

  fibers-08-00055




fibers-08-00055







Fibers 2020, 8(9), 55; doi:10.3390/fib8090055




Article



Stabilization and Incipient Carbonization of Electrospun Polyacrylonitrile Nanofibers Fixated on Aluminum Substrates



Jan Lukas Storck 1[image: Orcid], Timo Grothe 1[image: Orcid], Khorolsuren Tuvshinbayar 1, Elise Diestelhorst 1, Daria Wehlage 1, Bennet Brockhagen 1, Martin Wortmann 1[image: Orcid], Natalie Frese 2 and Andrea Ehrmann 1,*[image: Orcid]





1



Faculty of Engineering and Mathematics, Bielefeld University of Applied Sciences, Interaktion 1, 33619 Bielefeld, Germany






2



Faculty of Physics, Bielefeld University, Universitätsstraße 25, 33615 Bielefeld, Germany









*



Correspondence: andrea.ehrmann@fh-bielefeld.de







Received: 8 July 2020 / Accepted: 19 August 2020 / Published: 21 August 2020



Abstract

:

Polyacrylonitrile (PAN) nanofibers, prepared by electrospinning, are often used as a precursor for carbon nanofibers. The thermal carbonization process necessitates a preceding oxidative stabilization, which is usually performed thermally, i.e., by carefully heating the electrospun nanofibers in an oven. One of the typical problems occurring during this process is a strong deformation of the fiber morphologies—the fibers become thicker and shorter, and show partly undesired conglutinations. This problem can be solved by stretching the nanofiber mat during thermal treatment, which, on the other hand, can lead to breakage of the nanofiber mat. In a previous study, we have shown that the electrospinning of PAN on aluminum foils and the subsequent stabilization of this substrate is a simple method for retaining the fiber morphology without breaking the nanofiber mat. Here, we report on the impact of different aluminum foils on the physical and chemical properties of stabilized PAN nanofibers mats, and on the following incipient carbonization process at a temperature of max. 600 °C, i.e., below the melting temperature of aluminum.
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1. Introduction


Polyacrylonitrile (PAN) is a common precursor for carbon, using macroscopic fibers or electrospun nanofibers [1,2]. Carbon nanofibers are typically used in composites due to their mechanical properties [3], but also as electrode material in energy storage devices [4] or super-capacitors [5] due to their electrical conductivity and high specific surface area. PAN can be electrospun from a polymer solution by the widely used needle-based technique or by diverse needle-less methods, such as drum- or wire-based electrospinning. Besides the relatively high carbon yield of PAN [6], this polymer can be electrospun from the low-toxic solvent dimethyl sulfoxide (DMSO) [7] with a significantly higher fiber yield and better homogeneity than other polymers [8]. It is therefore suitable for medical applications wherein residues of toxic solvents might impede the patients’ health, and is less harmful to the environment than other synthetic polymers.



Before high-temperature carbonization, usually from 500 °C upwards, a stabilization step is necessary to preclude thermal decomposition. During thermal stabilization in air, different chemical processes occur, such as oxidation, cyclization, crosslinking, aromatization and dehydrogenation [9,10]. These processes are influenced by the process parameters, especially the heating rate, the final temperature and the time of the isothermal treatment [11,12,13,14].



While these influences are often discussed in detail in the literature, the problem of undesired modifications of the fiber’s morphology is scarcely mentioned. The fiber deformation upon thermal stabilization results from the heat-induced relief of internal tension introduced into the fibers during the electrospinning process due to extreme stretching of the polymers [15]. While the formation of conglutinations at the contact points is sometimes unproblematic [16,17] and can often be avoided by carefully tailoring the stabilization parameters [18], a larger problem is posed by the typical shrinking and bending of unfixed fibers during stabilization. Several approaches are reported in the literature, such as the stretching of bundles of nanofibers mats with a weight [19,20,21] or the fixing of nanofiber mats at two opposite sides [22,23], or even at all four sides [14,24]. Especially the latter was shown to lead to breaking of the nanofiber mats.



In a previous study, we demonstrated that a simple method for overcoming these problems involves electrospinning on aluminum foils as substrates, and stabilizing the whole composite. In this way, the forces that would otherwise cause the nanofiber mats to break are distributed over the entire surface, making stabilization possible without fiber deformation [25]. Here, we report on further experiments, using different aluminum foils and varying the process parameters of stabilization and incipient carbonization at 500 °C and 600 °C, i.e., well below the melting temperature of aluminum, to optimize both processes.




2. Materials and Methods


The needle-less electrospinning machine “Nanospider Lab” (Elmarco, Liberec, Czech Republic) was applied to prepare PAN nanofiber mats, using the following spinning parameters: voltage 80 kV, electrode–substrate distance 240 mm, nozzle diameter 0.9 mm, carriage speed 100 mm/s, substrate speed 0 mm/min, relative humidity and temperature in the spinning chamber 33% and 22 °C, respectively, and spinning duration 30 min. These process parameters were optimized in diverse previous studies.



