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Abstract

Electrospun carbon nanofibers (CNFs) are an excellent material which can possess a
wide range of properties through controlling the parameters of the electrospinning
process, as well as through thermal treatment. At the same time, CNFs are an excellent
substrate for carrying out modifications, both volumetric, at the stage of precursor
preparation, and surface modifications. Different methods of introducing various silicon
carbide (SiC) precursors into the spinning solution enables the formation of needle-
shaped SiC nanostructures on the CNF surface.

This work presents an attempt to obtain nanofibrous carbon materials modified in volume
and on the surface with SiC precursors, along with their characteristics. The most
promising method of creating needle-like SiC nanostructures on the surface of CNFs is
the use of volume modification with polysiloxane and silanization of the surface of the

CNFs in a organosilicon sol solution.
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1. Introduction

Carbon nanomaterials, such as carbon nanotubes or carbon nanofibers, have been
receiving considerable interest in the field of environmental protection, especially in water
purification processes. The special properties of electrospun carbon nanofibers (CNFs)
mean that these materials have already been used as a reinforcement for
nanocomposites, in biomedical engineering, as catalyst carriers, sensors, and galvanic
cells (Soltani et al., 2022). CNFs are characterised by high mechanical strength, low
density, additionally they are chemically stable and conduct electricity well (Sharon,
2021). The potential of CNFs obtained by electrospinning lies in the possibility of carrying
out various modifications and optimisations at various stages of their preparation
allowing to produce a material with the desired morphology, structure and functionality
(Tan et al., 2024). The prospect of producing carbon-ceramic hybrid materials can make
it possible to produce nanocomposites with improved structural, microstructural and
physicochemical properties. Thanks to the unique combination of the properties of CNFs
with resistance to high temperatures, oxidation, and high chemical stability of ceramic
materials such as silicon carbide (SiC), the obtained hybrid materials can operate in
difficult conditions (Koyanagi et al., 2021). Carbon-ceramic nanocomposites seem to be
an interesting material for use in membrane technologies for water treatment (Cheng et
al.,, 2018). Membrane technologies face the problem of biofouling, caused by the
multiplication of micro- and macro-organisms causing the formation of a biofilm on the
membrane surface. In our previous work, we reported a modification of electrospun
carbon nanofibers with metal nanoparticles with antibacterial properties (Pazdyk-Slaby
et al.,, 2024). Due to the difficult operating conditions of membranes in filtration
processes, new technological solutions are being sought. The development of carbon-
ceramic composites seems to be justified in this case. The introduction of a ceramic
phase improves chemical stability and increases resistance to oxidation and high
temperatures. Moreover, there are reports in the literature indicating the antibacterial
influence of SiC nanofibrous structures through toxic effects on the bacterial cells,
increasing the efficiency of the membrane (Szala and Borkowski, 2014).

There are known examples of the use of electrospun PAN fibers in environmental
protection. NaOH-activated hydrothermal carbon-coated PAN fibers show potential for
herbicide removal from agricultural wastewater (Zhao et al., 2016). Efficient TEOS-

modified carbon nanofiber membranes have been developed for the filtration of metal



nanoparticles and their oxides (Au, Ag, TiO2) from aqueous solutions (Faccini et al.,
2015). It has been proven that coating carbon nanofibers with SiC/SiO, improves
oxidation resistance and thermal degradation of materials significantly decreases (Kim
et al., 2010). A SiC coating was produced on the CNF surface using a mixture of Si and
SiO2 powders in an argon atmosphere. The SiC coating inhibits the formation of CNF
agglomerates, and the resulting composite is characterized by increased cracking
resistance compared to monolithic SiC (Xu et al., 2014).

In the present work, an attempt was made to produce and characterise CNFs modified
with needle-like SiC nanostructures. So far, there has been no information in the
literature about hybrid CNF systems - needle-like SiC nanostructures, which would be
obtained as a result of heat treatment of PAN nanofibers modified with polysiloxane,
TEOS and organosilicon sol. These SiC precursors are not as popular as SiO» described
in the literature (Dai et al., 2017), and their use for the modification of CNF is the added

value of this publication.

