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Abstract: Carbon fibers belong to the materials of high interest in medical application due to their
good mechanical properties and because they are chemically inert at room temperature. Carbon
nanofiber mats, which can be produced by electrospinning diverse precursor polymers, followed
by thermal stabilization and carbonization, are under investigation as possible substrates for cell
growth, especially for possible 3D cell growth applications in tissue engineering. However, such
carbon nanofiber mats may be too brittle to serve as a reliable substrate. Here we report on a simple
method of creating highly robust carbon nanofiber mats by wusing electrospun
polyacrylonitrile/ZnO nanofiber mats as substrates. We show that the ZnO-blended
polyacrylonitrile (PAN) nanofiber mats have significantly increased fiber diameters, resulting in
enhanced mechanical properties and thus supporting tissue engineering applications.
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1. Introduction

Electrospinning allows for the creation of thin fibers in the diameter range between some ten
and several hundred micrometers from diverse polymers or polymer blends [1]. Such nanofibers can
be used, for example, for air filtration, [2-4], water filtration [5-7], batteries [8] or biomedical
applications [9-11].

One of the typical materials often used as a precursor of carbon nanofibers is polyacrylonitrile
(PAN) [12,13]. This polymer has the additional advantage of being spinnable from the low-toxic
solvent dimethyl sulfoxide (DMSO) [14].

Such PAN nanofiber mats can afterwards be stabilized, typically in air, to enable a chemical
cyclization process, including the oxidation, aromatization, dehydrogenation, crosslinking and
formation of a thermally stable aromatic ladder polymer [15-18]. This first thermal treatment can be
performed, for example, by heating the nanofiber mat to temperatures around 260 °C-290 °C,
approached with heating rates between 0.5 K/min and 5 K/min [19-21], but can also be performed
with higher temperatures [22] or split into two different stages [23].

A problem which is scarcely discussed in the scientific literature, however, is the dimensional
change of the nanofiber mats during stabilization and carbonization, typically linked to a
morphological change of the nanofibers themselves, which become thicker, shorter and wavier due

Fibers 2019, 7, 98; d0i:10.3390/fib7110098 www.mdpi.com/journal/fibers



Fibers 2019, 7, 98 2 0of 10

to the relaxation of the frozen strain, resulting from the severe stretching during electrospinning [21].
Different strategies are discussed in the literature to avoid this morphological change, which is also
connected to a loss of the mechanical stability of the carbon nanofiber mats. Typically, bundles of
nanofibers are stretched during stabilization [24-26] and partly even during carbonization [27].
However, this process cannot be transferred to nanofiber mats created by needleless electrospinning.
The latter can be fixed instead, which often leads to shrinking in one direction, if only two sides are
fixed, or breaking of the mat even at low heating rates [28-30]. To enable the fixing of the nanofiber
mats, not only along the borders, but over the whole plane, the nanofiber mats can be electrospun on
aluminum foils as substrates and stabilized on these substrates, from which they are separated
afterwards [31]. However, this method is better suited for the batch production of nanofiber mats
than for continuous production, which is typically performed on a textile substrate delivered to the
spinning chamber by a roll-to-roll process.

Here we report on another method to unambiguously retain the original nanofiber morphology
during carbonization and, most importantly, to create soft, bendable carbon nanofiber mats. By
adding ZnO to the PAN solution, significantly thicker nanofibers are created during electrospinning,
resulting in an unchanged morphology during carbonization. ZnO can be used as a gas sensor [32]
or for photocatalytic degradation [33]. It is known to be non-cytotoxic, but shows high antibacterial
activity against Staphylococcus aureus and Escherichia. coli [34], making such fibers well suited for
medical applications such as wound dressings [35] or as a substrate for cell growth in tissue
engineering [36].

2. Materials and Methods

The needleless electrospinning machine “Nanospider Lab” (Elmarco Ltd., Liberec, Czech
Republic) was used to prepare nanofiber mats. We applied the following spinning parameters: high
voltage 80 kV, nozzle diameter 0.9 mm, carriage speed 100 mm/s, distance between bottom electrode
and substrate 240 mm, distance between ground electrode and substrate 50 mm, temperature in the
spinning chamber 24 °C and relative humidity 33%. The spinning duration was 20 min (areal weight
4.7 g/m?).

The spinning solution used here was prepared by dissolving 15 wt.% PAN and 5 wt.% ZnO
(nano powder < 100 nm particle size, Sigma-Aldrich, Germany) in DMSO (min. 99.9%, purchased
from S3 Chemicals, Bad Oeynhausen, Germany). For comparison, pure PAN nanofiber mats were
electrospun from 16 wt.% PAN dissolved in DMSO. The slightly higher amount of PAN was
necessary to reach a sufficient viscosity of the polymer solution and thus to avoid the formation of
beads along the fibers. Especially for dyeing tests, we used a woven cotton fabric with thickness 0.19
mm and areal weight 84.49 g/m?2.

