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Abstract

:

Electrospun fibers with different concentrations of polyacrylonitrile (PAN) were synthesized and the results are reported in this study. The aim was to obtain carbon nanofibers for manufacturing gas diffusion layers for proton exchange membrane (PEM) fuel cells. The electrospun fibers obtained were carbonized at 1200 °C, 1300 °C, and 1400 °C, in order to have nanofibers with more than 96% of carbon atoms. The scanning electron microscopy (SEM) results revealed an increase in the diameter from 400–700 nm at 1200 °C to 1000–1400 nm at 1300 °C and 1400 °C. The Raman measurements disclose a higher degree of crystallinity for the sample carbonized at elevated temperatures. The surface area was estimated from the Brunauer–Emmett–Teller (BET) method and the results revealed an increase from 40.69 m2g−1 to 66.89 m2g−1 and 89.92 m2g−1 as the carbonization temperature increased. Simultaneously, the pore volume increased with increasing carbonization temperature. The Fourier-transform infrared spectroscopy (FTIR) spectra reveal that during carbonization treatment, C≡N triple bonds are destroyed with the appearance of C=N double bonds. Decreasing the ID/IG intensities’ ratio from ~1.07 to ~1.00 denotes the defects reduction in carbonaceous materials due to the graphitization process. Therefore, the carbon fibers developed in optimum conditions are appropriate to be further used to produce gas diffusion layers for Proton-exchange membrane fuel cells (PEMFC).
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1. Introduction


Carbon-based materials offer many scientific and technological benefits thanks to their properties and opportunities to be implemented in various fields. These materials are mainly applied in fields, such as: health, aerospace, automotive, marine, nuclear and electro-chemistry, biomedical application, and air filtration [1,2,3,4,5]. They have many important properties, such as: chemical inertia, resistance to corrosion, and the highest steadiness in a wide range of temperature into inert atmosphere (sublimates at 3900 K in standard state and liquefies at 4800 K). Moreover, the low density of carbon in carbon-based materials, in contrast with metals and mixed metal, make them appropriate for various applications. Different structures are available nowadays for the carbon-based materials: foams, nanofibers, nanotubes, and matrix composites [6,7,8].



Carbon nanofibers (CNF) show outstanding mechanical and electro-chemical properties and present capability for a wide category of applications, like superconductor applications, batteries, and catalyst supports. Polyacrylonitrile (PAN) is the most used precursor for the production of carbon-based nanofibers presenting pore dimensions from nanometers to micrometers, large surface area, and good electrical conductivity [9]. Moreover, carbon nanofibers present the advantage of being cheap compared to carbon nanotubes. Therefore, such materials can be used in some areas, comprising hardening materials, catalytic supports, heat-resistant filters, orthopedic prostheses, etc. [10,11,12,13].



One method to produce carbon-based nanofibers is the classically chemical vapor deposition (CVD) or plasma enhanced chemical vapor depositing process (PECVD) that was highlighted in the last century, but involves high costs [14]. Sutasinpromprae et al. [15] suggested that the carbon nanofibers can be obtained by stabilization in oxygen, carbonization, and activation in inert atmosphere of electrospun nanofibers. The stabilization of electrospun precursors takes place in an oxygen-containing atmosphere and is the key operation step for carbon fiber production from PAN fibers [16,17,18]. The main reactions involved in the oxidative stabilization process comprise dehydrogenations and cyclizations, cyclization of the nitrile groups (C≡N), and reticulation of the molecular chains as -C=N-C=N- [19]. Faraji et al. [19] reported that the thermal treatment, heating rate, stretching of the fiber, process time, residence time, and air flow rate are the main factors influencing the stabilization process. The next step in producing carbon nanofibers is represented by the carbonization. Carbonization processes are performed in inert atmosphere and can be splitted in: two carbonization steps, at low and high temperature, and graphitization at over 2000 °C [20,21,22]. Along this process, the removal of the by-products (N2, O2, and H2) and contaminants is faster together with the increase in carbon content.



It has been found that most of the carbon nanofibers are obtained starting with the PAN precursor, which is an organic polymer, having carbon interconnection sequences. It is hard, insoluble, and has a relatively high melting point. Starting from PAN, carbon nanofibers may be produced with a high carbon content, thus creating a stable molecular structure that is stable when it is under a low temperature treatment [23]. Likewise, the rapid decomposition rate in pyrolysis of the PAN fibers does not alter the primary structure [24]. Moreover, to ensure the production of carbon nanofiber with increased performance, it is necessary to optimize the pyrolysis of PAN fibers [20].



