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Abstract

:

The use of block copolymers as a sacrificial template has been demonstrated to be a powerful method for obtaining porous carbons as electrode materials in energy storage devices. In this work, a block copolymer of polystyrene and polyacrylonitrile (PS−b−PAN) has been used as a precursor to produce fibers by electrospinning and powdered carbons, showing high carbon yield (~50%) due to a low sacrificial block content (fPS ≈ 0.16). Both materials have been compared structurally (in addition to comparing their electrochemical behavior). The porous carbon fibers showed superior pore formation capability and exhibited a hierarchical porous structure, with small and large mesopores and a relatively high surface area (~492 m2/g) with a considerable quantity of O/N surface content, which translates into outstanding electrochemical performance with excellent cycle stability (close to 100% capacitance retention after 10,000 cycles) and high capacitance value (254 F/g measured at 1 A/g).
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1. Introduction


Supercapacitors (SCs) are electrochemical devices that store energy by intercalating charges at the electrode−electrolyte interface. SCs development has increased in the last decade due to the higher capacitance and lower voltage limits compared to conventional capacitors [1]. From an energy storage point of view, SCs bridge the gap between electrolytic capacitors and batteries [2]. The main advantages of these devices over other systems include fast charge−discharge (on the level of seconds) without losing efficiency or degrading their internal structures, high power densities (>1 W/g), low heat generation, and long lifetime (>500,000 cycles) due to the storage mechanism, which does not involve irreversible reactions [3]. Nevertheless, supercapacitors present considerably lower energy density than conventional batteries, which limits their use in applications, such as electric vehicles, that demand high energy and power density.



Owing to their combination of outstanding physical and chemical properties such as high electrical conductivity, high surface area, good corrosion resistance, and thermal stability, activated carbons have been the most widely used and commercially available electrode materials for electrochemical double−layer capacitors (EDLCs) [4,5]. In particular, high conductivity and high surface area are considered key features in high−performance electrode materials [6]. However, active carbons present some limitations that must be overcome regarding their applications in supercapacitors. Although high surface areas (>1000 m2/g) are achieved, high capacitance values are not necessarily obtained since not all of the micropores are accessible to the electrolyte ions [7]. The reason for this is that these materials do not usually show precise control over the porous structure due to the difficulty of optimizing the activation processes [8]. Pore size and pore size distributions have been found to strongly influence electrochemical performance (i.e., the accessibility of ionic species, capacitance, energy density, and power density) [9]. Therefore, the development of advanced carbon electrode materials is largely focused on designing and obtaining precise carbon nanostructures [10,11]. Hierarchical porosity comprising small and large mesopores (2–50 nm), which facilitate electrical double-layer formation (as well as macropores) has been shown to improve ion−accessibility and ion diffusion, allowing easy access to the micropores (<2 nm) [12].



Due to their high versatility and various synthetic routes that allow excellent control over molecular weight [13,14], block copolymers (BCPs) are ideal precursors for obtaining ordered nanostructured materials, as the controlled morphologies generated by the microphase−separation and self−assembly can be retained after pyrolysis [15,16]. The use of BCPs as templates (soft templating) has proven to be an effective method for obtaining porous carbon materials suitable for energy storage applications [17,18]. BCPs used as carbon precursors typically consist of a high carbon−yielding polymer as carbon matrix, usually polyacrylonitrile (PAN), and a thermally degradable sacrificial block. These block copolymers can be easily converted into porous carbon materials derived through subsequent thermal treatments [19]. A critical first step to ensure a high carbon yield is to stabilize PAN at temperatures around 300 °C in an oxidizing atmosphere, followed by carbonization under nitrogen. These thermal treatments allow one to retain the phase-separation morphologies and form the final porous carbon structures. Some of the most commonly used sacrificial blocks include poly(butyl acrylate) (PBA) [20], polystyrene (PS) [21], poly(ethylene oxide) [22], poly(acrylic acid) (PAA) [23], and poly(methyl methacrylate) (PMMA) [24].



Among different porous carbon structures, such as monoliths [25] or membranes [26], porous carbon fibers (PCFs) stand out for offering a combination of low density, freestanding nature, flexibility, good chemical stability, and excellent thermal and electrical conductivity [27,28]. PCFs have been successfully designed from diverse materials displaying high specific surface area (SSA) with excellent electrochemical performance [29]. Compared to powder carbons, fibers present two main advantages [30]: (i) the surface area accessible to the electrolyte is increased; and (ii) one−dimensional fibers provide continuous electron conduction pathways with small electrical resistance. In addition, to boost their electrochemical applications, ideal PCFs should possess hierarchical porous structures with mesopores and micropores interconnected. Although different polymer blends have been explored as template materials for obtaining PCFs as supercapacitor electrodes [31,32,33], BCPs have been recently proven to be a powerful new precursor for the fabrication of PCFs for electrochemical performance. G. Liu et al. reported one of the highest capacitance values found in the literature [34] using PMMA−b−PAN copolymer-based porous carbon fibers for supercapacitors. Therefore, exploring different copolymers to find optimal nanostructures and, consequently, improve their electrochemical performance elicits noteworthy attention. This article focuses on the structural and morphological comparative study of two different electrode materials for supercapacitors, constituted by PCFs based on PAN−b−PS copolymer with a hierarchical porous structure and the carbon powder as bulk material without any processing. (Scheme 1).




2. Materials and Methods


2.1. Materials


Acrylonitrile (AN, ≥99%) and styrene (≥99%) were purchased from Sigma-Aldrich (Saint Louis, MO, USA) and purified by passing through a basic alumina column in order to remove the inhibitor before use. (2,2′−azobis(2−methylpropionitrile) (AIBN) (≥98%; Cymit), 2−cyano−2−propyl dodecyl trithiocarbonate (CPDT; ≥98%; Sigma-Aldrich), anhydrous N,N−dimethylformamide (DMF; ≥99.8%; Sigma-Aldrich), tetrahydrofuran (THF; ≥99%; Sigma-Aldrich), and methanol (MeOH; ≥99.8%; Sigma-Aldrich) were used as received without further purification.




2.2. Synthesis of PS−CPDT MacroCTA


PS−b−PAN copolymer was synthesized by reversible addition-fragmentation chain transfer polymerization (RAFT) using AIBN as initiator and CPDT as chain transfer agent (CTA), via two steps (Scheme S1). First, a macroCTA (PS−CPDT) was synthesized. Based on previously reported [35], a typical procedure was carried out as follows: styrene (2 mL, 17 mmol) and CPDT (30 µL, 0.085 mmol) were added to a Schlenk flask equipped with a magnetic stirrer and sealed with a rubber septum. The mixture was subjected to three freeze−pump−thaw cycles to remove oxygen. Afterwards, the Schlenk flask under N2 was placed into a thermostatic bath at 140 °C for 30 min, followed by 48 h at 90 °C. Then, the reaction mixture was cooled down and diluted with a small amount of THF. The product was isolated by precipitation in a large amount of MeOH twice, filtered, and dried under vacuum for 24 h at 30 °C to give a yellow solid. Number average molecular weight (Mn) determined by size exclusion chromatography (SEC) was 18,615 g/mol.




