understand the formation of
the nanofibers as interaction between the spinning polymer
PVP and the pre-synthesized MCM-41 nanoparticles, TEM
images were taken of the nanofibers directly after the spinning
process (Figure 1). In the TEM images the MCM-41 nanoparticles
are presented as darker spots, while the PVP is brighter. The
MCM-41 nanoparticles are nicely distributed along the whole
fiber. In some parts, a higher accumulation of the particles can
be seen leading to thicker nanofiber diameters.

To get the advantage of the mesoporosity of the MCM-41
nanoparticles back, the whole fiber mat was calcined at 200°C
for 16 h and at 500 °C for 6 h to remove all organic residuals like
e.g. the spinning polymer and solvent molecules. After that
treatment the MCM-41 nanoparticle-based nanofiber (NF) is
finally manufactured.

After heat treatment the NF morphology, which was already
observed in the TEM images (Figure 1), is retained. The SEM
images show a fiber diameter of 416 nm (+119 nm) (averaged

Figure 1. TEM images of the electrospun nanofibers based on MCM-41
nanoparticles with standard electrospinning parameters directly after
electrospinning process (before polymer removal).

Figure 2. SEM image of the electrospun NF based on MCM-41 nanoparticles
with standard electrospinning parameters after removal of organic residuals
and the resulting fiber diameter distribution.
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value) (Figure 2). The voids between the NFs are bigger than
100 nm and therefore macroporous. The MCM-41 nanoparticles
are nicely visible and showing the assembly of particles to form
NFs. In some parts the NFs are thicker in diameter compared to
other fibers which is in good agreement to TEM results.

The removal of the organic residuals was investigated by
diffuse reflectance infrared Fourier transformation spectroscopy
(DRIFTS).

In the DRIFT spectrum of the thermally-treated MCM-41 NF
all arising vibrations could be assigned to either as Si—O or
Si—OH vibrations in SiO, (Figure 3, left).”* No band belonging
to polymer residues can be observed. Si—O vibrations cause the
absorption bands at 1987 and 1865 cm™"7% Further the
relatively broad signal at 3420 cm™" and the absorption band at
1630 cm™' originate from adsorbed water on the silica
surface.”””"! The sharp absorption band at 3743 cm™' indicates
the presence of isolated silanol groups on the surface.’®’>”* The
XRD pattern of the thermally-treated MCM-41 NFs shows three
intense reflections at 2.5, 4.1 and 4.8 °20. The presence of these
three reflections confirms that the 2D hexagonal ordered pore
structure of the nanoparticles is preserved during the electro-
spinning process. Compared to literature the °20 values are
slightly higher.”" Further it shows that the lattice constant a, is
slightly larger and that the pore size is therefore increased
compared to literature.?"” Furthermore the nitrogen physisorp-
tion isotherm of the thermally-treated MCM-41 NF shows clearly
the mesoporosity of the MCM-41 nanoparticles. The specific
surface area is 1163 m?’g~', while the pore size is 3.5 nm
(Figure 4). Compared to literature the pore size is slightly
bigger, as already expected from XRD data of the NFs, and the
specific surface area is also slightly lower due to the slightly
bigger pores in the NFs.?"
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Figure 3. DRIFT spectrum (left) and XRD pattern (right) of the MCM-41 NF
after removal of organic residuals.
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Figure 4. Nitrogen physisorption data of the MCM-41 NF after removal of
organic residuals (left) and the corresponding pore size distribution (right).
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In the electrospinning process, the interplay between the
spinning parameters (applied voltage between needle tip and
collector, needle tip diameter and flow rate through the
syringe) is essential to investigate in order to be able to tailor
the fiber diameter.