The electrospinning technique is used to produce nanofibers that can have potential application in fuels cells, lithium-ion batteries and hydrogen storage. Zhou et al. used electrospinning to fabricate tungsten carbide nanofibers with high electrocatalytic activity for oxygen reduction reaction (ORR [25]. Likewise, Wang et al. prepared nitrogen-doped carbon nanofibers via electrospinning as an active ORR electrocatalyst [26]. In order to improve Li storage in the anodes of lithium-ion batteries (LIBs), Zhao et al. [27] prepared SnO2-ZnO nanofibers through electrospinning, which present higher electrochemical yields comparative to nanofibers containing only SnO2 due to the synergy among Sn and Zn. Additionally, PAN fibers were used for hydrogen storage and they presented a reversible capacity of 3–10 wt.% [28]. The authors assigned this high capacity to the surface morphologies during the hydrogen sorption. Furthermore, Ren et al. obtained a hydrogen storage capacity of 50% by using PAN fibers together with Zr and Cr nanocrystals supported on metal organic frameworks (MOFs) [29].



In this paper, the development of electrospun fibers via the electrospinning procedure of polymeric precursor solutions is described. The carbon nanofibers obtained will be used further to produce a gas diffusion layer (GDL) for Proton-exchange membrane fuel cells (PEMFC) applications. Thus, two important parameters, namely temperature and concentration, were chosen due to their influence on the nanofibers properties. Moreover, the quality of the carbon fibers was studied by taking into account the specific structural analysis (SEM, Brunauer–Emmett–Teller (BET) method, FTIR, elemental analysis, XRD, and Raman), in order to identify the main changes that occurred in the structure of materials.




2. Materials and Methods


2.1. Materials


The polymer considered in this study is polyacrylonitrile (PAN) (MW = 150,000 g/mol, Sigma-Aldrich, Steinheim, Germany) and N, N-dimethylformamide (DMF), 99% (Alfa Aesar, Kandel, Germany) have been used as solvent.




2.2. The Solution Preparation


Various concentrations of polymer solutions: 4%, 6%, 8%, 10%, and 12% (wt.%) of PAN dissolved in DMF were prepared. The mixtures were homogenized via sonication at 70 °C, until dissolution of the polymer, usually 4–5 h.




2.3. Electrospinning Method


For the synthesis of polymeric nanofibers a Nanofiber Electrospinning Unit from Kato Tech Co., LTD, Japan was utilized. The polymeric solution was pushed into the syringe at a constant speed of the piston. A stainless-steel needle was mounted at the end of the syringe. The electrode was connected to the needle in order to apply a high positive voltage up to 20 kV. Electric current should not fluctuate, however, 50 μA or less drain current may fluctuate during filling.



In the electrospinning technique, nanofiber spraying begins when the balance between the pressure at the tip of the needle and the applied voltage is diminished. The droplet form of the solution becomes tapered and approximately 10 μL of solution is sprayed onto the collector. Approaching the target electrode, due to electrostatic repulsion, it is subsequently transformed into fiber while evaporating the solvent. For the production of PAN fibers, a 40 mm long stainless-steel needle with 1.2 mm thickness, a target speed of 0.62 m/min, a traverse speed of 2.23 cm/min, an experimental voltage of 18 kV, and a working interval of 10 cm have been used. These parameters were optimized in our previous work [30].



The electrospun fibers were subjected to thermal treatment at 1200 °C, 1300 °C, and 1400 °C.




2.4. Physico-Chemical Characterization


The chemical composition of the samples was determined using Flash 2000/Thermo Scientific Analyzers (Thermo Fisher Scientific, Loughborough, UK) equipment. Samples were placed in tin crucibles (1–3 mg). For the quantification of C, N, and H, the combustion method was used at 950 °C. Combustion gases were separated with a Porapak column (Agilent, Santa Clara, CA, USA) heated to 70 °C. For the determination of oxygen, the pyrolysis method was used at 1050 °C. The gas is separated on an SM5A column (molecular site) (Restek, Bellefonte, PA, USA) and detected by a thermal conductivity detector (TCD). In this latter case, the samples were placed in silver crucibles.



