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Abstract

:

The aim of this study was to investigate the electrochemical behaviour of aqueous electrolytes on thin-layer (20 µm) nanoporous carbide-derived carbon (CDC) composite fibrous directly electrospun electrodes without further carbonisation. There have been previously investigated fibrous electrodes, which are produced by applying different post-treatment processes, however this makes the production of fibrous electrodes more expensive, complex and time consuming. Furthermore, in the present study high specific capacitance was achieved with directly electrospun nanoporous CDC-based fibrous electrodes in different neutral aqueous electrolytes. The benefit of fibrous electrodes is the advanced mechanical properties compared to the existing commercial electrode technologies based on pressure-rolled or slurry-cast powder mix electrodes. Such improved mechanical properties are preferred in more demanding applications, such as in the space industry. Electrospinning technology also allows for larger electrode production capacities without increased production costs. In addition to the influence of aqueous electrolyte chemical composition, the salt concentration effects and cycle stability with respect to organic electrolytes are investigated. Cyclic voltammetry (CV) measurements on electrospun electrodes showed the highest capacitance for asymmetrical cells with an aqueous 1 M NaNO3-H2O electrolyte. High CV capacitance was correlated with constant current charge–discharge (CC) data, for which a specific capacitance of 191 F g−1 for the positively charged electrode and 311 F g−1 for the negatively charged electrode was achieved. The investigation of electrolyte salt concentration on fibrous electrodes revealed the typical capacitance dependence on ionic conductivity with a peak capacitance at medium concentration levels. The cycle-life measurements of selected two-electrode test cells with aqueous and non-aqueous electrolytes revealed good stability of the electrospun electrodes.
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1. Introduction


With the need to decrease CO2 emissions, enormous effort has been put into the development of electrochemical energy storage devices such as batteries, fuel cells, and supercapacitors, supporting the shift to more extensive incorporation of renewable energy sources. Supercapacitors, also called electrical double layer capacitors (EDLCs), are energy storage devices with high power density and long cycle stability [1,2,3]. From the application requirements perspective, supercapacitors bridge the gap between lithium-ion batteries and electrolytic capacitors [4]. EDLCs are mostly attractive for further development due to their possible use as load levelling devices in renewable energy technology [5] and to further enhance electrical vehicle performance [6,7,8].



The energy storage mechanism of supercapacitors relies on the electrochemical double layer (EDL), which forms between the electrode material and the electrolyte [9,10,11]. Liquid electrolytes can typically be classified as non-aqueous, aqueous and ionic liquids (ILs) [12]. In general, the requirements for an ideal electrolyte are high ionic conductivity, chemical and electrochemical stability (wide potential window), wide operating temperature range, low volatility and flammability, environmental friendliness, and feasible cost at scale [13]. However, in real applications, few of the parameters often need to be compromised. The specific performance of an EDL depends on the interactions between the carbon with a high surface area and the electrolyte ions [4,14,15,16]. Therefore, it is important that the properties of the electrolyte meet the demands from the pore structure of the carbon.



The effect of various aqueous electrolytes has been extensively studied with various carbon powder composite electrodes [17,18,19]. A few studies have been performed with fibrous electrodes [20] or electrospun carbon-containing electrodes [21] in aqueous electrolytes but, to our knowledge, no studies have directly electrospun fibrous electrodes of CDCs. The most fundamental studies have been performed with H2SO4-H2O and KOH-H2O electrolytes, but these electrolytes are corrosive and have a working voltage range up to 1.0 V [22,23,24]. Therefore, neutral aqueous solutions such as Li2SO4-H2O, Na2SO4-H2O and K2SO4-H2O are preferred to avoid the harmful effects of acidic and alkaline environments [22]. Furthermore, the activated carbons were tested for operating voltages up to 1.6 V in symmetrical cells of aqueous Na2SO4-H2O and long-term stability (<10,000 cycles) [22,25].