The spinning solution was prepared from 16 wt.% PAN (copolymer with 6% methyl methacrylate, X-PAN, Dralon, Dormagen, Germany) dissolved in DMSO (≥99.9%, S3 chemicals, Bad Oeynhausen, Germany) by stirring for 2 h at room temperature. This spinning solution contains enough polymer to avoid bead formation, while it is still has low enough viscosity to be electrospun with a sufficient nanofiber gain [26].



Aluminum foils with three different thicknesses (2 µm (Rewe, Köln, Germany); 12 µm (Superb Home, Poland); 35 µm (Vireo.de, Merseburg, Germany)) were glued onto the polypropylene nonwoven (Elmarco) commonly used as substrate with the dull side on top, unless otherwise indicated. The nanofiber mats were not separated from these aluminum foils after electrospinning.



Stabilization was carried out in a muffle oven B150 (Nabertherm, Lilienthal, Germany) by applying a heat rate of 1 °C/min (or different, if mentioned in the text) from room temperature to 280 °C whereby the sample was treated isothermally for 1 h (or longer, if mentioned) in air. For the subsequent incipient carbonization, a furnace CTF 12/TZF 12 (Carbolite Gero Ltd., Hope, UK) was used, heating the samples at a rate of 10 °C/min to 500 °C (or 600 °C) whereby they were isothermally treated for 1 h and steadily exposed to a nitrogen flow of 180 mL/min. While a temperature of 500 °C can be regarded as enabling incipient carbonization, possibly more clearly showing the residual differences of the stabilization process, a temperature of 600 °C will lead to a higher degree of carbonization, while still staying below the melting temperature of the aluminum substrates.



Examinations were performed using a camera Canon 1300D with Tamron SP AF 17–50 mm F/2.8 XR Di II LD aspherical lens and a Fourier-transform infrared (FTIR) spectroscope Excalibur 3100 (Varian Inc., Palo Alto, CA, USA). For FTIR in attenuated total reflection mode (ATR-FTIR), the samples were pressed onto a diamond ATR crystal, which results in a penetration depth of about 1.7µm, depending on angle and wavenumber. The spectra cover a frequency range from 4000 to 700 cm−1. Each spectrum was averaged over 32 scans and corrected for atmospheric noise.



Further microscopic investigations were performed with the helium ion microscope (HIM) Orion Plus (Carl Zeiss, Jena, Germany) applying an acceleration voltage of 36 kV. The spot control was set to 5.8 to obtain a beam current of 0.3–0.5 PA. In contrast to a scanning electron microscope (SEM), HIM allows non-conductive surfaces to be imaged even without a conductive coating. To avoid charging effects during secondary electron detection, an electron flood gun was used after each line scan with a flood energy of 500 eV and a flood time of 50 µs.



Colorimetry was performed with the spectrophotometer ColorLite sph900 (ColorLite, Katlenburg-Lindau, Germany). The color difference values ΔE*ab (Euclidean distance of the L*a*b* values) based on the Commission Internationale de l’Eclairage (CIE) colorimetric system were measured with a 45°/0° probe using standard light D65 and a 10° observation angle. All color difference values have been determined relative to a standard white sample MA38 BAM-Standard (defined by Federal Institute for Materials Research and Testing, Berlin, Germany, purchased from ColorLite) 1E2187c.




3. Results and Discussion


Figure 1 depicts photographs of samples after different stabilization times, prepared on both thin (Figure 1a) and thick aluminum foil (Figure 1b). While a clear color difference between the shortest and the longest stabilization durations is visible, the color change between directly adjacent stabilization times is hard to quantify.



To evaluate the influence of the stabilization duration in more detail, Figure 2 depicts FTIR spectra of the samples shown in Figure 1. At first glance, no large differences between the curves are visible. In all cases, the spectra contain two characteristic peaks, as expected after stabilization: the large double-peak of C = N stretching vibrations at 1582 cm−1 or C = C stretching vibration at 1660cm−1 [13], and the second large peak around 1360 cm−1 due to C−H bending and C−H2 wagging vibration [27]. The smaller peak around 800 cm−1 can be attributed to aromatic C−H vibrations, originating from oxidative dehydrogenation aromatization [28].



Figure 2 shows, nevertheless, differences as well. For 1 h stabilization time, peaks at 2938 cm−1 and 1380 cm−1 (black arrows) are still visible, which can be attributed to the bending and stretching vibrations of C−H2 [13]. These peaks are vanished for the 2 h stabilization duration, indicating a higher degree of stabilization with less H2 left in the fibers. The peak at 1161 cm−1 (black lines), corresponding to C−N stretching vibrations [29], is still noticeable after 4 h of the isothermal stabilization phase, and vanishes only after 8 h. This comparison shows that it is not easy to define a stabilization duration after which the process is completed; the necessary stabilization duration should rather be defined according to the requirements of the respective application.



