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In the search for more sustainable energy storage devices, biomass-derived materials have been widely researched as carbon source for electrode applications. Here we present the processing of high molecular lignin, an abundant carbon rich biopolymer and byproduct of the pulp and paper industry, into freestanding nonwoven carbon fiber (CNFs) electrodes by using electrospinning. It is worth mentioning that no petrol-derived polymers that are usually included in the electrospinning of lignin, were employed in this work, making these electrodes more sustainable than common lignin-derived carbon electrodes. The effect of the carbonization temperature and oxygen plasma treatment in the electrochemical performance of the CNFs as electrodes for supercapacitors was studied. The upscaling of the processing of lignin into carbon electrodes was also explored by comparing a standard electrospinning set up with a needleless electrospinning equipment that enabled faster and higher throughput. The electrochemical performance of the CNFs increased after plasma treatment of the surface and the electrodes prepared using the standard set up exhibited the highest activity, achieving specific capacitances of up to 103.6 F g−1.
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INTRODUCTION
The increasing global energy demand and the urgency to reduce the worldwide carbon footprint is an indication of the need to develop more efficient energy storage systems. Due to the finite amount of fossil fuels, as well as the heavy environmental pollution and impact, which results from the extraction and the combustion of fossil fuels, sustainable alternatives for energy harvesting and storage systems are urgently needed. Electrochemical double-layer capacitors (EDLCs) are energy storage devices that possess high-power density, fast charge/discharge rate, and excellent cyclability. Due to their storage mechanism, based on electrostatic interactions between ions and the electrode surface, lifetime and stability are much higher than secondary batteries, exhibiting higher power capabilities but lower energy density (Guan et al., 2016). These properties make EDLCs well suited for high power demand applications, isolated electronic systems with low maintenance, grid stabilization, or to incept power peaks to protect other batteries as a power buffer (Naseri et al., 2022). Carbon-based materials are ideal electrodes for EDLCs as they can be highly conducting and exhibit large surface area as well as high porosity (Abioye and Ani, 2015). Another advantage of carbon electrodes is the possibility to obtain them from sustainable biomaterials, such as biomass waste (Azam et al., 2021). Among the available techniques to process biomass into electrodes, electrospinning is an ideal technique, as it enables the production of freestanding electrodes consisting of nonwoven carbon fibers with remarkably high surface to volume ratio (Li et al., 2021; Tiwari et al., 2021). Electrospinning is a simple method that uses a high voltage to create an electric field on a polymer solution or melt. The physical entanglement of the polymer chains and the evaporation of the solvent or the freezing of the melt allows the formation of fibers in the nanometer scale, with a broad field of applications, including energy harvesting (Laudenslager et al., 2010; Szewczyk et al., 2020) and storage (Mao et al., 2013; Li et al., 2016; Sun et al., 2021).
Out of the synthetic polymers, polyacrylonitrile (PAN) has been employed for the fabrication of high-performance electrospun carbon fibers, due to its high melting point, solubility in organic solvents, and the ability to form stable cyclic carbon structures. However, the use of PAN displays major drawbacks associated with the high energy demand and long processing time. Moreover, PAN is a synthetic polymer that derives from petroleum, and its use should be avoided. From a sustainable perspective, the use of biomass for creating carbon structures is a promising step towards full sustainability (Herou et al., 2018). The electrospinning of biopolymers has been widely reported in the literature, including cellulose and cellulose derivatives (Frey, 2008), chitin (Min et al., 2004), and lignin (Schlee et al., 2019; Svinterikos et al., 2020; Wen et al., 2021). Lignin is the second most abundant biopolymer worldwide, and it is a side product of the pulp and paper industry, therefore a relatively cheap and available in large quantities worldwide. Due to its high carbon content, electrospun lignin is a suitable candidate as precursor for carbon materials and has the potential to replace fossil derived polymers such as PAN, which has been the focus of a number of reviews (Kumar et al., 2019; Poursorkhabi et al., 2020; Svinterikos et al., 2020). Due to its intrinsic nature, lignin, as well as other biopolymers, exhibit a broad distribution of molecular weight, which is the reason why the majority of published works on electrospun lignin, blend lignin with other, mainly petroleum based polymers, such as PVA (Lai et al., 2014; Ago et al., 2016; Ma et al., 2016), PEO (Hu et al., 2014; Wang et al., 2017), PVP (Ma et al., 2018), or PAN (Choi et al., 2013; Lei et al., 2017; Perera Jayawickramage et al., 2019) in order to obtain a suitable entanglement for the fabrication of stable fibers as precursor for carbon fibers.
