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Abstract

:

In this work, we prepared network-structured carbon nanofibers using polyacrylonitrile blends (PAN150 and PAN85) with different molecular weights (150,000 and 85,000 g mol−1) as precursors through electrospinning/hot-pressing methods and stabilization/carbonization processes. The obtained PAN150/PAN85 polymer nanofibers (PNFs; PNF-73, PNF-64 and PNF-55) with different weight ratios of 70/30, 60/40 and 50/50 (w/w) provided good mechanical and electrochemical properties due to the formation of physically bonded network structures between the blended PAN nanofibers during the hot-processing/stabilization processes. The resulting carbonized PNFs (cPNFs; cPNF-73, cPNF-64, and cPNF-55) were utilized as anode materials for supercapacitor applications. cPNF-73 exhibited a good specific capacitance of 689 F g−1 at 1 A g−1 in a three-electrode set-up compared to cPNF-64 (588 F g−1 at 1 A g−1) and cPNF-55 (343 F g−1 at 1 A g−1). In addition, an asymmetric hybrid cPNF-73//NiCo2O4 supercapacitor device also showed a good specific capacitance of 428 F g−1 at 1 A g−1 compared to cPNF-64 (400 F g−1 at 1 A g−1) and cPNF-55 (315 F g−1 at 1 A g−1). The cPNF-73-based device showed a good energy density of 1.74 W h kg−1 (0.38 W kg−1) as well as an excellent cyclic stability (83%) even after 2000 continuous charge–discharge cycles at a current density of 2 A g−1.
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1. Introduction


The ever-growing global demand for energy together with the depletion of fossil fuels makes it critical to develop sustainable and renewable energy resources [1,2,3]. High-performance electrochemical supercapacitors are acknowledged as one of the promising alternative energy storage devices due to their excellent characteristics such as high power density, rapid charge/discharge rate, and cyclic stability [4,5,6]. The development of advanced electrode materials with excellent energy storage properties is the major task for the fabrication of supercapacitor devices in real-world applications. Hence, the development of new electrode materials with improved electrochemical performance through a simple, cost-effective, and green approach is highly desirable [7,8]. So far, tremendous research efforts have been made to increase the energy density of supercapacitors without sacrificing their high power capability, rate capability, etc. Carbon nanomaterials, transition metal oxides/hydroxides, and conducting polymers are the most commonly used electrode materials for supercapacitors [8,9,10,11]. Among them, carbon-based materials are considered possible candidates for flexible energy storage applications owing to their large specific surface area, high electrical conductivity, light weight, flexibility, and fast ion response for reduced ion transport path, etc. [12,13,14]. However, at the same time, excellent mechanical stability and electrochemical properties are really tough to achieve from carbon materials. Under such demands, various approaches have been used to achieve good mechanical and electrochemical properties based on carbon materials [14,15,16,17]. Because of their poor mechanical and electrical properties, transition metal oxides/hydroxides and conducting polymers are not a proper choice as electrodes for flexible devices. Carbon nanomaterials (carbon nanofibers, graphene, and carbon nanotubes) can be the best electrode materials used for flexible devices due to their good mechanical and electrochemical properties [18,19,20,21]. They are extensively investigated for flexible devices based on graphene and carbon nanotubes because of their high conductivity and excellent mechanical stability. However, the main drawback of graphene (face-to-face aggregation of graphene sheets) and carbon nanotubes (bent, entangled, and agglomerated) is majorly reduced energy storage performance [22,23]. Carbon nanofibers are also one of the most popular methods and facile tools to achieve flexible devices for various applications due to their special properties including high porosity, large liquid permeability, good electrical conductivity, flexibility, self-standing fibrous structure, and feasibility for large-scale production [24,25,26,27,28,29]. Nevertheless, carbon nanofibers still suffer from poor mechanical properties in future applications. The improvement of mechanical properties with enhanced electrochemical properties is one of the major tasks for researchers. Here, we attempt to introduce the physical junction between the nanofibers to produce network-structured carbon nanofiber mats, leading to enhanced mechanical properties and improved electrochemical performance. Network-structured polyacrylonitrile (PAN)-based carbon nanofibers were prepared by the electrospinning and hot-pressing method. The prepared network-structured carbon nanofibers exhibit good mechanical properties, and the resulting network-structured carbon nanofibers were investigated as an anode material for energy storage applications.