2. Experimental

2.1. Formation and thermal treatment of PAN nanofibers and silanization
Two types of modification of carbon nanofibers with SiC precursors were carried out:
volumetric and surface. For this purpose, three precursor solutions of 10%
polyacrylonitrile (PAN, Sigma Aldrich) dissolved in N,N-dimethylformamide (DMF,
Avantor) were prepared. PAN used to prepare spinning solutions was dried for 24 h at
temperature of 75°C and pressure of 0.2 bar. Then, two types of SiC precursors were
added to two of them — tetraethoxysilane (TEOS, Sigma Aldrich) and polysiloxane
(Lukosil M 130) in weight to PAN ratios of 1:1. PAN polymer nanofibers were obtained
using the electrospinning method. Under the influence of high voltage, polymer
nanofibers were formed from the spinning solutions and collected on a rotating
collector. The parameters for obtaining nanofibers were as following: nozzle diameter
1.1 mm; collector-nozzle distance 60 mm, voltage 10 kV, formation time 90 min, and
the collector rotation speed 4 RPM. The environmental parameters were as follows:
temperature 25 °C, humidity ~ 30-35 %. The obtained PAN nanofibers were converted
into carbon nanofibers as a result of thermal treatment including stabilization,
carbonization and high-temperature treatment. Stabilization was carried out in an air
atmosphere, in two stages at 240 °C and 260 °C. Carbonization consisted of heating
the samples in a nitrogen atmosphere from RT to 800 °C, with a heating rate of

5 °C/min. After reaching this temperature, the samples were kept there for 60 minutes



and then cooled to RT. The last stage of processing was heating the samples at a rate
of 10 °C/min in N2 to a temperature of 1550 °C and holding them for 60 minutes.

The obtained samples were marked as follows:

CNF — electrospun carbon nanofibers,

CNF/polysiloxane — volumetrically modified carbon nanofibers with polysiloxane,
CNF/TEOS - volumetrically modified carbon nanofibers with TEOS.

Surface modification was already carried out on CNF as a result of the silanization

process in sol. The synthesized sol contained T and D structural units in molar
proportions % =§ . The T unit is present in methyltrimethoxysilane, the silicon atom is

connected to one alkyl group and three alkoxy groups. The D unit occurs in
dimethyldiethoxysilane, where the silicon atom is connected to two alkyl and two alkoxy
groups. To prepare the sol, monomers of methyltriethoxysilane and
dimethyldiethoxysilane were used, anhydrous ethyl alcohol as a solvent, dilute
hydrochloric acid as a catalyst and distilled water to initiate the hydrolysis reaction. The
sample was immersed in the sol solution for 2 days. After this time, it was dried in air at
70 °C for 7 days. The dried sample was heat treated at 800 °C and at 1550 °C under the
conditions previously described.

The received material was marked:
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Figure 1. Schematic illustration of the preparation process of CNF - needle-like SiC

nanostructures.




2.2.  Characterization
Using Nova NanoSEM 200 (FEI Europe Company) scanning electron microscope the
morphology and microstructure of the modified carbon nanofibers were analyzed.
Using ImageJ software, the percentage of SiC nanostructures precipitated on the surface
of the tested samples was calculated. The area covered with SiC was marked and its
surface was determined. The percentage of the total surface covered with SiC was then
determined. For each sample, measurements were repeated on 5 different SEM images
and the results were averaged.
The chemical composition of the obtained samples at various stages of thermal
treatment was examined using Fourier transform infrared spectroscopy (FTIR Tensor 27,
Brucker) in transmittance mode, with a resolution of 4 cm™. The standard KBr pellet
method was used.
XRD analysis was performed using a Philips X'Pert Pro diffractometer with a Cu Ka
radiation source (A = 0.1542 nm).
Two bacterial strains were used to assess the microbiological activity of CNFs samples
modified with needle-like SiC nanostructures — Gram positive (S. aureus ATCC 6538P)
and Gram negative (E. coli ATCC 8739). The study of the kinetics of bacterial growth in
contact with the obtained nanofibrous materials was carried out for 24 h (37 °C/24h) on
a shaker, in a liquid environment and without access to light, following the described
procedure (Chen et al., 2012).
Bacterial suspension (2 ul, 1.2x10'6 CFU) in 20 ml of culture medium was inoculated
onto the prepared material samples with dimensions of 5x5 mm. By measuring the
optical density at 600 nm (OD 600) using a UV-Vis spectrophotometer (UV-1800i,
Shimadzu), the bacterial growth rate was monitored. The measurement was made at
specific time intervals within 24 h. Then the optical density was plotted as a function of
the incubation duration.
The number of colonies of Gram positive bacteria (S. aureus ATCC 6538P) was
determined after 3 h and 24 h, maintaining the conditions described in the procedure
(Subhan, 2020).