Specific surfaces areas analysis was achieved through the BET approach by conducting nitrogen sorption measurements by means of a Quantachrome Autosorb IQ device (Quantachrome, Boynton Beach, FL, USA). Adsorption and desorption assays were conducted at 77 K after a previous degassing at 115 °C for 4 h.



Fourier-transform infrared spectroscopy (FTIR) was carried out on a robust and light-weight Agilent Cary 630 ATR-FTIR (Agilent Technologies, Inc., Santa Clara, CA, United States). This apparatus is adaptable, ingenious, and instinctive, assuring extraordinary quantitative and qualitative details for common analysis of gases, solids, and liquids. The Agilent Cary 630 FTIR affords proper results due to its characteristics, like a large variety of sample interfaces and highly efficient optics.



The microstructural investigation was achieved with a Sigma VP FEG Carl Zeiss SEM, (Zeiss, Oberkochen, Germany). The samples were arranged on a carbonic strip and then analyzed in liquid nitrogen atmosphere.



The XRD analysis was conducted through a MiniFlex 600 (Rigaku, Japan) by 40 kV and 15 mA in the 2-theta field within 10° and 90°.



For Raman spectroscopy, a Witec alpha300 + RAS system (WITec, Ulm, Germany), composed of an Ar laser (532 nm, 75 mW) in conjunction with an inverted microscope with a magnification of 100X and a dispersion system with a spectral resolution between 3 cm−1 and 5 cm−1 on a spectral range from 100 cm−1 to 3800 cm−1 was used. As a detector, a charged coupled devices (CCD) camera with an acquisition time of 5 ms was used. To improve the signal-to-noise ratio, the acquisition time varied between 5 s and 15 s.





3. Results and Discussion


Two processing parameters were taken into account for the fabrication of carbon nanofibers: solution concentration and carbonization temperature. The polymer concentrations used to make nanofibers were 4%, 6%, 8%, 10%, and 12%, respectively (wt.%). These nanofibers were carbonized at three different temperatures 1200 °C, 1300 °C, and 1400 °C, in order to notice the changes in chemical composition after thermal treatment. The outcomes presented in Table 1 illustrate that by increasing the temperature, a higher quantity of carbonaceous material is acquired (~95% for 1200 °C versus ~97% to 1300° C and 1400 °C). Simultaneously, increasing the temperature leads to a decrease in concentration of nitrogen, hydrogen, and an increase in oxygen concentration [9]. Improving the wettability of a permeable support solid will mitigate the inner concentration polarization and enhance water flow [31,32,33,34].



Further, the samples with a 12% concentration of PAN (C-5and C-10) carbonized at the three temperatures have been analyzed. From the SEM images of the carbon nanofibers after carbonization at various temperatures, it can be observed that the fiber diameter increases as the temperature increases, from 400–700 nm at 1200 °C to 1000–1400 nm and 1300 °C (Figure 1).



From Figure 1, it can be noticed that the nanofibers are separated and overlapped in different directions. Likewise, Rezende et al. [35] noted that, after the thermal treatment, some modifications in the fibers’ diameter take place mainly as a result of the elimination of unstable substances with reduced molecular weight. Additionally, a decrease of the fibers’ diameter before and after carbonization occurs as a consequence of volumetric contraction of the polymeric matter during the conversion in carbonaceous materials [34].



Figure 2 shows the Raman spectra for the samples carbonized at 1200 °C, 1300 °C, and 1400 °C in the N2 atmosphere, together with the vibration bands of D and G type related with the graphite structure-type material. The position of the D band is the same for the three samples (i.e., 1348 cm−1). For samples prepared at 1200 °C (C-5) and 1300 °C (C-10), the G band is positioned at 1576 cm−1. For the sample prepared at 1400 °C (C-15), the position of the G band is shifted to a lower value (i.e., 1568 cm−1), indicating a relaxation of the molecular orbitals at high temperatures (Table 2). This is also correlated with the lower degree of overlap of the D and G vibrational spectral lines. For samples C-5 and C-10, the ratio of ID/IG intensities is over unity (~1.07). This means that a higher ratio provides more defects on carbon-based samples. For the C-15 sample, the ID/IG intensity ratio is ~1.00 (Table 2). The decrease of the ID/IG intensities ratio from ~1.07 to ~1.00 indicates the decrease of the carbon material defects, which means that the graphitization process starts.