To achieve high EDL capacitance, the size of the electrolyte ions must correspond to the pore size of carbon [26]. Cai et al. showed the effects of anions and cations with graphene-based nanocomposite electrodes, where 0.5 M aqueous solutions of sodium salts displayed a specific capacity of the SO42− anion that was 21% higher than that of the NO3− anions [27]. In monovalent cation electrolytes, the specific capacitance increases under the influence of the corresponding cationic radius. In common aqueous electrolyte solutions, the ionic radii of cations decrease as follows: Li+ > Na+ > K+ (0.69, 1.2 and 1.5 Å, respectively) [27,28,29].



Electrospinning is a versatile fibre forming process for generating ultra-fine fibres from different materials, such as polymers, ceramics and composites [30]. Electrospun fibres can be used in many applications, such as filtering materials [31,32], sensors [33] or energy storage [34]. In the case of energy storage, electrospun fibrous electrodes have been mainly used with a combination of post-treatment processes [35,36] or with a multi-step electrospinning method [37]. The benefit of directly electrospun nanofibres is the simplicity of the process, as it does not include any post-treatment methods, such as pyrolysis and thermal treatment. Such post-treatments have been proven to be effective in eliminating the negative performance impacts of the relatively high content of non-capacitive polymer in the spun layer matrix, which is necessary for efficient fibre formation [37,38]. However, the carbonisation process itself is destructive to the fibrous structure, which in turn decreases the mechanical durability and certainly has a relatively high cost impact from a large-scale production point of view.



Our research group has previously shown that the advanced mechanical durability and flexibility of electrospun electrodes is related to their fibrous structure [38]. Furthermore, despite the relatively high polymer content, the capacitance per carbon contained remains almost constant compared to tape-casted and rolled pressed (PTFE) technologies [39].



In our previous work, electrospun carbide-derived carbon (CDC) nanofibre electrodes were studied with a focus on non-aqueous electrolytes, out of which the best performance was achieved in combination with 1.5 M spiro-(1,1′)-bipyrrolidinium tetrafluoroborate in acetonitrile (SBP-BF4-ACN), with a potential window of 3.0 V and gravimetric capacitance of 95.3 F g−1 and 78.5 F g−1 for positively and negatively charged electrodes, respectively [39,40]. The advantages of applying non-aqueous electrolytes are a wider operative temperature range and wide potential stability range, leading to a higher energy density than aqueous electrolytes [4,12,26,41,42]. Thus, the major drawback of aqueous electrolytes is the lower operative voltage, which is limited by the water decomposition voltage of 1.23 V [4,12,43,44,45]. However, the benefit of using aqueous electrolytes comes from low cost [45,46], environmental friendliness, [13,41] and higher ionic conductivity [13], leading to low resistance and superior power performance [3,41,44].



Therefore, goal of this study is to investigate the effect of aqueous electrolytes on the EDL capacitance, resistance and cyclability of electrospun fibrous CDC-based electrodes. The specific effects of cations and anions in aqueous solutions are evaluated in a three-electrode system configuration, and the cycle-life performance of both aqueous and non-aqueous electrolytes is studied in two-electrode systems.



The stability during charge–discharge cycling of post-treated fibrous electrodes in aqueous media has been tested by Stojanovska et al., where stable performance was achieved for more than 1000 cycles [47]. Furthermore, T. He et al. showed good cycle stability and a high capacitance retention of ~99.3% after 1000 cycles of polyacrylonitrile/polyvinyl-pyrrolidone electrospun composite fibres in an IL-based electrolyte in 1-butyl-3-methylimidazolium hexafluorophosphate [36]. Compared to fibrous electrodes, activated carbon-based cast electrodes have also shown long and stable cycle stability in aqueous and non-aqueous electrolytes [25,48,49]. In addition, L. Demarconnay et al. showed stable cycle stability up to 10,000 cycles at different voltage limits with cast electrodes in a 0.5 M aqueous Na2SO4-H2O system [25]. However, the effect of different electrolytes on the cycle-life performance of directly electrospun electrodes has not been studied to our knowledge.