3. Results and Discussion

3.1.  SEM morphology
Fig. 2 shows the morphology of SiC nanostructures growing on the surface of CNFs.
Individual forms of SiC differ in morphology depending on the method of preparing the
composite and the SiC precursor used. Figs. 2 a-d show images of CNFs modified

volumetrically with SiC precursors, while Figs. 2 e, f) show images of CNFs modified on



the surface. In the case of the CNF/polysiloxane sample (Fig. 2 a, b), thin needles are
formed and transform into triangular prisms. This is probably due to the use of
temperature too high for the polysiloxane precursor. Silicon carbide needles probably
form at temperatures below 1550°C and then transform into prisms. The growth of multi-
shaped SiC nanofibers is based on the vapor-solid growth mechanism and changes in
the morphology of nanofibers are the result of temperature-dependent growth kinetics
(Dai etal., 2017). The use of TEOS as a precursor allowed needle-like structures growing

from the surface of carbon nanofibers to be obtained (Fig. 2 c, d). The use of silanization

in the % = % sol resulted in the growth of nanostructured SiC needles (Figs. 2 e, f). Local

transformation of the needles into triangular prisms could also be observed.



Figure 2. SEM micrographs of a, b) CNF/polysiloxane, ¢, d) CNF/TEQOS, e, f) CNF/sol.

The method of preparing composites and the type of SiC precursor have influence not
only on the morphology of SiC nanostructures, but also on the morphology of carbon
nanofibers. In the case of CNF/TEOS (Fig. 2 ¢, d) and CNF/sol (Fig. 2 e, f) samples, the
carbon nanofibers are uniform along their entire length. They create a system of
entangled nanofibers. The use of polysiloxane as a SiC precursor had the strongest



impact on fiber morphology. The nanofibers took the form of branched structures, stuck
together in places. The presence of polysiloxane in an amount of 50% of the mass of
PAN causes changes in the viscosity of the spinning solution and probably slows down
the solvent evaporation process, causing the obtained nanofibers to be more flattened,
stuck together, and thus having a larger diameter (Figs. 3 ¢, d and 4) (Manea et al.,
2015).

Figure 3. SEM micrographs of a, b) PAN nanofibers, ¢, d) PAN/polysiloxane, and e, f)
CNF/TECS.
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Figure 4. Average diameter of PAN nanofibers before and after modification.

Significant differences were also observed in the diameters of carbon nanofibers (Fig.
5). The diameters of carbon nanofibers have different values depending on the SiC
precursor used. The highest diameter values of carbon nanofibers were observed for
materials volumetrically modified with polysiloxane, while the lowest values of diameters
were observed in the case of the CNF/TEOS sample. A significant change in the
diameters of CNF/polysiloxane nanofibers compared to CNF nanofibers without
modification (increase by 145%) was observed already at the stage of obtaining polymer
precursors (Fig. 4). The highest standard deviation value was also recorded for this
sample, which shows that the obtained nanofibers were non-uniform in terms of
diameters. Probably, the addition of TEOS to a 10% PAN solution reduces the viscosity,
and thus the formed PAN/TEOS nanofibers are smaller (Fig. 4). This also has a direct
impact on the lower diameter of the nanofiber after carbonation (Fig. 5). Modification of
the CNF surface because of silanization in a sol containing T and D structural units in
molar proportions T/D = 4/1 resulted in an increase of approximately 13% compared to
CNF fibers without modification. This may suggest that an additional layer is formed on

the CNF surface as a result of thermal treatment of the sol.
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Figure 5. Average diameter of CNF nanofibers before and after modification.

Moreover, the type of precursor used, and the method of modification influenced
differences in the number of SiC nanostructures formed on the surface of the samples.
Based on SEM images, the percentage of surface areas of samples covered with SiC
nanostructures was estimated: CNF/polysiloxane 35%, CNF/TEOS 5%, CNF/sol 25%.

3.2.  FT-IR analysis
Analyzing the FT-IR spectra of the tested materials (Fig. 6), the presence of Si-C bands
at 740-780 cm™', originating from stretching vibrations, was observed in each of the
tested samples, and they differed in intensity (Kaneko et al., 2005). For volume-modified
samples (Fig. 6 a, b), the Si-C group is visible after carbonization at a temperature of
1550 °C, while for surface-modified systems (Fig. 6 c¢) this band is observed after thermal
treatment at 800 °C. This suggests that the use of silanization in sol favors the formation
of SiC structures at lower temperatures. Each of the presented spectra shows the
presence of bands at approximately 1050—1100 cm™ originating from asymmetric
stretching vibrations of Si-O-Si bonds (Kim et al., 2010). Moreover, Figs. 6 a and b show

the spectra of polymer nanofibers before thermal treatment. They contain bands



characteristic of polyacrylonitrile, which disappear as stabilisation progresses

(Karbownik et al., 2015).