In Figure 3, the diffractograms corresponding to the samples calcined at 1200 °C, 1300 °C, and 1400 °C respectively, are represented on the same graph for a better visualization of the results, after removing the background component. The three diffractograms are fitted on the same hexagonal graphite crystal structure (ICDD 01-073-5918), with group crystalline symmetry R-3m. The three spectra indicate that the samples are single-phase, consistent with the crystalline structure of the graphite, with the difference that the positions, intensities, and widths of the peaks are slightly different, denoting that the degree of amorphization of the crystalline structure depends on the temperature used in carbonization process. For the sample prepared at 1200 °C, the crystal lattice constants obtained from the fit to the corresponding data are a = b = 0.2439 nm and c = 1.0596 nm. At 1300 °C, the corresponding values are a = b = 0.2431 nm and c = 1.0492 nm, respectively. Compared with the values of the lattice constants determined for the sample prepared at 1400 °C (i.e., with a = b = 0.2446 nm and c = 1.0566 nm), these values are similar in the limit Δa/a ~0.28% and respectively Δc/c ~0.99%, denoting a small impact attributed to the preparation temperature, with respect to crystalline structure. However, the intensity of the main Bragg reflection (003) is much more prominent for the diffractogram of the sample prepared at 1400 °C, indicating a higher degree of crystallinity, compared to the samples prepared at lower temperatures.



The porosity and the structure of the prepared samples were studied considering N2 physisorption isotherms and applying the Brunauer–Emmett–Teller (BET) method. The corresponding isotherms for the three samples are provided in the Figure 4. The isotherms show characteristics of type IV with a uniform H4 hysteresis loop at a relative pressure domain of 0.4–0.95, with steep adsorption/desorption branches, highlighting a good transport property between the microporous and mesoporous channels. The hysteresis loop is a consequence of various mechanisms that occur in pores between capillary condensation and evaporation processes.



The surface area estimated from the BET method was 40.69 m2g−1 (for C-5), 89.92 m2g−1 (for C-10), and 66.89 m2g−1 (C-15) (Table 3). It can be noticed an increase of the surface area as the carbonization temperature is increasing from 1200 °C to 1300 °C, followed by a decrease in surface area as the temperature is further increased to 1400 °C. At the same time, the pore volume increases with increasing carbonization temperature, i.e., the 0.044 mLg−1 value is obtained at 1400 °C (Table 3). The significant difference in pore volume between the solids treated at 1300 °C and 1400 °C can explain the smaller surface area in the case of the solids carbonized at 1400 °C.



Using the Barrett–Joyner–Halenda (BJH) method and taking into account desorption branches, we were able to evaluate the distribution of the pore size (Figure 5). We can observe a unimodal peak with a mean pore radius of 15.652 Å (C-5) and a slightly higher mean pore radius for the C-10 and C-15 samples (~17.510 Å). It can be noticed in Figure 5a that a 1200 °C carbonization temperature is not enough for releasing the mesopores. Likewise, the pore size distributions confirm the presence of both micro and mesopores, ensuring a gradual porous arrangement in developed samples.



In order to evaluate the structural changes during the carbonization treatment, we conducted an FTIR analysis (Figure 6). Figure 6 presents the FTIR spectrum of the C-5 and C-15 samples. The C-N bands can be identified at ~2350 cm−1 and ~1570 cm−1. The peaks at ~1690 cm−1 are allocated to the stretching vibration assimilated to aromatic carbon and carboxyl carbon. -C≡C-H and C≡C bands show peaks at ~2100 cm−1 and ~2189 cm−1. The signal at ~2670 cm−1 is ascribed to the O=C-H stretch mode of the aldehydes. According to these data, it may be concluded that, by increasing the carbonization temperature, the C≡C bands become less important while the C=C bands become more significant [35,36,37]. The peak at around 2245 cm−1 is associated with the C≡N triple bond uptake [38,39,40]. It was concluded that during this carbonization treatment, C≡N triple bonds are destroyed with the appearance of C=N double bonds [41].




4. Conclusions


In this study, we reported the production of carbon nanofibers through the electrospinning technique, followed by proper thermal carbonization at three various temperatures, 1200 °C, 1300 °C, and 1400 °C. The following results are reported as the main findings of the study:




	
An increased fiber diameter is obtained as the temperature increases, from 400–700 nm at 1200 °C to 1000–1400 nm at 1300 °C and 1400 °C. Additionally, the percentage of carbon increases from ~95% to ~97%, by increasing the heat treatment temperature. Meanwhile, the concentration of nitrogen and hydrogen decreases and the oxygen content increases as the temperature rises.