A muffle furnace B150 (Nabertherm, Lilienthal, Germany) was used to stabilize the nanofiber
mats, using a heating rate of 1 K/min to reach a maximum temperature of 280 °C, followed by
isothermal treatment for 1 h.

For carbonization, a furnace CTF 12/TZF 12 (Carbolite Gero, Neuhausen, Germany) was used,
in which a temperature of 500 °C was reached with a heating rate of 10 K/min, applying a nitrogen
flow of 150 mL/min (standard temperature and pressure, STP), again followed by isothermal
treatment for 1 h.

For dyeing tests, a forest fruit tea solution (Mayfair, Wilken Tee GmbH, Fulda, Germany) was
applied. For this, 2.5 g tea was mixed with 30 g distilled water, and the tea was extracted for 30 min.
Samples were dyed for 30 min in a solution that contained anthocyanins as dye molecules and were
dried at room temperature.

Investigations of the sample surfaces were performed using a digital microscope VHX-600D
(Keyence, Neu-Isenburg, Germany), as well as a scanning electron microscope (SEM) Zeiss
1450VPSE (Oberkochen, Germany) for more detailed examinations. Chemical evaluation was
performed by Fourier-transform infrared (FTIR) spectroscopy, using an Excalibur 3100 (Varian, Inc.,
Palo Alto, CA, USA). Fiber diameters were investigated using Image] 1.51j8 (from National Institutes
of Health, Bethesda, MD, USA).
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3. Results and Discussion

The morphology of the raw electrospun PAN/ZnO nanofiber mats is depicted in Figure 1,
showing SEM images with identical magnification, taken at different sample positions. Generally,
the fibers are much thicker than common PAN nanofibers, which have average diameters of 160 + 40
nm, electrospun under identical conditions [31], or the PAN nanofibers created here, resulting in an
average diameter of 140 + 40 nm, as calculated from SEM images. For the PAN/ZnO nanofibers
under investigation here, the average diameter is 450 + 120 nm, i.e., approximately three times the
common PAN nanofiber diameter.

While in most applications, the nanofibers used have a very high surface-to-volume ratio, here
the increase of the nanofiber diameter is not critical. Earlier investigations of the growth of Chinese
hamster ovary (CHO) cells on different nanofiber mats revealed that growing on pure PAN
nanofiber mats with their typical thin fiber diameters was impossible, while the cells grew well on
PANY/gelatin nanofiber mats [36] with average fiber diameters of 490 + 130 nm [37].
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Figure 1. Scanning electron microscopy SEM images of an electrospun polyacrylonitrile (PAN)/ZnO

nanofiber mat, taken at different sample positions.

On the other hand, some of the fibers already show agglomerations of ZnO on the surface
(Figure 1b). This indicates that the ZnO:PAN ratio chosen here, which is uncritical for
electrospinning, may be too high and could be reduced in further experiments, depending on the
desired application. It should be mentioned that this finding is similar to earlier investigations of
PAN/TiO2 nanofiber mats, which did not show increased fiber diameters, but also partly exhibited
TiO2 agglomerations along the fibers for a broad range of TiO: contents between 2.2% and 10.2%
[38]. Former tests to reduce the TiO: agglomerations by longer stirring time, additional ultrasonic
dispersion, reduced time between stirring and electrospinning, etc. indicated a general possibility to
obtain a more homogeneous distribution of the TiO2 and thus to reduce these agglomerations.
Depending on the desired application —whether applications fixed along the fibers are undesired or
even advantageous—similar experiments in combination with a variation of the ZnO content are
necessary.

Next, it was tested whether the ZnO is freely available and could thus support the antibacterial
activity of such samples [34]. Former investigations of PAN/TiO2 nanofiber mats revealed very slow
methylene blue degradation, indicating that only a small amount of TiO:2 is in contact with the
environment [39]. Here, an easier method was used to investigate whether a significant amount of
ZnO is in contact with the environment. ZnO belongs to the semiconductors used in dye-sensitized
solar cells, typically showing a clearly visible bathochromic shift of the color of diverse dyes
adsorbed on the material [40-43].