2. Materials and Methods


2.1. Materials


Polyacrylonitrile blends (PAN150 and PAN85) with different molecular weights (MWs) of 85,000 and 150,000 g mol−1 were purchased from Sigma-Aldrich. N,N’-dimethylformamide (DMF; 99.5%) was purchased from Junsei Co. Ltd. All the reagents were of analytical grade and were used without further purification.




2.2. Preparation of Network-Structured Carbon Nanofibers


PAN150 and PAN85 were together dissolved in DMF under vigorous stirring at 60 °C for 12 h. The solution concentration was ca. 12 wt%, and the mass ratio of PAN150/PAN85 was controlled to be 70/30, 60/40 and 50/50 (w/w), respectively. Electrospinning was carried out at 10 kV with a tip-to-collector distance of 15 cm onto an Al foil with a flow rate of 0.4 mL h−1. The blended PAN150/PAN85 polymer nanofibers (PNFs) with different weight ratios of 70/30, 60/40 and 50/50 were designated as PNF-73, PNF-64, and PNF-55, respectively. The PNF-73, PNF-64, and PNF-55 samples were further hot-pressed (150 °C, 10 MPa) to produce the network-structured nanofiber mats by using a heating press machine (Heating Press D3P-30J, Dae Heung Science, Korea). Afterwards, it was stabilized (sPNFs) in air at 280 °C for 1 h at a heating rate of 1 °C min−1 and then carbonized (cPNFs) in a N2 atmosphere at 800 °C for 1 h at a heating rate of 5 °C min−1.




2.3. Assembly of Asymmetric Hybrid Supercapacitors


The solid-state asymmetric hybrid supercapacitor device was fabricated using a split test cell (EQ-STC split-able test cell, MTI Corporation, Richmond, CA, USA), where cPNF- and NiCo2O4-modified nickel foam (NiCo2O4@NF) was used as anode and cathode materials, respectively. The NiCo2O4-coated electrode was prepared according to our previous report [30]. As-prepared electrode materials were assembled by sandwiching with the PVA-KOH gel electrolyte. The PVA-KOH gel electrolyte was prepared by adding 2 g of PVA into 20 mL 2 M KOH solution under stirring until the solution became clear [31]. The working area of asymmetric supercapacitor electrode materials was controlled to be 1 cm × 1 cm. The mass loading of cathode and anode materials was about 2 mg and 2 mg, respectively. The assembled device was dried at room temperature to remove the excess water from the gel, and finally the prepared device was placed inside the plastic tube for protecting the device from physical damage. Scheme 1 depicts the detailed schematic outline for the preparation of the asymmetric cPNFs//NiCo2O4 supercapacitor devices (Scheme 1).




2.4. Electrochemical Characterization


Electrochemical measurements were carried out under a three-electrode set-up such as cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD). In a three-electrode set-up, the prepared samples, platinum foil, and Ag/AgCl were used as the working, counter, and reference electrode, respectively. Electrochemical impedance spectroscopy (EIS) measurements were carried out in the frequency range of 100 kHz to 1 Hz at an applied amplitude of 0.01 V. 3M KOH was used as electrolyte for all the electrochemical experiments.




2.5. Characterization


A field-emission scanning electron microscope (FE-SEM; JEOL JSM-5900) was used to analyze the surface morphologies. The phase purity and crystalline phase of the samples were characterized using X-ray diffraction (XRD) patterns through a Rigaku X-ray diffractometer with Cu-Ka radiation from 10° to 80°. The thermal behavior was investigated by differential scanning calorimetry (DSC; DSC Q20; Waters, Milford, MA, USA) operating from room temperature to 320 °C under the air atmosphere. Mechanical properties were performed by using a universal testing machine (AG-5000G; Shimadzu Co., Kyoto, Japan) under a cross-head speed of 5 mm min−1 at room temperature. In accordance with ASTM D-638, the samples were prepared in the shape of a dumbbell, and then tensile tests were conducted on at least 3~5 specimens and the average values were reported.