2. Experimental Section


2.1. Materials and Processes


The electrodes for electrochemical analysis of cation and anion influence on EDL performance in aqueous electrolytes were prepared by the electrospinning method, according to a similar electrode process and recipe from our previous studies [39,40]. The carbide-derived carbon active material was purchased from Skeleton Technologies OÜ (Tallinn, Estonia). Titanium carbide was converted to porous CDC carbon by applying Cl2 treatment at 900 °C. A hydrogen gas purification step at 800 °C was applied to remove residues of chlorine in the converted CDC. The CDC material initial particle size was 1–5 µm, which was further milled to reduce the size of particles to ~100 nanometres. The detailed milling procedure is described in our previous work [40] and more detailed carbon surface chemistry is discussed by M. Käärik et al. [15] The resulting milled CDC particles were mixed with a carbon conductive additive (Super C, Timcal, Deutschland GmbH, Düsseldorf, Germany) at a ratio of 80/20 (wt %). The carbon mixture was sonicated in dimethylformamide (DMF, Sigma Aldrich, Tartu, Estonia) for 2 h. After sonication, mechanical stirring was applied for another 24 h at 40 °C, after which polyacrylonitrile (PAN, Sigma Aldrich, Tartu, Estonia Mw = 150,000 g mol−1) was added to the solution at 7% weight, and the solution was stirred for an additional 24 h at 40 °C. The weight ratio of polymer to total mass of carbon was 50/50 in the solution. Finally, 15% by weight of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIm-BF4, Sigma Aldrich, Tartu, Estonia, purity ≥ 99.9%) ionic liquid (IL) was added to the electrospinning solution and stirred for 0.5 h before the electrospinning process was initiated. The addition of IL is necessary to increase the conductivity of the solution for a stable electrospinning process. The electrospinning parameters were set as constant: solution pumping rate of 0.5 mL h−1, applied DC voltage of 15 kV, and a distance between spinneret and rotating drum of 8 cm. After electrospinning, the fibrous electrodes were mechanically compressed by a hydraulic static press (Scamia) to achieve better electrical contacts between the fibres. The morphology of the CDC-based fibrous electrode was evaluated by scanning electron microscopy (SEM, Gemini Zeiss Ultra 55, Graz, Austria), as shown in Figure 1.



The porosity characteristics of the CDC powder before and after milling and of the electrospun electrode were determined from the N2 adsorption method at −196 °C using the NOVA touch LX2 (Quantachrome Instruments, Boynton Beach, FL, USA). Before gas adsorption measurement, the carbon samples were dried for 12 h under a vacuum at 300 °C, and the electrode sample was dried at 100 °C to avoid strongly exceeding the glass transition temperature of PAN. The Brunauer–Emmmet–Teller surface area (SBET) was calculated from N2 adsorption data according to BET theory [50] at a pressure interval P/P0 of 0.02–0.2, and the total pore volume (Vtot) was calculated at a P/P0 of 0.97. Calculations of the pore size distribution (PSD), micropore volume (Vµ) and specific surface area (Sdft) were performed by using the quenched solid density functional theory (QSDFT) equilibria model for slit-type pores. The N2 adsorption–desorption isotherms are shown in Figure 2, and the porosity characteristics are presented in Table 1. The isotherms of CDCs appear as Type I, corresponding to microporous materials [51]. One can see from the porosity analysis that both the specific surface area of carbon and the amount of micropores slightly decreased during the milling process.



The thermal stability of the electrode was evaluated by thermal gravimetric analysis (Labsys EVO TG DTA 1600 °C, Ankara, Turkey). The temperature increase rate was set to 5 °C min−1, and the sample was heated to 600 °C. The start of degradation of the electrode was observed at ~250 °C.



The mechanical properties of the electrospun CDC-based fibrous electrodes were evaluated by an Instron 5866 (Norwood, MA, USA) tensile testing machine. For optimal mechanical properties, morphology, and capacitance (tested after the stress test), a specific stress of 2.32 × 10−4 N TEX−1 was determined. More detailed porosity analysis, TGA and mechanical strength analysis can be found in our previous works [38,39,40].