At first, we varied the needle tip diameter. In Figure 5a the
variation of the needle tip diameter is presented in comparison
to the fiber diameter distribution of NF achieved with standard
electrospinning parameters (needle tip diameter: 0.8 mm; flow
rate: 0.9 mL/h, applied voltage: 12 kV same dispersion as
always). The fiber diameter was determined from SEM images in
Figure S1. The impact on the diameter of the needle tip is
negligible and no clear trend is visible, only very slight changes
are visible compared to NFs prepared with standard electro-
spinning parameters. The needle tip diameter of 0.6 mm leads
to an averaged NF diameter of around 505 nm (+178 nm),
while 0.8 mm (standard parameters) and 0.9 mm needle tip
diameters lead to an averaged NF diameter of around 416 nm
(£119 nm) and 460 (£ 134 nm) nm, respectively.

Further, we varied the flow rate through the syringe, while
all other spinning parameter (needle tip diameter, applied
voltage, same dispersion as always) remaining as standard. After
evaluation of SEM images (Figure S2) the dependence on the
flow rate is presented in Figure 5b. The fiber diameter increases
with increasing flow rates. Thus, with a flow rate of 0.3 mL per
hour (mL/h) NFs with an averaged diameter of 252 nm
(81 nm) were achieved, while with a flow rate of 0.5 mL/h,
0.7 mL/h and 0.9 mL/h (standard parameters) an averaged
diameter of 280 nm (£105nm), 405nm (£130nm) and
416 nm (+119 nm) could be prepared. The effect of increasing
NF diameter with increasing flow rate was also observed in
literature for polymer nanofibers, where the terminal diameter
of the jet (also proportional to the NF diameter) is proportional
to the flow rate.**’¥ Interestingly, the dispersion of MCM-41
nanoparticles used here shows comparable behavior to polymer
solutions in the electrospinning procedure, and opens up the
possibility for tailoring the NF diameter.

Another important electrospinning parameter is the electric
current/applied voltage between the needle tip and the
collector.®™” In Figure 6a—e the variation in the applied voltage
compared to the standard electrospinning parameters is
presented. The NF diameter distribution is taken from the SEM
images in Figure S3/S4. With increasing applied voltage, the NF
diameter is decreasing. Therefore, the thinnest NFs (averaged
diameter 242 nm (£98 nm)) were obtained at an applied
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Figure 5. Relative distribution of fiber diameter depending on the needle tip
diameter (a) and depending on the flow rate (b).
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Figure 6. Relative distribution of fiber diameter depending on the applied
voltage between the needle tip and the collector.

voltage of 18kV, while with 8kV, 10kV, 12kV (standard
parameters) and 15kV averaged diameter of 500 nm
(£174 nm), 478 nm (=181 nm), 416 nm (+119nm) and
284 nm (£101 nm) were obtained, respectively. Also this
dependency of the applied voltage and the NF diameter is
known for polymer NFs in an inverse correlation, as it is also
observed here.**’¥ This finding further underlines that the used
dispersion is comparable to polymer solutions in the electro-
spinning process, and makes it therefore easy to adjust the NF
diameter and to tailor these NFs for different applications.

In Figure 6f the dependence of all varied parameters and
the NF diameter are presented. Due to this detailed studies, it is
possible to choose the desired NF diameter only by setting the
experimental conditions.

To approach the minimum NF diameter, NFs with an
applied voltage of 18 kV and a flow rate of 0.3 mL/h were
produced. With these conditions NFs with an averaged
diameter of 253 nm (£84 nm) and narrow NF diameter
distribution could be obtained (Figure 7). Thus, it seems that
the minimum in NF diameter is reached around 250 nm as
averaged NF diameter. In TEM images (Figure S5) the ordered
mesoporous pore structure and the assembly of the MCM-41
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Figure 7. Relative distribution of fiber diameter for NFs prepared with an
applied voltage of 18 kV and a flow rate of 0.3 mL/h.
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nanoparticles into thin NFs is also visible. It is very obvious here
that only a few NPs are assembled at the thickest points of the
NF. This further underlines that the minimum in NF thickness of
around 250 nm is already reached, which is possible by
applying 18 kV during electrospinning process regardless of the
flow rate.