2.3. Synthesis of PS−b−PAN Copolymer


In a second step, the purified PS−CPDT macro-agent was used to synthesize PS−b−PAN copolymer. A typical polymerization procedure is described as follows: PS−CPDT macroCTA (0.1 g, 0.0056 mmol), AIBN (0.6 mg, 0.0038 mmol), and AN (2.9 mL, 44 mmol) were placed in a Schlenk flask equipped with a magnetic bar and dissolved in anhydrous DMF (6 mL). The tube was sealed with a rubber septum and the mixture was subjected to three freeze-pump-thaw cycles to remove oxygen. Then, the flask was placed into a thermostatic bath at 70 °C for 24 h under a N2 atmosphere. After this time, the reaction mixture was cooled down, precipitated in a large amount of MeOH, and filtered, repeated twice. Finally, the resulting block copolymer was dried under vacuum for 24 h at 30 °C as a white powder (Mn and polydispersity index (PDI) via SEC were 118,710 g/mol and 1.26, respectively).




2.4. Preparation of Porous Carbon Materials


Heat treatments were conducted in a horizontal tube furnace with a controlled atmosphere for both materials, block copolymer powder, and fibers. The as-obtained PS−b−PAN copolymer powder was heated up at a rate of 5 °C/min and isothermally stabilized at 280 °C for 1 h under air atmosphere. Then, the stabilized copolymer was carbonized at a rate of 5 °C/min at 800 °C for 1 h under N2 flow. The final powder carbon product was named as bulk material. Porous carbon fibers were produced from a solution of PS−b−PAN copolymer in DMF at 20 wt% concentration. The solution was stirred at 50 °C for 20 h and electrospun under the following parameters: flow rate of 1.5 mL/h, 15 cm of working distance, and a high voltage power supply of 18 kV under humidity ~40% RH at 20−25 °C. The fiber mat was collected on a stationary plate, peeled off from the aluminum foil, and dried in a vacuum oven at 50 °C for 5 h. The fibers were stabilized and carbonized by the same heat treatments as the block copolymer powders; air oxidation at 280 °C for 1 h and pyrolysis under N2 at 800 °C for 1 h.




2.5. Characterization


Molecular weights and blocks composition were measured by 1H−NMR in deuterated DMF with a Bruker DPX 300 MHz (Bruker, Rheinstetten, Germany) equipment. Molecular weight and polydispersity (PDI) of macroCTA and block copolymer were analyzed by Size Exclusion Chromatography (SEC) using a Waters 515 HPLC pump instrument (Waters, Barcelona, Spain) equipped with a Waters 24214 Refractive Index Detector and Agilent PLgel columns (500, 100, and mixed C). DMF at a flow rate of 0.5 mL/min was used as eluent at 45 °C working temperature and polystyrene (7,500,000−4490 g/mol) was utilized as standards for calibration (PolyScience (PolyScience, Niles, IL, USA)). Thermal transitions were analyzed by Differential Scanning Calorimetry (DSC) using a Mettler Toledo DSC SC822 equipment (Mettler Toledo, Madrid, Spain). Samples were placed in sealed aluminum pans purged with N2 flow using a heating and cooling rate of 10 °C min−1 from 25 to 350 °C. Glass transition temperature (Tg) of the macroinitiator was determined from the second heating cycle. Thermogravimetric analysis (TGA) was carried out using TA instruments Q50 (TA instruments, New Castle, DE, USA) equipment. Measurements were performed with 8 mg of sample under N2 flow in a temperature range of 25−900 °C at a rate of 10 °C/min. According to Brunauer-Emmett-Teller (BET) method, surface areas were determined by N2 adsorption/desorption isotherms measured at 77 K on a Micromeritics ASAP-2020 (Micromeritics, Norcross, GA, USA). Samples were degassed at 200 °C under N2 atmosphere for 24 h prior to analysis. Pore size distributions were studied using Nonlocal Density Functional (NLDFT) method. The morphology and microstructure of the obtained porous carbon materials were imaged by Field Emission Scanning Electron Microscope (FESEM FEI TENEO LoVac (FEI, Hillsboro, OR, USA)) and Transmission Electron Microscope (TEM, Philips Tecnai 20 FEG (FEI, Hillsboro, OR, USA)). TEM samples were prepared by depositing the carbon material dispersion in ethanol into holey carbon copper grids. Raman spectroscopy (LabRAM HR800 spectrometer (Horiba, Kyoto, Japan) was performed with a 514.5 nm Ar laser excitation. X-ray photoelectron spectroscopy (SPECS GmbH with UHV system and energy analyzer PHOIBOS 150 9MCD (SPECS GmbH, Berlin, Germany) was carried out employing a non-monochromatic Al Mg X-ray source operated at 200 W.



Electrochemical characterization was evaluated using Biologic VSP-300 potentiostat (Biologic, Seyssinet-Pariset, France) working with a three electrodes cell configuration. Cyclic voltammetry, galvanic charge/discharge cycles, and electrochemical impedance spectroscopy measurements were carried out with Ag/AgCl as reference electrode, Pt as counter electrode, and aqueous KOH solution (6 M) as electrolyte. The carbon powder working electrode was prepared by pressing into a clean nickel foam a mixture of active material, black carbon, and PTFE 60% dispersion in water with 80:10:10 proportion, respectively. Fibers were tested as a self−standing electrode without the use of binder.



Capacitance values of the three−electrode cell were calculated from GCD and CV curve respectively using the following equations:


   C s  =   I · Δ t   m · Δ V    



(1)






   C s  =  1  m · ν · Δ V     ∫    V 0     V t     |  I  ( V )  · d V  |   



(2)




where, ΔV is the voltage window, m is the active material electrode mass, I is the current used in the measure,   Δ t   is the time to take place in the discharge curve, and ν is the sweep rate. For the symmetrical cell measurements, electrode capacitance value was calculated according to the equation below:


   C s  =   4 · I · Δ t   m · Δ V    



(3)







As for the three−electrode cell measurements, ΔV corresponded with the electrolyte voltage window, m is the sum of the two−electrode active material mass, I is the discharge current, and   Δ t   is the discharge time.



Energy density (W h/Kg) and power density (W/Kg) were calculated according to the following equations:


  E    (  Wh / Kg  )  =  (   1 2     C s     V 2   )  / 3.6  



(4)






  P  (  W / Kg  )  =   E   ·   3600   Δ t    



(5)




where ∆t (s) is the discharge time and V (V) is the discharge voltage range.