The intermolecular interactions within the nanofibrous mats treated with Na2SO4-H2O, NaNO3-H2O and KNO3-H2O aqueous electrolytes were analysed by Fourier transform infrared spectroscopy (FTIR). FTIR spectra obtained by means of Interspec 200-X (Tartu, Estonia) instrument with attenuated total reflection (ATR) unit. A wavenumber range a 400–4000 cm−1 with a 0.5 cm−1 resolution was used. IR absorption spectra show significant stability of electrospun PAN fibres in electrolytes and strong absorption of anions on the fibre surface. The measured FTIR spectra are presented in Figure 3. To analyse the influence of electrolytes on the intermolecular interactions of PAN/DMF fibres, electrospun samples were kept in the electrolytes for 48 h and thereafter washed with distilled water to remove the salt residues. Afterwards, the samples were dried under a vacuum at 95 °C for 24 h. The reference data in Figure 3 show the peaks of pure electrospun PAN fibre. Bands attributed to main chain groups, C-C stretching vibrations (1245 cm−1), C-H symmetric vibrations (2936 cm−1 and 1360 cm−1), and in- and out-of-plane bending vibrations (1450 cm−1 and 1071 cm−1, respectively), demonstrate neither polymer decomposition nor macromolecular structure changes after exposure to the electrolyte [52,53,54,55]. The most common PAN undergoes hydrolysis and thermal oxidation in the dissolved state. However, no corresponding peaks were observed. Furthermore, the absorption band of the nitrile side group (C≡N, 2245 cm−1) shows no significant change in intensity or peak area, which means no hydrogen bond formation between the nitrogen atom of the nitrile group and anions, NO3− or SO42−, was observed. At the same time, peaks corresponding to the above-mentioned anions were present in the spectra of PAN electrodes exposed to the electrolyte. For nitrate-based electrolytes, a strong peak at 1356 cm−1 and a small peak at 835 cm−1 were observed, corresponding to asymmetric and symmetric stretching of the NO3− group, respectively [53]. For the sulphate-based electrolyte, the peaks were located at 1123 cm−1 and 615 cm−1, indicating asymmetric stretching of SO42− groups [54]. This can be explained by the absorption of salt anions via electrostatic interactions with dipoles formed on the fibre surface by the -C≡N group of PAN [56]. Thus, one could conclude the chemical stability of electrospun fibres in the studied electrolytes together with the ability to absorb anions on the fibre surface.



Two- and three-electrode test cells were used for electrochemical testing. Electrospun fibrous mats with a coating weight of 1.86 g m−2 were used in all experimental cells. A working electrode (WE) with a diameter of 6 mm was cut for the 3-electrode cells, and identical electrodes of 15 mm diameter were cut for the 2-electrode set-up. For 3-electrode systems, a 15 mm diameter counter electrode (CE) and Ag|AgCl (3.5 M KCl) reference electrode (RE) were used. Prior to cell assembly, the cut electrodes were dried in a vacuum oven at 100 °C for 24 h. The electrodes were then contacted with gold current collectors in electrochemical test cells. The WE and CE were interleaved by a 1 mm thick glass fibre separator membrane (purchased from VWR, Dresden, Germany). The 2-electrode test cells applied a cellulosic separator (purchased Nippon Kodoshi, Kochi, Japan).



Three aqueous electrolyte solutions from different salts—NaNO3-H2O (Lach-Ner, Neratovice, Czech Republic), KNO3-H2O (Sigma-Aldrich, Tartu, Estonia) and Na2SO4-H2O (Sigma-Aldrich, Tartu, Estonia)—were prepared to study the EDLC of CDC-based electrospun fibrous electrodes. For the analysis of the electrolyte ionic composition effect, the concentration of the electrolyte solutions was kept constant at 1.0 M. To additionally investigate the effect of electrolyte concentration on the capacitance and resistance, the NaNO3-based electrolyte concentration was altered from 0.2 M to 5.0 M. The electrolyte conductivity was measured at room temperature with a Benchtop conductivity metre (SevenCompactTM S230, Columbus, OH, USA). Electrolyte pH was measured by a standard Ag|AgCl double junction pH combination electrode (Sigma-Aldrich, Tartu, Estonia). The physical parameters of the selected salts and electrolyte solutions are presented in Table 2.