To push the NFs further towards possible application and
tailoring options, the functionalization of the MCM-41 NFs with
organic functional groups is very important. Moreover, to keep
the advantages of hierarchical porosity, a retainment of the
nanofiber morphology is necessary. For the functionalization,
we decided to incorporate/immobilize sulfonic acid (—SO;H)
groups on the MCM-41 surface. Sulfonic acid groups are present

Figure 8. SEM images of the NFs after functionalization of the MCM-41 NP
NFs via CVD method to achieve terminal thiol groups on the surface and
subsequent oxidation with hydrogen peroxide to transfer thiol groups into
sulfonic acid groups.
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Figure 9. Fiber diameter of the NFs after functionalization of the MCM-41
NP NFs via CVD like method to achieve terminal thiol groups on the surface
and subsequent oxidation with hydrogen peroxide to transfer thiol groups
into sulfonic acid groups.
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in a lot of functional materials due to several reasons. Solid
materials with immobilized sulfonic acid groups are used in
heterogeneous catalysis,”**? as adsorbents,® as well as solid
state proton conductors?'?48¢

For the functionalization with sulfonic acid groups, a
stepwise process was used. First 3-mercaptopropyl—trimeth-
oxysilane (MPTMS) is grafted onto the surface via a solvent free
procedure, which was developed in our working group.®”
Afterwards, the terminal thiol groups are oxidized by hydrogen
peroxide solution. Here, the fiber mat with thinnest NFs was
chosen (standard electrospinning parameters except of flow
rate and applied voltage: 0.3 mL/h and 18 kV).

The SEM images (Figure 8) and the resulting fiber diameter
analysis of the functionalized NFs (Figure 9) shows that the fiber
diameter slightly increases from an averaged diameter of
253 nm (£84 nm, non-functionalized) to 343 nm (£122 nm,
thiol functionalized) and finally to 368 nm (£ 114 nm, sulfonic
acid functionalized). The increase in NF diameters could be
explained with the functionalization also on the outer surface of
the NFs. Therefore, the increase in NF diameter is more
pronounced between the non-functionalized and the thiol
functionalized NFs. After functionalization of the NFs the fiber
morphology is preserved. This is outstanding and very unique,
and can be explained with the mild reaction conditions of the
chemical vapor deposition (CVD) functionalization routine.””
The functionalization hardly leads to any fractures in NFs
induced by the shaking procedure during the oxidation (SEM
images on the left of Figure 8).

To investigate the changes of the inner surface of the
mesoporous nanoparticle-based NFs, nitrogen physisorption
measurements were conducted. In Figure 10 the nitrogen
physisorption isotherms and the resulting pore size distribu-
tions (PSD) of the functionalized NFs in comparison to the non-
functionalized NFs are presented. The specific surface area of
the NFs (0.3 mL/h flow rate and 18 kV during electrospinning)
exhibits almost the same value compared to the NFs which
were electrospun with 12 kV (standard conditions) and also
with the literature known particles.?" This illustrates clearly that
during electrospinning, no change in the particle morphology
happens even if the applied voltage and flow rate is changed.
Further, the pore size of 3.3 nm is comparable with the standard
NFs (see Figure 3, 3.5 nm) and also with literature.?”
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Figure 10. Nitrogen physisorption isotherms and resulting pore size distri-
butions for the non-functionalized, thiol-functionalized and sulfonic acid
functionalized NFs.
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During the CVD-like functionalization the MPTMS gets into
the pores. The pores are almost completely filled after that
functionalization step. This effect is clearly visible in the pore
size distribution (PSD) of the NFs—SH due to absence of
accessible pores, which was already observed for other ordered
mesoporous materials.®” After the CVD functionalization the
thiol groups were oxidized with hydrogen peroxide and the
mesopores with a size of 2.6 nm in the NFs are recovered. The
shrinkage of the mesopores from non-functionalized NFs to
sulfonic acid functionalized NFs is due to the incorporation of
the propyl chain with sulfonic acid as head group and was
already observed for other ordered mesoporous silica
materials.®”