3. Results and Discussion


3.1. Synthesis of PS−b−PAN Copolymer


The copolymer PS−b−PAN, used as carbon templating material for fiber and bulk materials, was successfully synthesized by two-step RAFT polymerization (Scheme S1). Figure 1a shows the 1H−NMR spectra of polystyrene macroCTA and block copolymer measured in d7-DMF. Signals related to macroCTA and copolymer were fully identified in the spectra. Molecular weight and degree of polymerization (DP) were determined by comparison of the relative integration of the signals at 2.45 ppm assigned to the protons −CH2−CH(CN)− of PAN and those at the range 6.7−7.4 ppm ascribed to the phenyl protons of PS. Calculations revealed the following composition: 0.16 volume fraction of polystyrene as sacrificial block (Mn, NMR = 16,403 g/mol) and 0.84 of polyacrylonitrile (Mn, NMR = 101,230 g/mol) as a carbon precursor block. SEC chromatograms presented unimodal narrow peaks for both macroCTA PS−CPDT and the BCP PS−b−PAN with low polydispersity index, 1.05 and 1.26, respectively (Figure 1b), indicating a successful control of the radical polymerization. Additionally, a large total molecular weight (sum of both blocks) has been obtained, which is demonstrated to be beneficial for strong block segregation [14,15] and facilitates fiber production by electrospinning.




3.2. Thermal Characterization


Bulk and fiber polymer materials were stabilized at 280 °C and carbonized at 800 °C under controlled conditions, after precipitation of the block copolymer and electrospinning, respectively. First, the morphology of the PAN phase is chemically fixed under air atmosphere through oxidative crosslinking reactions. In this step, side chain crosslinking and some cyclization occurred, converting C≡N into C=N bonds and turning them into thermally stables-triazine networks. Further cyclization followed by dehydrogenation (300–400 °C) and denitrogenation (>600 °C) leads to partially graphitic structures under an inert atmosphere [17,36]; whereas the sacrificial PS phase is thermally released as monomer in a gas phase, generating pores into the PAN carbon matrix [37]. PAN stabilization/oxidation processes were revealed in the DSC trace of block copolymer as a sharp exotherm at 260 °C (Figure 1c). The DSC trace of the macroCTA (PS−CPDT, inset in the Figure 1c) showed a Tg at around 100 °C, corresponding to the amorphous region of PS, which is slightly visible in the PS−b−PAN thermogram. According to DSC data, the stabilization process was fixed at the upper limit temperature of the exothermic peak (280 °C for 2 h) to avoid a low efficiency of cyclization reactions and ensure an effective stabilization before PS decomposition. No melting peak of the PAN block was detected, due to low heating rates (<30 °C/min) oxidation/cyclization reactions occurred before melting [38]. Endothermic peaks corresponding to the decomposition of PS did not appear up to 350 °C, therefore, stabilization of PAN and decomposition of PS are well separated, which is highly desirable to preserve the morphologies generated in the microphase separation. Weight loss of PS−b−PAN due to pyrolysis was evaluated by TGA (Figure 1d). The TGA profile of PS-CPDT displayed a single weight-loss stage at 400 °C, while PS−b−PAN profile showed three loss stages. The first stage (~220–290 °C) corresponded to partial dehydrogenation and crosslinking (conversion of −C≡N into s-triazine ring) [39]. The second loss stage (~310−460 °C) was attributed to the thermal decomposition of the sacrificial PS block. The third stage showed a slight weight loss between 460 and 870 °C corresponding to further fragmental process of the pre-stabilized PAN [12,40]. The PS−b−PAN showed a 5% of weight loss at 290 °C in a nitrogen atmosphere and a char yield of 50%. Carbonization temperature was fixed at 800 °C for both bulk and fibers. Higher pyrolysis temperatures (>900 °C) are related to the introduction of quaternary nitrogen into the basal plane of graphitic structures, which do not significantly participate in electrochemical reactions [17].




3.3. Structural Characterization


The generated morphologies and microdomain sizes are affected by the phase separation between PS and PAN blocks [41]. Pore size is directly correlated to the domain size of the sacrificial block, which is related to molecular weight or degree of polymerization, Flory−Hugging’s interaction parameter (χ), and volume fraction (f) [42,43]. The fraction of sacrificial block is especially significant for designing block copolymers to obtain suitable porous carbon materials for capacitive energy storage [8]. In this work, PS has been chosen as a thermally sacrificial block based on its high incompatibility with PAN (segmental interaction parameter, χij = 0.83 of acrylonitrile and styrene monomers) [44]. Due to fast solvent vaporization during electrospinning, BCP does not self−assemble into any thermodynamically equilibrated morphologies and, independent of composition, PS−b−PAN forms disordered nanostructures assembled through kinetic pathways, preventing any classical block copolymer thermodynamic equilibrated morphology such as spherical, cylindrical, or lamellar structures [45]. Instead, disordered, and interconnected domains are formed into the electrospun PS−b−PAN fibers. Similarly, due to the co−precipitation process with a non-solvent (MeOH) followed to obtain the powder material, disorder domains were also formed. Although the powder or bulk material can form conventional morphologies derived from self−assembly.



SEM and TEM images (Figure 2b,c, respectively) of the carbon bulk material exhibited a continuous surface porous morphology along the inner material, confirming the interconnectivity of the pores in the bulk grains. This type of disordered carbon structure with percolated pores was also formed with other PS−BCPs [21,46,47]. SEM images of the as−electrospun fibers from the PS−b−PAN copolymer showed rough surfaces (Figure 3b), typical of a fast self-assembling of the BCP during electrospinning. The average diameter of fibers corresponded to 107 ± 4 nm. After carbonization, fibers maintained their shape, although diameters hardly decreased (105 ± 5 nm). Fiber diameter distribution before and after carbonization can be found in Figure S2. SEM and TEM images (Figure 3c−e) revealed abundant mesopores on the surface and cross−section of the fiber, with an average pore size of around 10 nm (Figure 3f). Additional SEM and TEM images of carbon bulk and carbon fibers can be seen in Figure S1.



N−functionalities play an essential role in ensuring a rapid ion access into the pore structure. Pyridinic nitrogen, due to the combination of the lone pair and the π−electron system, leads to an enhancement of the ion conductivity and diffusion [48]. Thus, nitrogen exposed in the pore wall surfaces improves ion accessibility and, therefore, storage capability. In PAN−based BCPs, the interface between non−bonded PAN and PS domains contained pyridinic species that formed nitrogen−rich zigzag graphene edges (see schematic, Figure 2a) [17]. In disordered morphologies, such as those obtained here, non−bonded interfaces are predominant, guaranteeing a greater exposure of N during the electrochemical performance.