The 3-electrode studies were conducted with all electrolyte alternatives, while 2-electrode stability studies were performed with two aqueous and two organic electrolytes: 1 M NaNO3-H2O, 1 M KNO3-H2O, and 1.5 M 1-ethyl-3-methylimidazolium-bis (trifluoromethyl sulfonyl) imide in acetonitrile (EMIm-TFSI-ACN) and SBP-BF4-ACN. The selection of aqueous electrolytes for cycle life analysis was based on the results of 3-electrode cells. The choice of organic electrolytes was made based on the results of our previous work, where the maximum potential window of dU ≤ 3.5 V was determined in 1.5 M EMIm-TFSI-ACN, showing an identical gravimetric capacitance of 89.8 F g−1 for positively and negatively charged electrodes. Second, the largest potential window of 3.0 V was reached in 1.5 M SBP-BF4-ACN-type quaternary ammonium salt-based electrolytes, with a gravimetric capacitance of 95.3 F g−1 and 78.5 F g−1 for positively and negatively charged electrodes, respectively [16].




2.2. Electrochemical Evaluation Methods


Cyclic voltammetry (CV), constant current cycling (CC) and electrochemical impedance spectroscopy (EIS) tests were performed to electrochemically evaluate the electrospun fibrous electrodes. All electrochemical measurements were performed at room temperature with Gamry Interface 1010 E equipment (Warminster, PA, USA).



CV plots were obtained from 3-electrode measurements in the potential range of +0.6 V to −0.7 V (vs. AgIAgCl RE) at potential scan rates of 200 to 5 mV s−1. The capacitance was calculated by dividing the measured current i by the applied potential scan rate v, according to Equation (1):


  C =  i v   



(1)







A constant current charge–discharge study was performed between the potential limits of +0.6 V to 0 V and −0.6 V to 0 V for positively and negatively charged electrodes, respectively, (vs. AgIAgCl RE). The experiments were performed with different polarisation potentials to determine the DL- properties of the cation and anion of different electrolytes. To achieve the maximum capacitance limits for positively and negatively charged electrodes, the cells were held at fixed potential for 5 min and then discharged; thereafter, the next cycle was started as shown in Figure 4.



Similar charge–discharge profiles were repeated five times in both positive and negative potential regions. EDL capacitance values were counted from the last three cycles. The current density was varied between 0.1 and 2 mA cm−2. The capacitance values for positively (C+) and negatively (C−) charged electrodes were calculated by integrating the discharge curves according to Equation (2):


    C +  =   ∫   0.6   0       | I | d t   Δ E       C −  =   ∫   − 0.6   0       | I | d t   Δ E     



(2)




where I is the current density, dt is the discharge time, and ΔE is the potential range of the positively or negatively charged electrodes (0.6 V) [42].



The EIS spectra were measured in the AC frequency range from 1 MHz to 50 mHz at an amplitude of the sinusoidal voltage of 5 mV. The total impedance (Z) of RC circuits was described by Equation (3):


  Z   =    Z ′    +    Z ″    =   R   +    1  j ω  C s     



(3)




where Z′ is described as the real impedance, Z″ is the imaginary impedance,   j   is the imaginary number     − 1   ,   ω is the angular frequency ω = 2πf, and Cs is the series capacitance.



Rs values were determined by frequency response analysis and are equal to real impedance, Rs = Z′.



The series capacitance CS values of the EIS were calculated from Equation (4) [57,58]:


   C s  = −  1  ω  Z ″     



(4)







The specific capacitance values were obtained by dividing the capacitance value from different methods by the mass of carbon in the working electrode.



The CV method was used to evaluate the cycle stability of electrospun electrodes in various organic and aqueous electrolytes in a two-electrode test cell configuration. The cycling test was performed at a potential scan rate of v = 20 mV s−1 for <3000 cycles. The applied voltage range for organic electrolytes was 0 to 2.3 V and, for the aqueous electrolytes, the voltage limit was reduced to 1.0 V to prevent water decomposition. The capacitance decrease was monitored via the CV method, while the resistance (Rs) increase was evaluated by the EIS method at 0 V (DC), at f = 1 kHz.