Next, the heating rates during stabilization were modified. Figure 3 shows the results derived using the thick aluminum foil, which was chosen for further experiments since it showed significantly reduced crinkling and other deformations.



Figure 3a shows FTIR spectra of samples stabilized with different heating rates up to 280 °C. It should be mentioned that the curve detected for a heating rate of 1 °C/min is identical to the curve for 1 h stabilization duration in Figure 2b. Here, the differences between the heating rates are more pronounced than the differences between the isothermal treatment durations, shown in Figure 2. This indicates that the heating rate has a larger influence on the stabilization result than the duration of the isothermal phase. As seen in Figure 3b, the measured color difference values ΔE*ab between the standard white reference and the fiber mats, as seen in Figure 3c, show a clear tendency towards lighter shades with increased heating rates, indicating an incomplete chemical transition during fast stabilization.



Comparing the curves in more detail, the small peak at 800 cm−1 (black line in Figure 3a) due to aromatic C−H vibrations, being a sign of oxidative dehydrogenation aromatization [28], decreases with increasing heating rates. On the other hand, typical PAN peaks, such as C ≡ N stretching vibrations at 2240 cm−1 (blue line), C = O stretching vibrations at 1732 cm−1 (green line) or C−H2 stretching vibrations at 1452 cm−1 (red line), remain visible, indicating incomplete stabilization [13]. Apparently, the heating rates strongly influence the result of the stabilization process, unexpectedly much more than the duration of the isothermal treatment at the maximum temperature.



Next, the stabilized samples were carbonized. An overview of parts of the nanofiber mats after incipient carbonization at 500 °C, following commonly applied stabilization parameters (1 h at 280 °C after heating with 1 °C/min), is shown in Figure 4. On the one side, it is clearly visible that the aluminum substrates are partly folded and wrinkled, and some parts of the nanofiber mats have been scratched off the aluminum foils. As the chemical structure only depends on the stabilization and carbonization process, the chemical investigation by FTIR did not reveal any differences between the six samples (not shown here); neither in terms of the foil thickness nor in terms of spinning on the shiny or the dull side.



To investigate the influence of the stabilization parameters on the final carbonization result, further tests were performed, based on the previous variation of stabilization parameters. Since the stabilization duration had almost no impact on the resulting chemical composition of the corresponding samples, here we focused on carbonizing samples previously stabilized with different heating rates. Carbonization was carried out at 500 °C for 1 h to avoid the strong crinkling and rolling of the foils, which occurs during carbonization at 600 °C. The FTIR spectra of the resulting fiber mats are shown in Figure 5.



As expected, the residual broad double peak around 1500 cm−1, stemming from stabilization, is more pronounced in the spectra of samples stabilized at increased heating rates, which were less efficiently stabilized before. These differences, however, are small; for carbonization at higher temperatures, the differences have to be investigated in order to evaluate whether slow stabilization is indeed favorable, taking into account not only the higher carbonization degree, but also the necessary larger energy consumption.



Furthermore, the carbonization was compared for temperatures of 500 °C, as before, and 600 °C, the latter being applied for different durations. Photographs and FTIR spectra are depicted in Figure 6.



In all cases, the previous stabilization cycle was carried out under the aforementioned standard conditions, and the final carbonization temperature was approached at a heating rate of 10 °C/min. It is clearly visible that even the thick aluminum foil is creased and wrinkled much more noticeably at 600 °C than at 500 °C (cf. Figure 4). This is probably due to the fact that 600 °C is only 60 °C below the melting point of aluminum, and thus causes the foil to deform. The longer the carbonization time, the more the nanofiber mat detaches from the aluminum surface.



The reason for this is probably that adhesive bonds, due to secondary valence forces, decrease with progressing aromatization due to the increasing degradation of the polar, oxygen-containing polymer ingredients. This reduction of possible bonding sites in the nanofiber mat leads to reduced bonding between the nanofiber mats and the aluminum surface. In addition, it is known from previous experiments that the nanofiber mats tend to shrinking during carbonization, which supports the detachment. This finding encourages future tests of carbonization after detaching the stabilized nanofiber mat from the substrate, to investigate whether this negative effect of longer carbonization durations is based on deformations of the substrate or can also be found for the carbonization of the free nanofiber mat. As demonstrated by Wortmann et al., most of the morphological changes occur during stabilization, whereas only minor changes occur during subsequent carbonization [15]. In addition, different metal substrates with higher melting points should be investigated. Alternatively, carbonization at higher temperatures could possibly be used to create metal/carbon composites [30].