Raman spectroscopy provides information about ordered and disordered carbon structures. In Figure 3g, Raman spectra of mesoporous carbon bulk materials and fibers revealed the characteristic bands for highly ordered graphitic structures (“G band”) at ~1560−1600 cm−1 and disordered domains (“D band”) at ~1320−1350 cm−1 [49]. The intensity ratio of the D and G bands (ID/IG) may help elucidate the extent of carbon-containing defects and, therefore, to obtain information about the degree of graphitization of the structures. The ID/IG ratio reached a value of 1.11 for the fibers and 1.10 for the bulk powders, indicating a similar formation of graphitic structure for both materials. Deconvolution of the Raman spectra can be found in Figure S3. In addition, X-ray photoelectron spectroscopy (XPS) revealed the surface chemical composition of the carbon fibers. XPS full spectrum (Figure S4a) confirmed the presence of three peaks corresponding to O 1s, N 1s, and C 1s at ~533.3, 401.3, and 284.6 eV, respectively. Sulfur peaks were not observed in the spectrum (S2s and S2p at ~240 and ~163 eV, respectively), which confirmed the elimination of sulfur−containing end−groups in the copolymer by pyrolysis. The carbon (Figure S4b), oxygen, and nitrogen 1s XPS spectra can be resolved by curve fitting into several peaks with attributable binding energies [50,51,52,53] to estimate the presence of different types of functional groups. The N 1s spectrum was deconvoluted into four peaks (Figure 4a), verifying the existence of pyridinic nitrogen (N−P) at 398.2 eV, amide nitrogen (O=C−N) at 399.5 eV, pyrrolic/pyridone nitrogen (N−X) at 400.8 eV, and pyridine−N-oxide (N−O) at 402.7 eV. For the oxygen 1s deconvoluted spectrum (Figure 4b), the binding energies at 530.6, 532.5, 534, and 535.5 eV corresponded to quinone type groups (C=O; O−I), phenol and/or ether groups (C−OH and/or C−O−C; O−II), ester groups (O−C=O; O−III) and amide groups (N−C=O; O−IV), respectively, demonstrating a highly oxygen-rich material. Nitrogen atoms were intrinsically present in PAN, whereas oxygen atoms were originated during crosslinking under air atmosphere. Table S1 presented the relative surface concentrations of nitrogen and oxygen species determined by fitting the N 1s and O 1s core level spectra. Furthermore, the atomic percentage of N, C, and O was determined from XPS. As discussed above, the presence of heteroatoms may lead to a potential enhancement of charge mobility and electrolyte wettability. The latter was confirmed by measuring the contact angles of the fiber mats, before and after carbonization, with KOH aqueous solution (6 M). Images in Figure S5 revealed that contact angle after pyrolysis was not noticeable due to the enhanced wettability of the material in presence of oxygen, which will improve the effective contact area between the electrode and the electrolyte [54].



In order to confirm and further study the overall porous structure showed in SEM and TEM, N2 adsorption/desorption analysis was conducted to test the specific surface area (SSA) and pore size distribution. Fiber material revealed a type IV isotherm with a large hysteresis loop (Figure 4c), which indicated the presence of mesopores, according to published IUPAC report [55]. Results were in good agreement with the pore structure previously observed in TEM images. Fast adsorption at the low relative pressure range (P/P0 < 0.1) confirmed the presence of micropores, revealing a BET SSA of 491.6 m2/g in which 170.4 m2/g corresponded to micropore SSA. In contrast, the bulk materials reached a BET specific surface area of 242 m2/g with micropore SSA of 93.9 m2/g and an isotherm type II (Figure 4c), suggesting a low pore density in the material. For both materials, pore sizes are concentrated in the mesopore and micropore range (Figure 4d). In the case of the fibers, pore size distribution with predominant micropore sizes and mesopores between 5 and 18 nm is shown. The presence of different micropore/mesopore sizes suggests a hierarchical pore structure within the material, which has been reported to be beneficial, offering transport pathways for ions, reducing diffusion distances from the electrolyte to the micropores, and providing a large number of active sites which results in a high-rate capacity [26]. According to the isotherm data, the bulk material exhibited lower pore volume and reduced the number of peaks in the mesopore range, indicating that block copolymer−derived porous carbon fiber showed a considerable better control over the pore formation and double value of specific surface area with respect to the bulk material.




3.4. Electrochemical Characterization


In order to determine the influence of the pore structure on their electrochemical performance, fibers and bulk material were tested in a three−electrode electrochemical cell. Cyclic voltammetry (CV) was evaluated at different sweep rates between 5 and 500 mV/s (Figure S6). Figure 5a showed the comparison of the electrochemical behavior of both materials (voltammetry at 5 mV/s), showing a rectangular shape close to an electric double layer capacitance (EDLC) but slightly distorted from an ideal supercapacitor, which evidenced how charge is not stored through a purely capacitive mechanism. This deviation from the ideal behavior can be influenced by the participation of pseudocapacitive storage mechanism involving fast and reversible redox reactions due to the edge N functionalities inherited from PAN stabilization process [56]. Consistent with the CV data, galvanostatic charge−discharge (GCD) curves of the fiber material displayed a triangular shape (Figure 5b) and a gravimetric capacitance value of 254 F/g measured at a current density of 1 A/g and 308 F/g measured at 10 mV/s. By contrast, bulk material exhibited a considerable reduced capacitance value of 145 F/g calculated at the same current density (1 A/g). The superior SSABET, pore volume, and hierarchical porosity rich in micropores/mesopores presented in the fiber material resulted in an improvement in electrochemical storage. Electrochemical performance between various PCFs and carbon powder materials obtained through different templates using blends or copolymer as precursors is shown in Table 1.



Electrochemical impedance spectroscopy (EIS) was conducted from 0.1 to 100 KHz with a perturbance of 5 mV. Nyquist plots have been fitted with the equivalence circuit shown in Figure S6c. For both materials, Nyquist diagrams (Figure 5c) can be divided into two different regions [57], one at high frequencies displaying a semicircle shape, from which values of RS (series resistance) and RCT (charge−transfer resistance) can be obtained, and a low frequency region showing a line shape related to the Warburg impedance. RS is mainly associated with the intrinsic resistances of the electrode, electrolyte, and current collector. Both materials exhibited RS values less than 1 Ω, with a value of 0.5 Ω for the fiber and 0.6 Ω for the bulk material. Note that the lower value obtained for the PCFs is due to both, its continuous structure with minimum interface effects, providing intimate contact with the electrolyte, and the intrinsic channels (or large pores) between individual fibers, which allows the electrolyte to reach the electrode core faster compared to the powder carbon.
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Table 1. Summary of specific surface area and specific capacitance values measured at different current densities (A/g) of various porous carbon fibers (PCFs) and porous carbon powder materials as electrodes for supercapacitors.






Table 1. Summary of specific surface area and specific capacitance values measured at different current densities (A/g) of various porous carbon fibers (PCFs) and porous carbon powder materials as electrodes for supercapacitors.