a) _ b)

== PAN/polysiloxane @ — PAN/TEOS

— CNFlpolysiloxane 800°C QR Q — CNF/TEOS 800°C =

== CNF/polysiloxane 1550°C @ @ = CNF/TEOS 1550°Cy %
Z
"
(@]

Si-0, Si-O-CH;

Si-CH;
Absorbance
H, N-H,,

O-H, Si-OH

X
O

L
3800 3400 3000 2600 2200 1800 1400 1000 600 3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber [cm-] Wavenumber [cm']

Absorbance

N-

C=C

C) X
- CNF/sol 800°C 2

— CNF/s0l 1550°C

Absorbance

—

3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber [cm-T]

Figure 6. FTIR spectra of a) CNF/polysiloxane, b) CNF/TEQOS, c) CNF/sol.

3.3.  XRD analysis
The XRD analysis shown in Fig. 7 confirms the presence of SiC in CNF/polysiloxane and

CNF/sol. Diffraction peaks correspond to the cubic polytype B-SiC. Moreover, in the
tested systems there are diffraction peaks between 20° and 30° coming from the
amorphous carbon phase (Nhut et al., 2004). The absence of the SiC phase observed
in the diffractogram Fig 7 b) is probably related to the collection of a sample fragment for
XRD analysis. Analyzing SEM photos of the tested materials, it was observed that the

needle-like SiC nanostructures were not evenly distributed throughout the sample

volume (Fig. 2 d).
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Figure 7. XRD analysis of a) CNF/polysiloxane, b) CNF/TEOS, c) CNF/sol.

3.4.  Microbiology test
Analyzing the bacterial growth curves (Figs. 8 a, b), a clear increase in the number of
both strains was observed in contact with CNFs constituting a reference sample. An
increase in the number of bacteria, depending on the method of modification used, is
also visible for modified samples. CNFs modified with organosilicon compounds do not
affect Gram-negative bacteria (Escherichia coli), but they show some microbiological
activity in contact with Gram-positive bacteria (Staphylococcus aureus). The inhibition of
the growth of Staphylococcus aureus multiplication is especially visible for the CNF/sol
and CNF/polysiloxane samples. These samples are characterised by some
bacteriostatic properties. Unlike Gram-positive bacteria, Gram-negative bacteria have an
additional lipopolysaccharide (LPS) layer in their structure that provides protection
against external factors, which makes them less sensitive to the bacteriostatic effect
(Maldonado et al., 2016). The bacteriostatic effect was probably caused by the presence
of needle-like SiC nanostructures in the tested materials. The influence of structural
morphology of different materials including nanomaterials on the microbial response is

widely described in the literature (Babayevska et al., 2022; Gandotra et al., 2021;



Stankovi¢ et al., 2013; Szala and Borkowski, 2014). The shape of the obtained SiC
nanostructures may be a decisive factor. The inhibition of bacterial growth and
multiplication was probably due to mechanical damage to the integrity of the bacterial
cell membrane by SiC nanostructures. Disruption of the integrity of the bacterial cell
membrane causes oxidative stress leading to growth inhibition, cytotoxicity, and even
death of the bacteria (Selim et al., 2020). The antibacterial effect is probably based on
the synergy of mechanical damage to the bacterial cell and the production of reactive
oxygen species (Gandotra et al., 2021). The toxic effect of SiC nanofibers and nanorods
obtained by combustion synthesis on bacteria is known from the literature (Szala and
Borkowski, 2014). To date, the antibacterial activity of needle-like SiC nanostructures as

modifiers of CNFs has not been investigated.
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4. Conclusions
The aim of the work was to obtain hierarchical ceramic-carbon systems in which needle-
like SiC nanostructures grow on the surface of CNFs. Three types of modifications were
carried out using three different SiC precursors. The obtained nanocomposite systems
were assessed in terms of morphology and microstructure. SEM observations showed

the presence of needle-like nanostructures on the surface of the CNF s, but the number



of precipitates varied depending on the modifier used. The use of polysiloxane as a SiC
precursor resulted in the greatest amount of needle-like structures. FT-IR analysis
confirmed the presence of Si-C groups in all tested systems, while XRD allowed the
identification of the SiC phase as the B-SiC polytype in CNF/polysiloxane and CNF/sol
systems. Microbiological tests showed CNF/sol and CNF/polysiloxane bacteriostatic
properties, suggesting their potential for filter materials inhibiting bacterial growth. This
effect likely stems from the toxic impact of needle-like SiC nanostructures on bacterial

cells.
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