3. Results and Discussion


The blended PANs composed of two different MWs with different weight ratios (PAN150/PAN85 = 70/30, 60/40, 50/50, w/w) were used as precursors to prepare carbon nanofiber mats with network-structured architectures. Figure 1 shows the FE-SEM images of electrospun PAN-based nanofibers (A: PNF-73, B: PNF-64, and C: PNF-55) produced from the blended PAN150/PAN85 solutions. The average diameters of as-spun PNF-73, PNF-64, and PNF-55 were measured to be 472 ± 17, 371 ± 5, and 455 ± 11 nm, respectively. After hot-press treatment (at 150 °C under 10 MPa), the hot-pressed PNFs exhibited smooth and networked-structured morphologies (Figure 1D–F), compared to as-spun PNFs. As seen in Figure 2 (D: PNF-73, E: PNF-64, and F: PNF-55), the average diameters of hot-pressed PNF-73, PNF-64, and PNF-55 became larger and were found to be 623 ± 8, 624 ± 4, and 579 ± 5 nm, respectively. The mechanical properties of as-prepared polymer nanofibers (PNFs) were also investigated (Figure S1). Firstly, the tensile strengths (PNF-55: ~12.8 MPa, PNF-64: ~7.0 MPa, and PNF-73: ~10.2 MPa) of the hot-pressed PNFs were higher than those of pure PAN85 (~4.5 MPa) and PAN150 (~5.1 MPa) (Figure S2), confirming that the mixing effects of PAN150/PAN85 with different MWs can provide the enhanced mechanical properties of the hot-pressed PNFs, due to the formation of network-structured architectures. Furthermore, PNF-55 exhibited superior tensile strength (~12.8 MPa) and elongation at break (~61.8%) than PNF-64 and PNF-73. Figure 2 shows FE-SEM images of the stabilized (A: sPNF-73, B: sPNF-64, and C: sPNF-55) and carbonized (D: cPNF-73, E: cPNF-64, and F: cPNF-55) hot-pressed nanofibers. After the stabilization and carbonization processes, the network-structured fibrous morphologies were retained, as seen in Figure 2. In addition, the fiber diameters of the sPNFs were not largely changed, while their diameter was significantly decreased after the carbonization treatment at 800 °C, due to the decomposition of non-carbon atoms [32]. The average diameters of the carbonized (D: cPNF-73, E: cPNF-64, F: cPNF-55) hot-pressed nanofibers were measured to be 505 ± 17, 470 ± 20, and 419 ± 3 nm, respectively. Importantly, it was concluded that the fibrous morphologies and membrane nature with the pores were clearly maintained.



Figure 3A shows the DSC thermograms of the as-spun PANs (PAN85 and PAN150) under a nitrogen atmosphere. The results clearly showed that PAN150 had a strong, intense peak, whereas PAN85 showed a broad exothermic peak. The highly intense exothermic peak of PAN150 is due to the cyclization process initiated through the free radical mechanism [33]. Moreover, the lower curing temperature of PAN85 could be beneficial for achieving the network-structured morphologies in the blended PAN150/PAN85 nanofibers during the stabilization step [34]. Figure 3B shows the XRD patterns of the carbonized (cPNF-73, cPNF-64, and cPNF-55) hot-pressed nanofibers. A similar XRD pattern was observed for all the samples, and the observed peak at approximately 2θ = 17° was correlated to the (100) plane of the pseudo-hexagonal lattice of the C≡N groups [35], confirming its good crystalline nature.