	
Material

	
Precursor

	
SSA (m2/g)

	
Cs (F/g)

	
Electrolyte

	
Reference






	
Powder carbons




	
S/N-doped porous carbons

	
PBA−b−PAN

	
478

	
236 (0.1 A/g)

	
KOH 6M

	
[58]




	
Open-ended hollow carbon spheres (HCS)

	
PS−b−P4VP/ KOH activation

	
1583

	
249 (0.5 A/g)

	
KOH 6M

	
[59]




	
N-doped hierarchical porous carbons (NHPC)

	
PS−b−PAN/KOH activation

	
2105

	
230 (1 A/g)

	
KOH 6M

	
[47]




	
Mesoporous carbons

	
PAN−b−PS−b−PAN

	
954

	
185 (0.625 A/g)

	
KOH 2M

	
[21]




	
Fibers




	
Linear-tube carbon nanofibers (LTCNF)

	
PAN/PS

	
212

	
188 (0.5 A/g)

	
LiOH 3M

	
[60]




	
Multichannel PCFs

	
PAN/PS

	
750

	
250 (1 A/g)

	
KOH 6M

	
[61]




	
N-doped multi-nano-channel PCFs

	
PAN/PS

	
840

	
461 (0.25 A/g)

	
H2SO4 1M

	
[62]




	
Mesoporous carbon nanofibers (MCNFs)

	
PAN/PAA−b−PAN−b−PAA

	
250

	
256 (0.5 A/g)

	
KOH 4M

	
[23]




	
PCFs

	
PAN/PMMMA

	
683

	
140 (0.5 A/g)

	
KOH 6M

	
[63]




	
Interconnected meso-PCFs

	
PMMA−b−PAN

	
503

	
360 (1 A/g)

	
KOH 6M

	
[34]




	
Hierarchical PCFs

	
PS−b−PAN

	
492

	
254 (1 A/g)

	
KOH 6M

	
This work









Additionally, RCT mainly depends on the electronic and ionic resistances at the interfaces and in the whole system. Values of RCT in fiber and bulk material corresponded with 0.45 and 0.60 Ω, respectively. The lower value achieved by the fibers is due to the synergistic effect of higher pore density and continuous structure, which improved the ion diffusion. Fiber presented a 50% capacitance retention at high sweep rates (500 mV/s), which is significantly higher than the 30% retention of the bulk material (Figure 5d).



To further assess more precisely the behavior of the fiber material, electrodes were tested in a symmetrical Swagelok type cell. CV curves (Figure 6a) presented a rectangular shape even at high sweep rates. Charge−discharge curves (Figure 6b) also exhibited a triangular shape showing a specific capacitance value of 234 F/g at a current density of 1 A/g, slightly lower than the capacitance value obtained in the three−electrode cell. EIS diagram (inset in Figure 6c) showed a considerable decrease in the Rs with a value of 0.25 Ω; however, RCT value was the same as in the three−electrode cell measurements (0.5 Ω). Electrode stability was further evaluated. Capacitance remained stable without noticeable degradation along 10,000 cycles, demonstrating remarkable capacitance retention of 99.9% and electrode stability. Ragone plot of the fibers (Figure 6d) displayed a high energy density and power density of 20 W h/Kg and 12,300 W/Kg, respectively.





4. Conclusions


Polystyrene and polyacrylonitrile copolymer (PS−b−PAN) of high molecular weight and low polydispersity has been successfully synthesized by RAFT polymerization. This copolymer had been proven to be a suitable precursor for the obtention of fibers and powder carbon materials. Due to the high incompatibility between PAN and PS blocks, a lower content of the sacrificial block is required (fPS ≈ 0.16) for obtaining highly porous structures with a considerably high carbon yield (~50%). Fibers of PS−b−PAN produced by electrospinning combined with a pyrolysis process showed hierarchical porosity with mainly micro and mesopores (2−20 nm) and relatively high SSA (~492 m2/g), demonstrating a better control over pore formation than materials in bulk. The electrochemical behavior of both carbon materials was tested. As expected, fibers showed superior performance, almost doubling the capacitance value of the bulk material, 254 F/g and 145 F/g (measured at 1 A/g), respectively. Fibers also were tested as a free-standing electrode in a symmetrical cell showing excellent cycle stability. In short, this work provides valuable guidance for understanding the phase-separation behavior and the designing of block copolymers for their use as a template. Concretely, focusing on fibers−based carbon electrodes for energy storage devices and for other applications where high carbon-yield materials with good control over the porous structure are required.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym14235109/s1. Scheme S1: Synthetic route via RAFT polymerization for the obtention of PS−b−PAN block copolymer; Figure S1: (a,b) Supplemental SEM images of bulk material after carbonization, (c,d) electrospun PS−b−PAN fibers, (e,f) TEM images of the porous carbon fiber; Figure S2: Diameter distribution of fibers (a) before and (b) after carbonization; Figure S3: Deconvolution of RAMAN spectra of (a) fiber and (b) bulk material; Figure S4: (a) XPS full spectrum and (b) High-resolution XPS spectra showing C1s peaks in XPS of carbon porous fiber; Figure S5: Contact angle of the fiber mat (a) before and (b) after carbonization; Figure S6: (a) CVs of the fiber electrode at scan rates of 5−100 mV/s, (b) GCD curves at different current densities of the fiber electrode, and (c) Equivalent circuit used for the EIS fitting data; Table S1: Relative surface contents of nitrogen and oxygen species determined from N1s and O1s peaks in XPS spectra.





Author Contributions


Conceptualization, M.B.S. and V.S.-M.; design of the work, A.Á-G., V.S.-M. and M.B.S.; performance of the experiments and analysis, A.Á.-G. under the supervision of M.B.S. and V.S.-M. writing original draft preparation, A.Á.-G., V.S.-M. and M.B.S.; writing—review and editing A.Á.-G., J.Y., J.P.F.-B., V.S.-M. and M.B.S.; supervision, M.B.S. and V.S.-M. All authors contributed to the scientific discussion. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by Spanish Ministry of Science and Innovation (PID2021-125302NB-I00). J.Y. is grateful for financial support from the Wallenberg Academy Fellow program (Grant KAW 2017.0166) from the Knut & Alice Wallenberg Foundation in Sweden.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors gratefully acknowledge J. Yuan’s research group, the microscopy laboratory of IMDEA materials, and the microscopy laboratory of Carlos III University. Ainhoa Álvarez would like to acknowledge the mobility grant from Carlos III University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Salanne, M.; Rotenberg, B.; Naoi, K.; Kaneko, K.; Taberna, P.L.; Grey, C.P.; Dunn, B.; Simon, P. Efficient Storage Mechanisms for Building Better Supercapacitors. Nat. Energy 2016, 1, 16070. [Google Scholar] [CrossRef]

	



Patrice, S.; Yuri, G.; Bruce, D. Where Do Batteries End and Supercapacitors Begin? Science 2014, 343, 1208–1210. [Google Scholar]

	