Figure 2 shows microscopic images of different raw and dyed fabrics. Figure 2a depicts a dyed
cotton fabric, showing the typical color of the tea solution. The original PAN/ZnO nanofiber mat
(Figure 2b) shows white fibers. After dyeing such a nanofiber mat, drying and rinsing it with water,
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the nanofiber mat again looks white (Figure 2c). Obviously, not even the reddish color of the cotton
fabric is reached. This is in strong contrast to dyeing a PAN/ZnO nanofiber mat that was previously
dip-coated into an aqueous ZnO solution, showing the typical lilac color after the bathochromic shift
due to the binding of the anthocyanins to the ZnO (Figure 2d), as it is also well-known from TiOz
dyed with anthocyanins [44]. Apparently, no visible amount of ZnO could be dyed.

Depending on the desired application, it may be supportive to have a relatively inert fabric
without the antibacterial activity of ZnO. However, for many applications, the antibacterial —or
photocatalytic or other—properties of ZnO may be desired. Thus, it was tested whether ZnO
nanoparticles could be coated on the PAN/ZnO fabric afterwards. While a previous experiment
revealed the strong adhesion of TiO: nanoparticles in PAN nanofiber mats [44], the modified
morphology of the PAN/ZnO nanofiber mat may also change the adhesion of nanoparticles coated
on the fibers.

(b)

() (d)

Figure 2. Microscopic images of (a) a cotton fabric dyed with anthocyanins; (b) a PAN/ZnO
nanofiber mat; (¢) a PAN/ZnO nanofiber mat dyed with anthocyanins; (d) a PAN/ZnO nanofiber mat
dip-coated in ZnO and dyed with anthocyanins.

Unexpectedly, PAN/ZnO nanofibers enabled the even stronger adhesion of additional ZnO
nanoparticles than pure PAN nanofiber mats. Figure 3 depicts both nanofiber mats, dip-coated in an
aqueous ZnO solution, dried at ambient temperature and afterwards rinsed with water. It is clearly
visible that more ZnO nanoparticles adhered to the PAN/ZnO nanofiber mat than to the PAN
substrate. This is in contrast to coating PAN nanofiber mats with TiO, resulting in nano-composites
that could even be applied as photo-electrodes in dye-sensitized solar cells [44].



Fibers 2019, 7, 98 50f 10

ety

A, i . A NG o TN & b
2um EHT= B.00KV  SignalA=SE1  Brightness = 48.1 % ;::__W 2um EHT= BOOKY  Signal A=SE1  Brightness = 49.5% ;m
WD= 12mm  Mag= 500KX Contrast= 327%  Date:23 Sep 2019 i WD= 12mm  Mag= 500KX Contrast= 32.1%  Date 23 Sep 2019w
(a) (b)

Figure 3. SEM images of ZnO nanoparticles, applied by dip-coating on (a) a PAN nanofiber mat; (b) a
PAN/ZnO nanofiber mat, after rinsing the substrates with water.

While the previous investigations concentrated on raw PAN/ZnO nanofiber mats, the main aim
was the stabilization and carbonization of the electrospun samples. Figure 4 thus shows microscopic
images of stabilized and carbonized PAN and PAN/ZnO nanofiber mats, respectively.

(© ()

Figure 4. Microscopic images of (a) a stabilized PAN nanofiber mat; (b) a carbonized PAN nanofiber
mat; (c) a stabilized PAN/ZnO nanofiber mat; (d) a carbonized PAN/ZnO nanofiber mat.

While the PAN fibers are too fine to be visible in these microscopic images, the stabilized and
carbonized PAN/ZnO samples clearly show a fibrous structure. Carbonization at identical
temperatures results in the more or less identical dark-grey color of the carbonized samples, while
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the brown colors of the stabilized samples differ slightly. The reddish brown of the stabilized
PAN/ZnO nanofiber mat is similar to the color of the stabilized PAN/gelatin nanofibers, which has a
similar diameter [37], suggesting that this color change may be attributed to diffraction at the
nanofibers.

More importantly, the carbonized PAN/ZnO nanofiber mats are highly bendable. Figure 5
depicts carbonized nanofiber mats from pure electrospun PAN and PAN/ZnO nanofiber mats as
precursors, respectively. The carbonized PAN nanofiber mat, stabilized and carbonized without
fixation, breaks directly when grasped with the tweezers. Oppositely, the carbonized PAN/ZnO
nanofiber mat, stabilized and carbonized under identical conditions, is bendable without any
tendency to break, making this material more easily usable in applications such as 3D substrates for
tissue engineering, where they are not used in a plane shape.

Finally, some other properties of the PAN/ZnO nanofiber mats are given. From the physical
point of view, it is interesting that the carbon nanofiber mats produced from this precursor are not
conductive (i.e.,, the sheet resistance is higher than 20 MQ), opposite to PAN nanofiber mats
carbonized under identical conditions [44].