3. Results and Discussion


3.1. Electrochemical Evaluation of Fibrous Electrodes in Aqueous Electrolytes


The stability and ideal polarisation region of fibrous CDC-based electrodes in the selected aqueous electrolytes was evaluated by cyclic voltammetry [59], for which three-electrode cell curves are as shown in Figure 5.



Aqueous electrolyte solutions are known to cause reduction reactions at higher negative electrode potentials, leading to the formation of hydrogen gas and water oxidation reactions at the positive electrode potential limits, resulting in the formation of oxygen. In the case of the KNO3-H2O electrolyte, the oxidation and reduction processes are somewhat less evident in Figure 5, as the potential limits have not yet been reached or exceeded significantly. When the cation is replaced from K+ to Na+, an exponential increase in current at potentials close to −0.5 V was observed, indicating the possible competing hydrogen ion adsorption and reduction on the carbon surface in parallel with adsorption of Na+, being more pronounced compared to the K+ based electrolyte. Furthermore, differences in the capacitance of nitrate-based electrolytes were observed for both positive and negative electrode potential regions, being lower for the KNO3 electrolyte. This can be explained by the different cation sizes of Na+/K+, and during such measurements, cation and anion adsorption are still slightly affected by the reduction and oxidation processes. According to the CV curves presented in Figure 5, no difference in capacitance was observed in the positively charged region by the exchange of anions from NO3− to SO42−, although the nitrate ion was much smaller than the sulphate ion. To further study the ion-related capacitance effects, the CC method was applied at current densities between 0.1 and 2 mA cm−2, with the results presented in Figure 6a–c and in Table 3.



The capacitance dependence of the negatively charged electrode (Figure 6b) shows that Na+, with an ion size 20% smaller than the K+ ion, increases the specific capacitance up to 30% at a current density of 2 mA cm−2. By reducing the applied current density, the ions have a longer time to migrate and adsorb onto the carbon surface and, thus, the specific capacitance increases even more. When the NO3− anion was replaced by SO42−, the specific capacitance at 2 mA cm−2 was practically equal, although the ion radius of the SO42− anions was significantly larger than that of NO3− (Figure 6a). This result is in line with the previously described CV measurements. However, by reducing the applied current density, the specific capacitance in NaNO3-H2O increased compared to SO42−, as expected according to the ion size comparison.



The effect of the aqueous electrolytes on the capacitance and resistance of fibrous CDC-based electrodes was further evaluated by electrochemical impedance spectroscopy measurements recorded at DC = 0 V (vs. ref) to characterise the uncharged surface properties. Based on these measurements, the series capacitance values were calculated using Equation (4), and the results are shown in Figure 6d. In all three studied electrolyte solutions, the adsorption of ions into carbon pores begins at frequencies f < 100 Hz, with a steep increase in capacitance. At f < 1 Hz, a capacitance plateau begins to form when most ions are adsorbed to carbon micropores (Figure 6d). The capacitance in different 1.0 M solutions did not differ significantly, which can be explained by the uncharged (EDC = 0 V) electrode surface. In the frequency range of 10–100 kHz, much lower Rs values were obtained compared to the low-frequency ranges (Figure 6e) due to electrolyte ion migration and adsorption/desorption rate effects, i.e., At high frequency, ions do not have enough time to migrate to the carbon pores, and the electrode behaves like a smooth surface. Ion adsorption reaches maximum levels only at low frequencies, which is reflected by the significant increase in capacitance and resistance [2,40]. Surprisingly, the highest resistance was observed in the low frequency region of the NaNO3-H2O solution, although it has the smallest anion/cation size and slightly higher conductivity compared to other electrolytes.




3.2. Effect of Electrolyte Concentration on Fibrous Electrode Performance


The effect of electrolyte salt concentration on the electrochemical performance of fibrous CDC-based electrodes was evaluated in NaNO3-H2O solutions of 0.2 M, 1.0 M, 2.5 M, and 5.0 M molarity. The conductivity and pH values of the prepared electrolytes are shown in Table 1. The specific capacitance of positively and negatively charged electrodes was determined at different current densities of CC, presented in Figure 7a,b. The areal capacitance as a function of frequency and Nyquist plots are presented in Figure 7c,d, respectively.