The obtained network-structured carbon nanofiber mats (cPNFs: cPNF-73, cPNF-64, and cPNF-55) were further used for the electrochemical studies. Figure 4 shows the CV and GCD tests of cPNF-modified electrodes in 3 M KOH. All the CV curves exhibited good rectangle behavior at various scan rates. cPNFs-73 (Figure 4A) showed the higher peak current density (90 mA cm−2) compared to cPNFs-64 (Figure 4C; 70 mA cm−2) and cPNFs-55 (Figure 4E; 60 mA cm−2). These preliminary CV studies clearly implied that cPNFs-based electrodes had excellent electrochemical double-layer capacitance (EDLC) properties and therefore could be useful as anode materials for electrochemical supercapacitor applications. To verify the effect of the hot-pressing method, we prepared cPNF-73, cPNF-64, and cPNF-55 without the hot-pressing process under identical conditions. The obtained carbon nanofibers were further investigated by CV at different scan rates from 10 to 200 mV s−1 in 3 M KOH (Figure S3). The obtained CV profile was similar to that of hot-pressed cPNFs, while the current density of hot-pressed cPNFs was higher than that of the PNFs that were not hot-pressed, confirming that the network structures formed in carbon nanofiber mats clearly improved the electrochemical performance. Hence, the hot-pressed cPNFs were further used for detailed investigations.



The fabricated cPNF-based electrodes were further investigated for the GCD test at various current densities (from 1 A to 10 A g−1), as shown in Figure 4B,D,F. All the GCD curves (cPNF-73, cPNF-64, and cPNF-55) showed symmetric charge–discharge behavior without any pseudocapacitive behavior, verifying that the cPNF-based electrodes undergo the EDLC mechanism. The specific capacitance values of cPNF-based electrodes were calculated using Equation (1) at current densities varying from 1 A g−1 to 10 A g−1. The maximum specific capacitance was observed for the cPNF-73 electrode (689 F g−1 @ 1 A g−1), which was higher than that of cPNF-64 (588 F g−1 @ 1 A g−1) and cPNF-55 (343 F g−1 @ 1 A g−1). Furthermore, on increasing the applied current density from 1 A g−1 to 10 A g−1, the specific capacitance values were gradually decreased from 689 to 360 for cPNF-73, 588 to 290 for cPNF-64, and 343 to 160 F g−1 for cPNF-55, respectively (Figure 5B). The GCD results clearly showed that the cPNF-73 electrode had a better rate capability (52%) than cPNF-64 (49%) and cPNF-55 (46%).



Further, the charge transfer resistance of the fabricated electrodes was studied by EIS (Figure 5A). The Nyquist plot showed that the cPNF-based electrode materials had a lower charge transfer resistance value (<1 Ω), suggesting the superior electrical conductivity of cPNF-based electrodes due to good electrical contact between the cPNF-based electrode and the current collector. As a result, the cPNF-73 electrode had a smaller semi-circle in the higher frequency regions, indicating less resistance compared to other cPNF-based electrodes. The specific capacitance of the electrode was derived using the following equation:


Cs = (I × t)/(m × ΔV)



(1)




where I is the discharge current (A), t is the discharge time (s), V is the potential window (V) of the electrode, Cs is the specific capacitance (F g−1) of the electrode, and m is the mass (g) of the active material in the electrode.