-

4
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Figure 5. Bending a carbonized PAN nanofiber mat (stabilized without fixation) only slightly results
in brittle failure (left side), while bending carbonized PAN/ZnO nanofiber mats (stabilized without
fixation) is possible with a narrow bending radius (right side).

For diverse applications, the carbon yield is an important factor, i.e., the ratio of the mass
retained after carbonization to the mass of the original nanofiber mat. Typical values of the
stabilization yield for a PAN nanofiber mat after stabilization with the process parameters applied
here are in the range of 72%, the corresponding carbonization yield is approx. 29%, resulting in an
overall mass yield of 21% [30].

For the PAN/ZnO nanofiber mats under investigation here, the stabilization yield is approx.
74%, while the carbonization yield is approx. 76%, resulting in an overall mass yield of 56%. While
this seems to be a very promising result at first glance, it must be taken into account, nevertheless,
that %4 of the dry mass of the raw nanofiber mat consists of ZnO, which is thermally stable up to
nearly 2000 °C and stays thus unaltered during carbonization at 500 °C. This reduces the overall
carbon gain to (100% — 25%)/(56% — 25%) = 41%. This value is still approximately twice as high as the
overall mass yield from a pure PAN nanofiber mat, indicating that future research on this topic is
necessary to investigate the specific chemical or physical properties of the carbon/ZnO nanofiber
mats that are necessary for different applications. Since this finding is unexpected, FTIR
investigations were used to evaluate the chemical properties of the carbon/ZnO nanofiber mats.

Results for PAN/ZnO nanofiber mats in a raw state, after stabilization and carbonization, are
depicted in Figure 6a. A ZnO absorption peak could be expected near 430 cm™" [45], which cannot be
achieved in the FTIR instrument used for this investigation. Annealing can be expected to reduce
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possible impurities in the ZnO so that no additional peaks should be visible in the spectra of the
stabilized and the carbonized nanofiber mats [46].

The spectra for raw and stabilized PAN/ZnO nanofiber mats indeed show the peaks expected
for raw and stabilized PAN, as discussed in detail in [11] and [20]. The spectrum of the carbonized
sample, however, shows clear residues of the stabilized material, indicating that carbonization is not
completed here. For a better comparison, Figure 6b shows the corresponding spectra of a PAN
nanofiber mat after electrospinning, stabilization and carbonization. While the first two spectra are
qualitatively identical with those of PAN/ZnO, the latter shows clearly reduced features,
underlining nearly complete carbonization.
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c | stabilized ] o stabilized
= carbonized =t carbonized -
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Wave number (cm™) Wave number (cm™)
(a) (b)
Figure 6. FTIR graphs of electrospun, stabilized and carbonized nanofiber mats from (a) PAN/ZnO;
(b) PAN.

This effect may be based on the increased nanofiber diameter, impeding sufficient heat supply
to the fiber core. In other thicker nanofibers, like PAN/gelatin or PAN/poly(vinylidene fluoride), this
problem may not occur since the blend partners are typically dissolved at temperatures below 500
°C [36,47], while PAN/TiO2 nanofibers do not show an increased fiber diameter and thus behave
similar to pure PAN fibers during carbonization [38]. The same effect of incomplete carbonization
under identical conditions was already found for the carbonization of pure PAN nanofibers
electrospun with a low voltage of 50 kV, resulting in thicker fibers, where no chemical difference to
the usual PAN nanofibers electrospun with 80 kV, as done here, can be expected (to be published).
This underlines that optimal carbonization parameters do not only have to be distinguished between
nanofibers and microfibers, but also between differently electrospun nanofibers with
correspondingly different diameters.

The FTIR graphs clearly show that a deeper investigation of the carbonization process and
possibly even an optimization of the stabilization step are necessary to create carbon/ZnO nanofiber
mats with good mechanical and reliable chemical properties.

4. Conclusions

PAN/ZnO nanofiber mats were prepared by electrospinning, resulting in nanofibers with
diameters approximately three times the value of pure PAN nanofibers. While the ZnO included in
the polymer matrix was not in contact with the environment, as shown by a simple dyeing test,
additional ZnO nanoparticles adhered better on these nanofiber mats than on those from pure PAN,
enabling the addition of antibacterial or other desired properties of ZnO.

Stabilization and carbonization with the process parameters typical for PAN nanofiber mats
resulted in highly flexible nanofiber mats. FTIR investigations revealed that carbonization was not
completed for the PAN/ZnO nanofiber mats, suggesting further investigation and optimization of
the carbonization, and possibly also of the stabilization, process is needed to prepare flexible
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carbon/ZnO nanofiber mats with well-defined chemical properties as 3D substrates in tissue
engineering.
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