Pandolfo, A.G.; Hollenkamp, A.F. Carbon Properties and Their Role in Supercapacitors. J. Power Sources 2006, 157, 11–27. [Google Scholar] [CrossRef]

	



González, A.; Goikolea, E.; Barrena, J.A.; Mysyk, R. Review on Supercapacitors: Technologies and Materials. Renew. Sustain. Energy Rev. 2016, 58, 1189–1206. [Google Scholar] [CrossRef]

	



Liu, C.F.; Liu, Y.C.; Yi, T.Y.; Hu, C.C. Carbon Materials for High-Voltage Supercapacitors. Carbon N. Y. 2019, 145, 529–548. [Google Scholar] [CrossRef]

	



Simon, P.; Gogotsi, Y. Materials for Electrochemical Capacitors. Nat. Mater. 2008, 7, 845–854. [Google Scholar] [CrossRef]

	



Liu, N.; Shen, J.; Liu, D. Activated High Specific Surface Area Carbon Aerogels for EDLCs. Microporous Mesoporous Mater. 2013, 167, 176–181. [Google Scholar] [CrossRef]

	



Menéndez-Díaz, J.A.; Martín-Gullón, I. Chapter 1 Types of Carbon Adsorbents and Their Production. Interface Sci. Technol. 2006, 7, 1–47. [Google Scholar] [CrossRef]

	



Kim, Y.J.; Horie, Y.; Ozaki, S.; Matsuzawa, Y.; Suezaki, H.; Kim, C.; Miyashita, N.; Endo, M. Correlation between the Pore and Solvated Ion Size on Capacitance Uptake of PVDC-Based Carbons. Carbon N. Y. 2004, 42, 1491–1500. [Google Scholar] [CrossRef]

	



Vatamanu, J.; Bedrov, D. Capacitive Energy Storage: Current and Future Challenges. J. Phys. Chem. Lett. 2015, 6, 3594–3609. [Google Scholar] [CrossRef]

	



Wu, D.; Xu, F.; Sun, B.; Fu, R.; He, H.; Matyjaszewski, K. Design and Preparation of Porous Polymers. Chem. Rev. 2012, 112, 3959–4015. [Google Scholar] [CrossRef]

	



Serrano, J.M.; Liu, T.; Khan, A.U.; Botset, B.; Stovall, B.J.; Xu, Z.; Guo, D.; Cao, K.; Hao, X.; Cheng, S.; et al. Composition Design of Block Copolymers for Porous Carbon Fibers. Chem. Mater. 2019, 31, 8898–8907. [Google Scholar] [CrossRef]

	



Matyjaszewski, K. Atom Transfer Radical Polymerization (ATRP): Current Status and Future Perspectives. Macromolecules 2012, 45, 4015–4039. [Google Scholar] [CrossRef]

	



Keddie, D.J. A Guide to the Synthesis of Block Copolymers Using Reversible-Addition Fragmentation Chain Transfer (RAFT) Polymerization. Chem. Soc. Rev. 2014, 43, 496–505. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Tang, Z.; Ou, B.; Liu, L.; Zhou, Z.; Shen, S.; Duan, Y. Design, Preparation, and Application of Ordered Porous Polymer Materials. Mater. Chem. Phys. 2014, 144, 213–225. [Google Scholar] [CrossRef]

	



Wang, H.; Shao, Y.; Mei, S.; Lu, Y.; Zhang, M.; Sun, J.K.; Matyjaszewski, K.; Antonietti, M.; Yuan, J. Polymer-Derived Heteroatom-Doped Porous Carbon Materials. Chem. Rev. 2020, 120, 9363–9419. [Google Scholar] [CrossRef]

	



McGann, J.P.; Zhong, M.; Kim, E.K.; Natesakhawat, S.; Jaroniec, M.; Whitacre, J.F.; Matyjaszewski, K.; Kowalewski, T. Block Copolymer Templating as a Path to Porous Nanostructured Carbons with Highly Accessible Nitrogens for Enhanced (Electro)Chemical Performance. Macromol. Chem. Phys. 2012, 213, 1078–1090. [Google Scholar] [CrossRef]

	



Liu, T.; Liu, G. Block Copolymer-Based Porous Carbons for Supercapacitors. J. Mater. Chem. A 2019, 7, 23476–23488. [Google Scholar] [CrossRef]

	



Yin, J.; Zhang, W.; Alhebshi, N.A.; Salah, N.; Alshareef, H.N. Synthesis Strategies of Porous Carbon for Supercapacitor Applications. Small Methods 2020, 4, 1900853. [Google Scholar] [CrossRef]

	



Kopeć, M.; Yuan, R.; Gottlieb, E.; Abreu, C.M.R.; Song, Y.; Wang, Z.; Coelho, J.F.J.; Matyjaszewski, K.; Kowalewski, T. Polyacrylonitrile-b-Poly(Butyl Acrylate) Block Copolymers as Precursors to Mesoporous Nitrogen-Doped Carbons: Synthesis and Nanostructure. Macromolecules 2017, 50, 2759–2767. [Google Scholar] [CrossRef]

	



Wang, Y.; Kong, L.B.; Li, X.M.; Ran, F.; Luo, Y.C.; Kang, L. Mesoporous Carbons for Supercapacitors Obtained by the Pyrolysis of Block Copolymers. Xinxing Tan Cailiao/New Carbon Mater. 2015, 30, 302–309. [Google Scholar] [CrossRef]

	



Kruk, M.; Dufour, B.; Celer, E.B.; Kowalewski, T.; Jaroniec, M.; Matyjaszewski, K. Well-Defined Poly(Ethylene Oxide)-Polyacrylonitrile Diblock Copolymers as Templates for Mesoporous Silicas and Precursors for Mesoporous Carbons. Chem. Mater. 2006, 18, 1417–1424. [Google Scholar] [CrossRef]

	



Dong, W.; Wang, Z.; Zhang, Q.; Ravi, M.; Yu, M.; Tan, Y.; Liu, Y.; Kong, L.; Kang, L.; Ran, F. Polymer/Block Copolymer Blending System as the Compatible Precursor System for Fabrication of Mesoporous Carbon Nanofibers for Supercapacitors. J. Power Sources 2019, 419, 137–147. [Google Scholar] [CrossRef]

	



Nguyen, C.T.; Kim, D.P. Direct Preparation of Mesoporous Carbon by Pyrolysis of Poly(Acrylonitrile-b-Methylmethacrylate) Diblock Copolymer. J. Mater. Chem. 2011, 21, 14226–14230. [Google Scholar] [CrossRef]

	



Carriazo, D.; Picó, F.; Gutiérrez, M.C.; Rubio, F.; Rojo, J.M.; Del Monte, F. Block-Copolymer Assisted Synthesis of Hierarchical Carbon Monoliths Suitable as Supercapacitor Electrodes. J. Mater. Chem. 2010, 20, 773–780. [Google Scholar] [CrossRef]