The successful functionalization could be further confirmed
by DRIFTS (Figure 11). The present vibrations in the spectrum of
the non-functionalized sample are comparable with the
standard sample (Figure 3) and could be assigned to different
Si—0 and Si—OH vibrations.”””"”¥ |n case of the thiol-functional-
ized sample the additional signals between 3020 to 2790 cm™'
could be assigned to vibrations of the alkyl chain in the MPTMS,
while the signal at 2566 cm™' arises from the vibration of the
thiol group in MPTMS.®=@ After CVD like functionalization of
the NFs the absorption band of the isolated silanol groups
disappears, which indicates that all suitable silanol groups on
the surface have reacted with MPTMS to form covalent bounds.
The highest possible functionalization density is therefore
achievable, as it was already observed for other mesoporous
materials before.’” The oxidation of the thiol groups was done
by aqueous hydrogen peroxide solution, and the change in the
absorption band of the thiol group (at 2566 cm™) is obvious.
The oxidation of the thiol groups is successful and quantitative,
which is indicated in the absence of the thiol group vibration
after reaction with aqueous hydrogen peroxide solution.
Furthermore, the vibration signal of the isolated silanol groups
(3743 cm™") remains absent, which shows that the oxidation
does not damage the covalent linkage between the silica
surface and the oxidized MPTMS linker. It can also be observed
that during oxidation excess MPTMS molecules are being
removed due to less intense vibrations of the alkyl chain of the
oxidized MPTMS linker molecules, which can be explained by
non-surface bound MPTMS from the earlier step.

The XRD pattern of the NFs (Figure 11) shows three
reflections at 2.5, 4.1 and 4.8 °20. These values are comparable
with the NFs with the standard procedure and also with
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Figure 11. DRIFT spectrum (left) and XRD pattern (right) of the functional-
ized thin NFs.
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literature values.”” During functionalization the 2D hexagonal

structure of the pores remains, even though the reflections at
4.1 and 4.8 °20 disappear. This disappearance can be explained
with the functionalization and the filling of the pores with
organic linker molecules.®”

The successful functionalization and subsequent oxidation
could be further confirmed by elemental analysis (EA) and the
determination of the ion exchange capacity (IEC) via titration of
the sulfonic acid containing NFs. The EA results indicate a sulfur
content of 7.9% in NFs—SH (246 mmolg™') and 4.0% in
NFs—SO;H (1.25 mmolg™). For the sulfonic acid containing
sample it is also possible to determine the ion exchange
capacity (IEC) via acid-base titration. For NFs—SO;H the IEC is
1.44 mmolg™". The IEC is comparable with the results from EA.
This underlines that every sulfur atom in NFs—SO;H was
converted into sulfonic acid group, and the oxidation of the
thiol groups towards sulfonic acid groups was quantitative.

Conclusions

For the first time we showed the possibility to assemble isolated
and purified MCM-41 nanoparticles via electrospinning into
porous nanofibers. We found that the ordered mesoporosity of
the MCM-41 nanoparticles is retained in the resulting nano-
fibers. Furthermore, spinning parameters like applied voltage
and flow rate play an important role in tailoring the nanofiber
diameters, while the influence of the needle tip diameter can
be neglected. The prepared nanofibers can be tailored in
diameter between 250 nm and 500 nm. Additionally, we
successfully functionalized the hierarchically mesoporous nano-
fiber mats with sulfonic acid groups by a very mild reaction
route. Most importantly, the nanofibers morphology is retained
both during this CVD-like grafting process with propyl—thiol
chains and the oxidation to sulfonic acid groups. This procedure
can pave the way towards new types of nanostructured
inorganic proton-conducting membranes in the future.

Experimental Section

Synthesis of MCM-41 nanoparticles

In a typical synthesis®” 0.7 mL of NaOH solution (2M, Merck) and
96 mL of water were mixed and heated upon 80°C. Then 0.2 g of
the surfactant cetyltrimethylammonium bromide (CTAB, Sigma-
Aldrich) were added and dissolved. Subsequent 1 mL of Tetraethy-
lorthosilicate (TEOS, VWR Chemicals) was added to the solution.
After stirring for 2 h at 80°C the mixture was cooled down in an ice
bath, centrifuged at 8000 rpm for 10 minutes and washing with
water and ethanol. The white powder was dried at 80 °C overnight.