	
A relaxation of the molecular orbitals at high temperatures is noticed, the G band from Raman measurements being shifted to a lower value (i.e., 1568 cm−1 at 1400 °C compared to 1576 cm−1 at 1200 °C).



	
From XRD measurements, it was revealed that all diffractograms are fitted on the same hexagonal graphite crystal structure, but a higher degree of crystallinity for the sample treated at 1400 °C was obtained, as compared to the samples prepared at lower temperatures.



	
The pore size distribution investigation done confirms the presence of both micro and mesopores, ensuring a gradual porous arrangement in developed samples.



	
The carbon fibers developed in this study are adequate to produce gas diffusion layers (GDLs) for PEMFC applications and will be further used in our experimental work.
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Figure 1. SEM micrographs of the electrospun fibers treated at: (a) 1200 °C; (b) 1300 °C. 
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Figure 2. Raman spectrum of the samples carbonized at 1200 °C (C-5), 1300 °C (C-10), and 1400 °C (C-15). 
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Figure 3. X-rays difraction difractograms of the samples carbonized at 1200 °C (C-5), 1300 °C (C-10), and 1400 °C (C-15). The continuous lines are fits to data. 
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Figure 4. N2 sorption measurements of: (a) 1200 °C (C-5); (b) 1300 °C (C-10); (c) 1400 °C (C-15) samples. 
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Figure 5. Pore size distribution of: (a) 1200 °C (C-5); (b) 1300 °C (C-10); (c) 1400 °C (C-15) samples. 
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Figure 6. FTIR spectra of: (a) 1200 °C (C-5) and (b) 1400 °C (C-15) samples. 
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Table 1. Elementary composition of carbonized samples at various temperatures.
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	Sample
	% PAN
	Thermal treatment, °C
	% C
	% N
	% H
	% O





	C-1
	4
	1200
	96.08
	3.1
	0.35
	0.47



	C-2
	6
	1200
	94.80
	4.19
	0.6
	0.41



	C-3
	8
	1200
	96.21
	3.08
	0.3
	0.41



	C-4
	10
	1200
	95.85
	3.53
	0.20
	0.42



	C-5
	12
	1200
	95.56
	3.36
	0.7
	0.38



	C-6
	4
	1300
	96.44
	2.94
	0.36
	0.26



	C-7
	6
	1300
	96.71
	2.67
	0.36
	0.26



	C-8
	8
	1300
	97.12
	2.24
	0.39
	0.25



	C-9
	10
	1300
	97.55
	1.94
	0.24
	0.27



	C-10
	12
	1300
	97.12
	2.24
	0.39
	0.25



	C-11
	4
	1400
	97.64
	2.19
	0.15
	0.02



	C-12
	6
	1400
	97.95
	2.03
	–
	0.02



	C-13
	8
	1400
	97.96
	2.02
	–
	0.02



	C-14
	10
	1400
	97.92
	2.06
	–
	0.02



	C-15
	12
	1400
	97.89
	2.04
	0.06
	0.01



	PAN
	12
	-
	65.54
	26.34
	5.88
	2.24







Moreover, increasing PAN concentration from 4% to 12% leads to small variations in the elementary composition of the samples. 
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Table 2. The positions of D and G bands ant the ratio of ID/IG intensity corresponding to the heat-treated samples.
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	Sample
	Thermal Treatment (°C)
	D band (cm−1)
	G band (cm−1)
	ID/IG





	C-5
	1200
	1348 ± 0.001
	1576 ± 0.001
	1.076 ± 0.001



	C-10
	1300
	1348 ± 0.002
	1576 ± 0.002
	1.072 ± 0.002



	C-15
	1400
	1348 ± 0.002
	1568 ± 0.001
	1.008 ± 0.002
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Table 3. Results of nitrogen sorption isotherms of carbonized metallic polymer structures.
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	Sample
	Thermal Treatment, (°C)
	SBET (m2g−1)
	Vtot (mLg−1)
	Pore Radius (Å)





	C-5
	1200
	40.69 ± 0.02
	0.009 ± 0.001
	15.652 ± 0.004



	C-10
	1300
	89.92 ± 0.02
	0.015 ± 0.001
	17.512 ± 0.004



	C-15
	1400
	66.89 ± 0.02
	0.044 ± 0.001
	17.504 ± 0.004











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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