The hybrid asymmetric supercapacitor was designed using as-prepared cPNF-73, cPNF-64, and cPNF-55 electrodes and NiCo2O4 as negative and positive electrodes, respectively. PVA-KOH gel was used as a separator to fabricate the hybrid supercapacitor device. The fabricated hybrid device was tested with various electrochemical characterizations to investigate the specific capacitance, cycle life, rate capability, and charge transfer resistance (Figure 6, Figure 7 and Figure 8). To optimize the working potential window of the fabricated cPNFs //NiCo2O4 supercapacitor device, CV (Figure 6A, Figure 7A and Figure 8A) and GCD (Figure 6B, Figure 7B and Figure 8B) measurements were recorded for the cPNF-73-, cPNF-64- and cPNF-55-based hybrid devices with various potential windows. The potential optimization study suggested that the device had a large potential window up to 1.45 V. Further, the CV test of cPNF-73 (Figure 6C), cPNF-64 (Figure 7C), and cPNF-55 (Figure 8C) electrodes was performed at scan rates varying from 10 to 200 mV s−1. The current density of the devices linearly increased with respect to the scan rates, suggesting the good performance of the device. As a result, the cPNF-73-based hybrid device exhibited higher current density (56 mA cm−2 measured at 1.4 V) compared to cPNF-64 (46 mA cm−2) and cPNF-55 (12 mA cm−2)-based devices. The GCD test was also recorded for the fabricated cPNF-73 (Figure 6D), cPNF-64 (Figure 7D), and cPNF-55 (Figure 8D) hybrid devices in the potential window between 0 and 1.45 V at applied current densities varying from 1 to 10 A g−1. The estimated specific capacitance values versus current density of the fabricated cPNF-73 (Figure 6E), cPNF-64 (Figure 7E), and cPNF-55 (Figure 8E) devices were recorded. The cPNF-73-based supercapacitor device delivered a maximum specific capacitance of 428 F g−1 at 1 A g−1, which was higher than that of the cPNF-64 (400 F g−1) and cPNF-55 (315 F g−1)-based devices at an applied current density of 1 A g−1. In addition, the specific capacitance values of the cPNFs-based devices decreased with increasing current density because the thickness of the electrical double layer decreased with increasing the charging current [36]. The capacitance retention was calculated for the fabricated cPNF-based device at a current density of 10 A g−1. cPNF-55 (41%) exhibited higher capacitance retention than those of cPNF-73 (28%) and cPNF-64 (35%). Further, the interfacial properties of the fabricated cPNF-73 (Figure 5F), cPNF-64 (Figure 6F), and cPNF-55 (Figure 7F) hybrid devices were evaluated using EIS. The values of the charge transfer resistance (RCT) were evaluated as 12, 14, and 17 Ω for cPNF-73, cPNF-64, and cPNF-55. The lower RCT values suggested that the fabricated cPNF-73-based hybrid devices had good electrical contact between the electrode materials and the substrate. The cyclic stability is an important parameter of the supercapacitor device for real usage. Hence, the cyclic stability test was investigated by using continuous GCD tests. It was observed that the cycle test showed excellent cycle life performances of around 80%, 80%, and 79% for cPNF-73, cPNF-64, and cPNF-55, respectively, even after 2000 cycles (Figure S4). These electrochemical results clearly demonstrated that the fabricated cPNF-73-based hybrid device could be more suitable for real-time applications.



The energy density (E) and power density (P) of the assembled cPNFs//NiCo2O4 supercapacitor device were calculated based on the following equations:


E = 1/8CspΔV2



(2)






P = E/Δt








where Csp is the specific capacitance (F g−1), Δt is the galvanostatic discharge time (s) and ΔV is the potential window (V) of the device. Figure 9 shows the gravimetric and volumetric Ragone plots of the cPNFs//NiCo2O4 supercapacitor device. The cPNF-73 hybrid device demonstrated a good gravimetric energy density of 1.74 W h kg−1 for a specific power of 0.38 kW kg−1. In addition, the volumetric energy density of cPNF-73 delivered a maximum of 7.44 Wh L−1 at a power density of 58.8 W L−1. The obtained power and energy density values were very much comparable with literature reports [37,38,39] (Table S1).