Preparation of electrospun MCM-41 fiber mats

5 wt-% MCM-41 NP and 10 wt-% polyvinylpyrrolidone (PVP, MW =
1.3 MDa, Alfa Aesar) were dispersed in ethanol (VWR Chemicals) by
using ultrasonication. After reaching well-dispersed MCM-41 NPs
the dispersion was transferred to a syringe and placed in a syringe
pump for the electrospinning process in an electrospinning
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chamber. 40% of rel. humidity were set in the chamber, the
distance between the needle tip and the rotating drum collector
was fixed to 15 cm. The standard spinning parameter were then a
needle tip diameter of 0.8 mm, a flow rate through the syringe of
0.9 mL/h and applied voltage of +12kV. The fiber mats were
removed from the collector and heat treated at 200°C for 16 h and
500°C for 6 h (heating rate: 1 K/min) to obtain the template- and
polymer-free NFs mats.

Functionalization of the NF mat

In a general synthesis, 0.08 g of NF mat was put in a tiny beaker
inside a Teflon inlet of a stainless-steel autoclave, then 1 mL MPTMS
(3-mercaptopropyl—trimethoxysilane, Sigma-Aldrich) was filled in
another tiny beaker inside the Teflon inlet. The Teflon inlet was
flushed with argon for 1 min. The vessel was transferred to the
autoclave and sealed. After sealing the autoclave was heated in an
oven for 48 h at 120°C. After cooling the white NF mat was
carefully taken out of the Teflon inlet of the autoclave, was washed
very carefully with water and dried in air (T=25°C, 72 h). The
subsequent oxidation of MPTMS-functionalized NFs was conducted
by shaking the NF mat in a mixture of 13 mL conc. H,0, solution
and 1.5 mL conc. HNO; for 24 h at room temperature. Afterwards,
the NF mat was carefully removed from the solution, washed
several times with water and ethanol, and dried in air (T=25°C,
72 h).

Characterization

SEM images were recorded with a Zeiss LEO 1530. An acceleration
voltage of 3 kV was applied with an aperture set to 30 um. Prior to
the measurement all samples were sputtered with 1 to 2 nm Pt
using a Cressington Sputter Coater 208 HR. TEM images were
recorded with a JEOL JEM-2200FS EFTEM equipped with Schottky
FEG and In-Column Omega Energy filter from JEOL operated at
200 kV. As TEM sample preparation 1 to 2 mg of the sample were
suspended in 1 mL of ethanol (AcrosOrganics, extra dry, 99.5%) and
afterwards 4 pL of the suspension was dropped on a carbon film
coated Cu TEM grid (200 Mesh). SEM and TEM images were
processed using Imagel. X-ray diffraction (XRD) patterns were
measured with a Malvern PANalytical Empyrean diffractometer
using Cu Ka irradiation. Acceleration voltage and emission current
were set to 40 kV and 40 mA, respectively. Nitrogen physisorption
measurements were conducted at —196.15°C with an Anton Paar
QUADRASORB evo surface area & pore size analyzer. The samples
were degassed for 16 hours at 120°C in vacuum prior to the
measurement. The data analysis was done via software ASiQwin™
(Anton Paar QuantaTec, Boynton Beach, USA). For titration 10 mg of
sulfonated NF mats were stirred in 100 mL 0.001 M sodium
hydroxide solution for 24 h at room temperature, then centrifuged,
filtrated and the liquid decanted. The solution was titrated against
0.001 M hydrochloric acid solution with a Titroline 7000 (SI
Analytics) to pH7. For elemental analysis (C, H, N, S) precise
quantities of samples between 2-3mg were placed in a tin boat
and sealed. The sealed package was placed in a Unicube from
Elementar. During the measurement the combustion tube was
heated up to 1143°C in O,/Ar atmosphere to ensure a complete
combustion of the samples. The detection of completely oxidized
gaseous species was done via thermal conductivity system. Diffuse
reflectance infrared Fourier transform (DRIFT) spectra were col-
lected using a Bruker alpha Il with exchangeable sample attach-
ments.
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