The rate capability analysis (C vs. I in Figure 7a,b) gave the highest capacitance at a concentration of 1.0 M of NaNO3. However, it is generally known that by increasing the concentration of electrolyte salt, the charge-transfer resistance of EDLC cells is decreased while the capacitance and rate capability are increased [60,61]. However, there are no major differences in the obtained capacitance values, as higher salt concentrations also increase the viscosity of the electrolyte and promote the saturation of active ions on the carbon surface [60,61].



The capacitance-potential dependency was additionally analysed with the EIS method at different fixed electrode potentials (Figure 7c). It was confirmed that negatively charged electrodes have higher capacitance over the electrode area, as also observed by the CC measurements. The change in capacitance as a function of the electrode potential is precisely defined, where it has a clear minimum for all solution concentrations close to zero charge potential of 0 V vs. Ag|AgCl, with marginal effects from the concentration. Some differences in the absolute capacitance values from CC and EIS measurements are mainly due to the differences in the measurement methodology. The capacitance from the EIS technique is calculated at relatively high frequencies (~50 mHz) at which the boundary diffusion of different electrolyte ions has not yet been reached, while constant current measurements at very low current densities of 0.1 mA cm−2 allow for the finite ion diffusion to occur.



The Nyquist plots (Figure 7d) show the highest impedance for the cells with the lowest ionic conductivity electrolyte of 0.2 M concentration. Figure 7d also shows a small decrease in charge-transfer resistance (semi-circle) for uncharged electrodes by increasing the salt concentration. Additionally, the differences in capacitance and resistance decreased at higher concentrations because enough electrolyte ions were adsorbed on the carbon electrode. However, due to the increase in viscosity at higher concentrations, the expected increase in capacitance and decrease in resistance were less evident. Such results are well in accordance with the CC measurement data.




3.3. Cycle-Stability Analysis for Full Cells


Two-electrode systems were applied to analyse the long-term cycle stability of fibrous CDC-based electrode materials. Cycle-life tests in selected aqueous and non-aqueous electrolytes were performed using the CV method (v = 20 mVs−1) in voltage ranges of 0–1.0 V and 0–2.3 V, respectively, where the change in capacitance was assessed during CV discharge cycles, and the change in resistance was evaluated by EIS at f = 1 kHz. The capacitance and resistance change over the cycles is shown in Figure 8a,b. Stable results over ~1000 cycles were observed for both aqueous electrolytes and the organic 1.5 M SBP-BF4-ACN electrolyte. An exponential decrease in capacitance and increase in resistance during cycling was observed in the 1.5 M EMIm-TFSI-ACN electrolyte. Such unstable behaviour can be caused by the relatively high viscosity of the electrolyte and possibly an excessively high voltage scanning rate, which does not support efficient ion transfer and adsorption on the electrodes [40]. For the SBP-BF4-ACN and KNO3-H2O electrolytes, no significant change in capacitance was observed over the cycles. The increase in SBP-BF4-ACN cell resistance was typical of EDL capacitors and increased by only 21% over 3000 cycles, while the resistance of the KNO3 capacitor was almost constant.





4. Conclusions


The present study investigated the influence of aqueous NaNO3-H2O, KNO3-H2O and Na2SO4-H2O electrolyte ionic composition and concentration on the electrochemical behaviour of directly electrospun carbide-derived carbon electrodes. The highest gravimetric capacitances of 191 F g−1 and 311 F g−1 for positively and negatively charged electrodes, respectively, were achieved in 1 M NaNO3-H2O at 0.1 mA cm−2. The capacitance values in 1 M Na2SO4-H2O and 1 M KNO3-H2O electrolyte solutions were 23% and 30% lower than that of NaNO3-H2O, respectively. The results correlate well with the electrolyte ion sizes.



A salt concentration effect study on the fibrous electrodes showed that a NaNO3-H2O concentration of 1.0 M is optimum for capacitive performance. On the other hand, a higher salt concentration (>1 M) slightly improved the cell resistance at the expense of increased electrolyte conductivity.