	



Ran, F.; Shen, K.; Tan, Y.; Peng, B.; Chen, S.; Zhang, W.; Niu, X.; Kong, L.; Kang, L. Activated Hierarchical Porous Carbon as Electrode Membrane Accommodated with Triblock Copolymer for Supercapacitors. J. Memb. Sci. 2016, 514, 366–375. [Google Scholar] [CrossRef]

	



Wen, Y.; Kok, M.D.R.; Tafoya, J.P.V.; Sobrido, A.B.J.; Bell, E.; Gostick, J.T.; Herou, S.; Schlee, P.; Titirici, M.M.; Brett, D.J.L.; et al. Electrospinning as a Route to Advanced Carbon Fibre Materials for Selected Low-Temperature Electrochemical Devices: A Review. J. Energy Chem. 2021, 59, 492–529. [Google Scholar] [CrossRef]

	



Newcomb, B.A. Processing, Structure, and Properties of Carbon Fibers. Compos. Part A Appl. Sci. Manuf. 2016, 91, 262–282. [Google Scholar] [CrossRef]

	



Kim, C.; Yang, K.S.; Lee, W.J. The Use of Carbon Nanofiber Electrodes Prepared by Electrospinning for Electrochemical Supercapacitors. Electrochem. Solid-State Lett. 2004, 7, 397–399. [Google Scholar] [CrossRef]

	



Josef, E.; Yan, R.; Guterman, R.; Oschatz, M. Electrospun Carbon Fibers Replace Metals as a Current Collector in Supercapacitors. ACS Appl. Energy Mater. 2019, 2, 5724–5733. [Google Scholar] [CrossRef]

	



Jo, E.; Yeo, J.G.; Kim, D.K.; Oh, J.S.; Hong, C.K. Preparation of Well-Controlled Porous Carbon Nanofiber Materials by Varying the Compatibility of Polymer Blends. Polym. Int. 2014, 63, 1471–1477. [Google Scholar] [CrossRef]

	



He, T.; Fu, Y.; Meng, X.; Yu, X.; Wang, X. A Novel Strategy for the High Performance Supercapacitor Based on Polyacrylonitrile-Derived Porous Nanofibers as Electrode and Separator in Ionic Liquid Electrolyte. Electrochim. Acta 2018, 282, 97–104. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, W.; Wang, H.; Jin, X.; Niu, H.; Wang, H.; Zhou, H.; Lin, T. High Performance Supercapacitor Electrode Materials from Electrospun Carbon Nanofibers in Situ Activated by High Decomposition Temperature Polymer. ACS Appl. Energy Mater. 2018, 1, 431–439. [Google Scholar] [CrossRef]

	



Zhou, Z.; Liu, T.; Khan, A.U.; Liu, G. Block Copolymer–Based Porous Carbon Fibers. Sci. Adv. 2019, 5, eaau6852. [Google Scholar] [CrossRef]

	



Ponnusamy, K.; Babu, R.P.; Dhamodharan, R. Synthesis of Block and Graft Copolymers of Styrene by Raft Polymerization, Using Dodecyl-Based Trithiocarbonates as Initiators and Chain Transfer Agents. J. Polym. Sci. Part A Polym. Chem. 2013, 51, 1066–1078. [Google Scholar] [CrossRef]

	



Zhong, M.; Tang, C.; Kim, E.K.; Kruk, M.; Celer, E.B.; Jaroniec, M.; Matyjaszewski, K.; Kowalewski, T. Preparation of Porous Nanocarbons with Tunable Morphology and Pore Size from Copolymer Templated Precursors. Mater. Horizons 2014, 1, 121–124. [Google Scholar] [CrossRef]

	



Kopeć, M.; Lamson, M.; Yuan, R.; Tang, C.; Kruk, M.; Zhong, M.; Matyjaszewski, K.; Kowalewski, T. Polyacrylonitrile-Derived Nanostructured Carbon Materials. Prog. Polym. Sci. 2019, 92, 89–134. [Google Scholar] [CrossRef]

	



Gupta, A.K.; Paliwal, D.K.; Bajaj, P. Melting Behavior of Acrylonitrile Polymers. J. Appl. Polym. Sci. 1998, 70, 2703–2709. [Google Scholar] [CrossRef]

	



Dang, W.; Liu, J.; Wang, X.; Yan, K.; Zhang, A.; Yang, J.; Chen, L.; Liang, J. Structural Transformation of Polyacrylonitrile (PAN) Fibers during Rapid Thermal Pretreatment in Nitrogen Atmosphere. Polymers 2020, 12, 63. [Google Scholar] [CrossRef]

	



Zhou, Z.; Liu, G. Controlling the Pore Size of Mesoporous Carbon Thin Films through Thermal and Solvent Annealing. Small 2017, 13, 19–21. [Google Scholar] [CrossRef]

	



Cho, J. Analysis of Phase Separation in Compressible Polymer Blends and Block Copolymers. Macromolecules 2000, 33, 2228–2241. [Google Scholar] [CrossRef]

	



Majewski, P.W.; Yager, K.G. Rapid Ordering of Block Copolymer Thin Films. J. Phys. Condens. Matter 2016, 28, 403002. [Google Scholar] [CrossRef] [PubMed]

	



Matsen, M.W.; Bates, F.S. Unifying Weak- and Strong-Segregation Block Copolymer Theories. Macromolecules 1996, 29, 1091–1098. [Google Scholar] [CrossRef]

	



Cowie, J.M.; Lath, D. Miscibility mapping in some blends involving poly (styrene-co-acrylonitrile). In Makromolekulare Chemie. Macromolecular Symposia; Hüthig & Wepf Verlag: Basel, Switzerland, 1988; Volume 16, pp. 103–112. [Google Scholar]

	



Liu, T.; Liu, G. Block Copolymers for Supercapacitors, Dielectric Capacitors and Batteries. J. Phys. Condens. Matter 2019, 31, 233001. [Google Scholar] [CrossRef]

	



Seo, M.; Hillmyer, M.A. Reticulated Nanoporous Polymers by Controlled Polymerization-Induced Microphase Separation. Science 2012, 336, 1422–1425. [Google Scholar] [CrossRef]

	



Tong, Y.X.; Li, X.M.; Xie, L.J.; Su, F.Y.; Li, J.P.; Sun, G.H.; Gao, Y.D.; Zhang, N.; Wei, Q.; Chen, C.M. Nitrogen-Doped Hierarchical Porous Carbon Derived from Block Copolymer for Supercapacitor. Energy Storage Mater. 2016, 3, 140–148. [Google Scholar] [CrossRef]

	



Zhang, H.; Ling, Y.; Peng, Y.; Zhang, J.; Guan, S. Nitrogen-Doped Porous Carbon Materials Derived from Ionic Liquids as Electrode for Supercapacitor. Inorg. Chem. Commun. 2020, 115, 107856. [Google Scholar] [CrossRef]