The FTIR spectra in Figure 6b show a clear difference between incipient carbonization at 500 °C and that at 600 °C, especially as regards the peak at 800 cm−1 (black line), stemming from aromatic C−H vibrations typical for the ladder-structure resulting from the stabilization of PAN [28]. This peak is still visible after thermal treatment at 500 °C, and vanishes after carbonization at 600 °C, indicating that the higher temperature, although still far below typical carbonization temperatures of 800 °C minimum, already increases the amount of carbon in the treated nanofiber mats. The duration of the isothermal treatment, however, does not show any difference in terms of the chemical composition. This suggests further tests with even shorter carbonization durations.



For morphological investigations, Figure 7 shows HIM images of the nanofiber mats carbonized at 500 °C after stabilization with different heating rates (Figure 7a–e), as well as those carbonized at 600 °C (Figure 7f). Generally, all images show straight fibers without conglutinations or deformations, as could be expected due to stabilization on the aluminum substrate [25]. Nevertheless, some fractured fibers are visible, as indicated by the arrows in the magnified image sections of Figure 7a,b. This is to be expected as internal tension in the fibers cannot relax during thermal treatment. A carbonization process adapted to mechanical fixation will be developed in upcoming studies. The fiber diameter distributions, as seen in the inserted histograms, are relatively narrow, and are all in a similar range without significant differences, underlining the advantage of the aluminum substrate in its ability to equally distribute contraction forces due to internal tension, and thus to produce straight fibers with homogeneous diameters.




4. Conclusions


PAN nanofiber mats were stabilized and subsequently carbonized using aluminum foils as substrates. While a previous study revealed that the common problem of undesired changes in fiber morphology can be avoided by stabilization on the aluminum foil, here the influence of stabilization and carbonization parameters was evaluated. The aluminum’s thickness did not influence the chemical properties after stabilization, but the thicker foils showed strongly reduced crinkling and other undesired deformations after thermal treatment. Neither the side of the aluminum foil (shiny or dull) nor the duration of the isothermal treatment influenced the chemical properties of the stabilized samples, which were, however, significantly modified by the heating rates during stabilization. These differences were still noticeable after carbonization. Carbonization duration again did not reveal significant differences; neither did the substrate thickness during carbonization. In all cases, incipient carbonization at 500 °C revealed straight nanofibers without conglutinations.



Our results demonstrate the importance of the heating rate used for stabilization on the aluminum substrate, which impeded undesired morphological changes or conglutinations. It has also been shown that the adhesive bond between fiber mats and aluminum dissolves as carbonization progresses, which is not a significant problem, as most of the morphological changes occur during stabilization. In order to utilize the fixing effect of the substrate, the fiber mats could be completely carbonized at high temperatures after the removal of the substrate. The best results were obtained with the thickest aluminum foil, with a heating rate during stabilization of 0.25–0.5 °C/min and an isothermal treatment time of 1 h.




5. Patents


This study is mainly based on the patent DE 10 2018 116 009 A1 [30].
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Figure 1. Photographs of nanofiber mats stabilized on (a) thin aluminum foil and (b) thick aluminum foil. Stabilization durations are given in the insets. 
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Figure 2. FTIR spectra of nanofiber mats stabilized on (a) thin aluminum foil and (b) thick aluminum foil. 
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Figure 3. (a) FTIR spectra of nanofiber mats stabilized with different heating rates approaching 280 °C and subsequent 1 h isothermal phase on thick aluminum foil. (b) Change of the dimensionless color difference value ΔE*ab and (c) photographs of the same stabilized nanofiber mats. 
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Figure 4. Photograph of nanofiber mats after incipient carbonization at 500 °C: fibers on shiny sides of (a) thin, (b) middle and (c) thick aluminum foil; fibers on dull sides of (d) thin, (e) middle and (f) thick aluminum foil. 
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Figure 5. FTIR spectra of carbonized nanofiber mats after stabilization at 280 °C (1 h isothermal phase), approached with different heating rates. 
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Figure 6. (a) Photographs of nanofiber mats carbonized at 500 °C and 600 °C for different durations on the thick aluminum foil, durations of isothermal treatment are given in the insets; (b) FTIR spectra of nanofiber mats seen in (a). 
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Figure 7. Helium ion microscope (HIM) images of nanofiber mats carbonized at 500 °C after stabilization at 280 °C (1 h isothermal phase), approached with heating rates of (a) 0.25 °C/min, (b) 0.5 °C/min, (c) 1.0 °C/min, (d) 2.0 °C/min, (e) 4.0 °C/min, and (f) carbonized at 600 °C after stabilization with a heating rate of 1.0 °C/min. Inserted fiber diameter histograms show normal distributions, mean fiber diameters and their respective standard deviations. Arrows in magnified image sections indicate fiber fractures. 
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