4. Conclusions


The network-structured carbon nanofibers, which were produced by the electrospinning and hot-pressing method, were used as anode materials for supercapacitor applications. The obtained PAN150/PAN85 polymer nanofibers (PNFs; PNF-73, PNF-64, and PNF-55) with different weight ratios of 70/30, 60/40, and 50/50 (w/w) showed good mechanical and electrochemical properties due to the formation of physically bonded network structures between the blended PAN nanofibers during the hot-processing/stabilization process. The obtained cPNF-73 delivered a good specific capacitance of 689 F g−1 at 1 A g−1 compared to the cPNF-64 (588 F g−1 at 1 A g−1) and cPNF-55 (343 F g−1 at 1 A g−1). Furthermore, an asymmetric hybrid cPNF-73//NiCo2O4 supercapacitor device exhibited a good specific capacitance of 428 F g−1 at 1 A g−1 compared to cPNF-64 (400 F g−1 at 1 A g−1) and cPNF-55 (315 F g−1 at 1 A g−1). The fabricated cPNF-73-based device showed an excellent cyclic stability (83%) even after 2000 continuous charge–discharge cycles at a current density of 2 A g−1, and also capacity retention (28%) at a current density of 10 A g−1. The assembled cPNF-73//NiCo2O4 delivered a good gravimetric energy density of 1.74 W h kg−1 for a specific power density of 0.38 kW kg−1 and a volumetric energy density of 7.44 Wh L−1 at a power density of 58.8 W L−1. This approach will create a great opportunity to prepare various networked-structured polymer nanofibers with attractive properties for different applications.
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Scheme 1. Schematic illustration for the preparation of the carbon nanofiber mats with network-structured architectures and the fabrication process of the supercapacitor device. 
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Figure 1. FE-SEM images of as-spun nanofibers ((A) PNF-73, (B) PNF-64, and (C) PNF-55) and hot-pressed nanofibers ((D) PNF-73, (E) PNF-64, and (F) PNF-55) produced from blended PAN solutions. The inset shows the corresponding highly magnified FE-SEM images. 
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Figure 2. FE-SEM images of the stabilized ((A) sPNF-73, (B) sPNF-64, and (C) sPNF-55) and carbonized ((D) cPNF-73, (E) cPNF-64, and (F) cPNF-55) hot-pressed nanofibers. The inset shows the corresponding highly magnified FE-SEM images. 
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Figure 3. (A) DSC curves of as-spun PANs (PAN150 and PAN85) with two different MWs. (B) XRD patterns of the carbonized (cPNF-73, cPNF-64, and cPNF-55) hot-pressed nanofibers. 
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Figure 4. CV curves of (A) cPNF-73, (C) cPNF-64, and (E) cPNF-55 electrodes in 3 M KOH at scan rates varying from 10 to 200 mV s−1. The GCD test of (B) cPNF-73, (D) cPNF-64, and (F) cPNF-55 electrodes at current densities varying from 1 to 10 A g−1. 
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Figure 5. (A) ElS of the cPNF-73, cPNF-64, and cPNF-55 electrodes. (B) Specific capacitance vs. current density plots of cPNF-73, cPNF-64, and cPNF-55. 
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Figure 6. (A) CV curves of the cPNF-73 hybrid supercapacitor at different potential windows at a fixed scan rate of 50 mV s−1. (B) GCD curves of the cPNF-73 hybrid device at various voltage ranges. (C) CV curves of the supercapacitor cPNF-73 device at scan rates varying from 10 to 200 mV s−1. (D) GCD curves of the cPNF-73 hybrid device at different current densities from 1 to 10 A g−1. (E) Plot of specific capacitance vs. current density. (F) EIS of the cPNF-73 hybrid device. 
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Figure 7. (A) CV curves of the cPNF-64 hybrid supercapacitor at different potential windows at a fixed scan rate of 50 mV s−1. (B) GCD curves of the cPNF-64 hybrid device at various voltage ranges. (C) CV curves of the supercapacitor cPNF-64 device at scan rates varying from 10 to 200 mV s−1. (D) GCD curves of the cPNF-64 hybrid device at different current densities from 1 to 10 A g−1. (E) Plot of specific capacitance vs. current density. (F) EIS of the cPNF-64 hybrid device. 
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Figure 8. (A) CV curves of the cPNF-55 hybrid supercapacitor at different potential windows at a fixed scan rate of 50 mV s−1. (B) GCD curves of the cPNF-55 hybrid device at various voltage ranges. (C) CV curves of the supercapacitor cPNF-55 device at scan rates varying from 10 to 200 mV s−1. (D) GCD curves of the cPNF-55 hybrid device at different current densities from 1 to 10 A g−1. (E) Plot of specific capacitance vs. current density. (F) EIS of the cPNF-55 hybrid device. 
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Figure 9. (A) Gravimetric and (B) volumetric energy and power densities of the cPAN-73, cPAN-64, and cPAN-55 hybrid devices. 
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