Based on the analysis of the two-electrode cells, a stable cycle life was achieved with both non-aqueous SBP-BF4-ACN and aqueous NaNO3-H2O and Na2SO4-H2O electrolytes. In the case of aqueous electrolyte solutions, some further ion absorption effects were observed in the first few hundred cycles of the cycle-life test, leading to an increase in capacitance, followed by a generally expected declining trend.
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Figure 1. (a) Electrospun electrode 3 × 4 cm2 sheet and (b) morphology of the fibres by examined SEM. 
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Figure 2. N2 absorption–desorption isotherms and pore size distribution of the CDC before and after milling. 
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Figure 3. FTIR spectra of PAN/DMF fibre (reference) and the fibres soaked in aqueous 1.0 M electrolytes: Na2SO4-H2O, KNO3-H2O, KNO3-H2O. 
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Figure 4. Constant current discharge curve at 0.25 mA cm−2. 






Figure 4. Constant current discharge curve at 0.25 mA cm−2.



[image: Carbon 07 00046 g004]







[image: Carbon 07 00046 g005 550] 





Figure 5. Cyclic voltammograms expressed as capacitance per CDC weight in fibrous electrodes in 1 M aqueous electrolytes (v = 20 mV s−1). 
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Figure 6. Electrochemical performance of “electropsun” CDC based fibrous electrodes in aqueous electrolytes: (a,b) specific capacitance values from CC discharge plots at I = 0.5 mA cm−2 for positively and negatively charged electrodes, (c) CC charge–discharge, curves I = 0.5 mA cm−2 (d) specific capacitance, Cs as a function of frequency and (e) resistance, Rs as a function of frequency from EIS measurements at 0 V vs. Ag|AgCl. 
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Figure 7. Electrochemical performance of “electropsun” CDC-based fibrous electrodes in xM NaNO3 electrolytes: (a,b) capacitance values obtained from CC discharge plots at I = 0.5 mA cm-2 for positively and negatively charged electrodes, (c) Cs (at I = 50 mHz) as a function of potential from EIS measurements and (d) Nyquist plot at 0 V (vs. Ag|AgCl). 
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Figure 8. Cycle-life performance of fibrous CDC-based electrodes of 1000 cycles (shapes) with extrapolation of 3000 cycles (lines): (a) capacitance retention by CV at 20 mV s−1 and (b) series resistance change during cycling by EIS. 
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Table 1. Porosity characteristics of CDC.
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Material

	
SaBET

	
Sadft

	
Vtot

	
Vµ dft




	

	
m2 g−2

	
m2 g−2

	
cm3 g−2

	
cm3 g−2






	
Non-milled

	
1282

	
1390

	
0.67

	
0.53




	
Milled

	
1098

	
1173

	
0.66

	
0.44
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Table 2. Conductivity, pH values and ion sizes [30] for used aqueous electrolytes.
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Salt

	
Molarity, M

	
Conductivity, mS cm−1

	
pH

	
Ion Radius, nm




	

	

	

	

	
Cation

	
Anion






	
Na2SO4

	
1.0

	
78.2

	
7.13

	
0.12

	
0.24




	
KNO3

	
1.0

	
73.2

	
7.34

	
0.15

	
0.17




	
NaNO3

	
0.2

	
73.0

	
6.85

	
0.12

	
0.17




	
NaNO3

	
1.0

	
89.2

	
7.10




	
NaNO3

	
2.5

	
103.0

	
7.08




	
NaNO3

	
5.0

	
117.2

	
7.02
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Table 3. Gravimetric capacitance values for positively and negatively charged electrodes evaluated by CC tests at a current density of 0.5 mA cm−2 in 1 M solutions.
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C+ Electrode,

	
C+ CDC,

	
C− Electrode,

	
C− CDC,




	
Electrolyte

	
F g−1

	
F g−1

	
F g−1

	
F g−1






	
NaNO3-H2O

	
40.8

	
177.5

	
63.5

	
276.1




	
KNO3-H2O

	
47.7

	
132.0

	
57.0

	
157.6




	
Na2SO4-H2O

	
34.6

	
150.7

	
51.0

	
221.9
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