	



Shimodaira, N.; Masui, A. Raman Spectroscopic Investigations of Activated Carbon Materials. J. Appl. Phys. 2002, 92, 902–909. [Google Scholar] [CrossRef]

	



Hulicova-Jurcakova, D.; Seredych, M.; Lu, G.Q.; Bandosz, T.J. Combined Effect of Nitrogen- and Oxygen-Containing Functional Groups of Microporous Activated Carbon on Its Electrochemical Performance in Supercapacitors. Adv. Funct. Mater. 2009, 19, 438–447. [Google Scholar] [CrossRef]

	



Lee, S.W.; Gallant, B.M.; Lee, Y.; Yoshida, N.; Kim, D.Y.; Yamada, Y.; Noda, S.; Yamada, A.; Yang, S.H. Self-Standing Positive Electrodes of Oxidized Few-Walled Carbon Nanotubes for Light-Weight and High-Power Lithium Batteries. Energy Environ. Sci. 2012, 5, 5437–5444. [Google Scholar] [CrossRef]

	



Rosenthal, D.; Ruta, M.; Schlögl, R.; Kiwi-Minsker, L. Combined XPS and TPD Study of Oxygen-Functionalized Carbon Nanofibers Grown on Sintered Metal Fibers. Carbon N. Y. 2010, 48, 1835–1843. [Google Scholar] [CrossRef]

	



He, H.; Hu, Y.; Chen, S.; Zhuang, L.; Ma, B.; Wu, Q. Preparation and Properties of A Hyperbranch-Structured Polyamine Adsorbent for Carbon Dioxide Capture. Sci. Rep. 2017, 7, 3913. [Google Scholar] [CrossRef] [PubMed]

	



Oda, H.; Yamashita, A.; Minoura, S.; Okamoto, M.; Morimoto, T. Modification of the Oxygen-Containing Functional Group on Activated Carbon Fiber in Electrodes of an Electric Double-Layer Capacitor. J. Power Sources 2006, 158, 1510–1516. [Google Scholar] [CrossRef]

	



Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of Gases, with Special Reference to the Evaluation of Surface Area and Pore Size Distribution (IUPAC Technical Report). Pure Appl. Chem. 2015, 87, 1051–1069. [Google Scholar] [CrossRef]

	



Frackowiak, E. Carbon Materials for Supercapacitor Application. Phys. Chem. Chem. Phys. 2007, 9, 1774–1785. [Google Scholar] [CrossRef] [PubMed]

	



Mei, B.A.; Munteshari, O.; Lau, J.; Dunn, B.; Pilon, L. Physical Interpretations of Nyquist Plots for EDLC Electrodes and Devices. J. Phys. Chem. C 2018, 122, 194–206. [Google Scholar] [CrossRef]

	



Yuan, R.; Wang, H.; Sun, M.; Damodaran, K.; Gottlieb, E.; Kopeć, M.; Eckhart, K.; Li, S.; Whitacre, J.; Matyjaszewski, K.; et al. Well-Defined N/S Co-Doped Nanocarbons from Sulfurized PAN- b-PBA Block Copolymers: Structure and Supercapacitor Performance. ACS Appl. Nano Mater. 2019, 2, 2467–2474. [Google Scholar] [CrossRef]

	



Cao, S.; Qu, T.; Zhang, A.; Zhao, Y.; Chen, A. N-Doped Hierarchical Porous Carbon with Open-Ended Structure for High-Performance Supercapacitors. ChemElectroChem 2019, 6, 1696–1703. [Google Scholar] [CrossRef]

	



Bhoyate, S.; Kahol, P.K.; Sapkota, B.; Mishra, S.R.; Perez, F.; Gupta, R.K. Polystyrene Activated Linear Tube Carbon Nanofiber for Durable and High-Performance Supercapacitors. Surf. Coatings Technol. 2018, 345, 113–122. [Google Scholar] [CrossRef]

	



Zhang, L.; Han, L.; Liu, S.; Zhang, C.; Liu, S. High-Performance Supercapacitors Based on Electrospun Multichannel Carbon Nanofibers. RSC Adv. 2015, 5, 107313–107317. [Google Scholar] [CrossRef]

	



Ramakrishnan, P.; Shanmugam, S. Nitrogen-Doped Porous Multi-Nano-Channel Nanocarbons for Use in High-Performance Supercapacitor Applications. ACS Sustain. Chem. Eng. 2016, 4, 2439–2448. [Google Scholar] [CrossRef]

	



He, G.; Song, Y.; Chen, S.; Wang, L. Porous Carbon Nanofiber Mats from Electrospun Polyacrylonitrile/Polymethylmethacrylate Composite Nanofibers for Supercapacitor Electrode Materials. J. Mater. Sci. 2018, 53, 9721–9730. [Google Scholar] [CrossRef]








[image: Polymers 14 05109 sch001 550] 





Scheme 1. Preparation scheme of porous carbon fibers and powders, from PAN−b−PS copolymer template for use as supercapacitor electrode materials. 
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Figure 1. (a) 1H−NMR spectra of PS−CPDT macroCTA (above) and PS−b−PAN polymer (below), (b) SEC chromatograms, (c) DSC thermograms of PS-CPDT (insert graph) and PS−b−PAN (d) TGA curves of PS−CPDT and PS−b−PAN. 
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Figure 2. (a) Scheme of disordered morphology of PS−b−PAN upon uncontrolled phase-separation, (b) SEM image of bulk material after carbonization, (c) TEM image of bulk carbon material. 
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Figure 3. (a,b) electrospun PS−b−PAN fibers, (c) SEM image of fiber membrane after carbonization and (d) cross−section of carbon fibers inserted, (e,f) TEM images of the porous carbon fibers, (g) Raman spectra of both carbon materials. 
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Figure 4. (a,b) XPS high resolution spectra of N and O, respectively, of the porous carbon fibers, (c) N2 adsorption/desorption isotherms, and (d) NLDFT pore size distribution of fibers and bulk carbon material. 
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Figure 5. (a) CV curves at 5 mV/s scan rate, (b) GCD curves at 1 A/g current density, (c) EIS diagrams, and (d) capacitance retention of porous carbon fibers and carbon powders derived from PS−b−PAN. 






Figure 5. (a) CV curves at 5 mV/s scan rate, (b) GCD curves at 1 A/g current density, (c) EIS diagrams, and (d) capacitance retention of porous carbon fibers and carbon powders derived from PS−b−PAN.



[image: Polymers 14 05109 g005]







[image: Polymers 14 05109 g006 550] 





Figure 6. (a) CV curves at different sweep rates, (b) GCD curves at various current densities, (c) Electrode stability along 10,000 cycles at a current density of 100 A/g. Inset: EIS diagram, (d) Ragone plot of the porous carbon fibers. 
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