In this study, we have used an alternative approach for enabling electrospinning. Instead of blending the polymer, we used a high molecular fraction of lignin to produce freestanding carbon fibers without any additional polymer for carbon fibers to achieve full biomass derived carbon fibers, without any influence of active or passive additives. Although, this method is very intensive regarding solvent consumption, the long-term reusability of solvent, as well as the exclusion of petroleum based synthetic polymers, makes this method a viable option towards a fully sustainable device. To compare the influence of the carbonization temperature, carbon fibers were treated at three different temperatures (850°C, 1000°C, and 1150°C). As previous studies have shown, the selected parameters during carbonization influence the specific capacitance of the material such as performing a stabilization process before carbonizing the material under inert atmosphere, achieving capacities of up to 50 F/g at a 2 A g−1 current (Lai et al., 2014). Another more direct route stabilizes the material under vacuum at 60°C for 24 h, before performing a two-step carbonization process obtaining a capacity of 216.8 F g−1 at 1 A g−1 (Wang et al., 2018). Berenguer et al explored the effect of the heating rate in lignin, showing that a correct value in this parameter would lead to an interconnected fiber structure or to a loose structure, while the fiber diameter remains constant. To obtain a connected structure more suitable for supercapacitors, they employed Alcell lignin with pure ethanol as electrospinning solution obtaining a capacity of 47 F g−1 at 1 A g−1 after 50.000 cycles (Berenguer et al., 2016). Carbon electrodes applications are limited by their low electric capacitance, regular stability, and poor specific capacitance. Because of that, the addition of metallic oxide is shown as a good alternative to increase their performance to make them more suitable for our interest. One example is the use of iron nanostructures in the lignin fibers to increase the specific capacity and capacitance retention of the lignin electrode (216 F g−1 at 0.1 A g−1) (Butnoi et al., 2021). García-Mateos et al uses additional H3PO4 in an Alcell lignin-ethanol solution to induce an oxygen-based activation process during carbonization and increase the surface area to 2340 m2 g−1 reaching a specific capacity of 50% (CP: ∼45 F g−1 at 2 A g−1) (García-Mateos et al., 2020). In this study, oxygen plasma treatment was applied to increase the hydrophilic character of the produced carbon fibers surface, which favored wettability and hence the access of the KOH electrolyte to the fiber surface. Here, we have also explored the scalability of the process by producing lignin-derived carbon fibers using a larger-scale needleless electrospinning equipment.
MATERIALS AND METHODS
Preparation of High Molecular Weight Lignin
Softwood Kraft lignin was obtained from a LignoBoost process (Bäckhammer, Sweden). A sequential solvent extraction was conducted to produce the suitable lignin fraction for electrospinning of lignin. The solvent extraction method was a simplified version (Moerck et al., 1987), where 1 kg lignin (Mn = 1300 g mol−1, PDI 3.5, UV detector at 280 nm, polystyrene calibration) was extracted in 10 L methanol at room temperature while stirring for 2 h, filtrated, and extracted using a 7/3 v/v mixture of methanol and methylene chloride (1:10 solid to liquid ratio, room temperature, 4 h). The extract solution was filtered and lignin from the filtrate was dried under lowered pressure. The isolated lignin (Mn = 8600 g mol−1, PDI 2.8) was further dried under vacuum at 80°C for 12 h with a yield of 42.5%. (FT-IR data can be found in Supplementary Figure S1).
Electrospinning
Standard electrospinning was performed using a solution of 45.5 wt% lignin in DMF. A blunt 21G needle was employed with a tip-to-collector distance of 15 cm to a metal plate to collect the fibers as a non-woven mat. A voltage of 23.0 kV was used at a flow rate of 0.3 ml/h, with a total volume of 1 ml solution. To support an efficient evaporation of the solvent, the atmosphere around needle tip was flushed with a stream of air with a low relative humidity of ∼0%. Samples prepared using this approach were labelled as “ES”.
Needleless electrospinning was performed in an Elmarco® Nanospider electrospinning equipment with an identical lignin solution. The distance of the high voltage and the grounded collector was set to 200 mm at a voltage of 60 kV. The 10 ml cartridge with an 8 mm diameter hole was set between the range of 50 and 300 mm with a cartridge period of 2.5 s and a waiting period of 7.5 s. Samples prepared using this equipment were labelled as “NS”. Due to the Nanospider setup, supporting the electrospinning process with flowing air to improve the evaporation rate was not possible for the NS samples.
Physical and Chemical Characterization
Field emission scanning electron microscopy (SEM, FEI Inspect F50®) was used to study the morphology and surface structure of the obtained binder-free electrospun lignin fibers. X-ray photoelectron spectroscopy (XPS, Thermo Scientific, Nexsa®) was used to investigate chemical composition. Surface area measurements (BET) were conducted using N2 as adsorbate in a Nova Quantachrome® instrument. X-ray diffractometry was used to investigate crystallinity and structural information of the electrospun mats using a Siemens D5000® powder diffractometer with a θ/2θ geometry in reflection mode equipped with a Cu Kα source with a wavelength of ∼1.54 Å. For further structural and chemical analysis, Raman spectroscopy (Renishaw in Via ®, 442 nm, and objective lens 50 × ) was employed to calculate defect/graphitic ratio (ID/IG).
Electrode Preparation
The carbon nanofibers (CNFs) were obtained via activation of the as-spun fibers at 250°C in a preheated oven for 2 h (DSC with heating profile can be found in Supplementary Figure S2) in air, followed by carbonization under nitrogen atmosphere at either 850°C, 1000°C, or 1150°C for 4 h and a heating rate of 5°C min−1. The plasma treatment of the surface of the CNFs was performed in a radiofrequency (13.56 mHz) plasma reactor. The pressure was maintained ∼1.2 mbar in air, with a power ∼10 W for 20 s to increase the hydrophilicity of the lignin derived CNFs.
Electrochemical Measurements
To evaluate the supercapacitance of the obtained electrospun fibers, cyclic voltammetry (CV), chronopotentiometry (CP) and electrochemical impedance spectroscopy (EIS) were performed using a supercapacitor assembly in a quick assembly split cell (MTI Corporation, EQ-HSTC®, 20 mm diameter). The full-cell assembly was connected to a Biologic SP300® potentiostat to perform the electrochemical experiments. For the physical assembly of the supercapacitor, two disks of ∼1.2 cm were cut from the electrospun mat using a punch and weighted. The obtained disks were soaked in a 6 M KOH solution overnight prior the electrochemical experiment. Subsequently, each soaked disk was placed on top of a graphite current collector disk with same diameter. Finally, a wettened glass-fiber disk used as separator with 2 ml of 6 M KOH solution and same diameter was placed between the two electrodes and compressed using the EQ-HSTC® cell. CV were performed for all the evaluated samples at different scan rates: 5, 10, 50, 100, 200, 500 and 1000 mV s−1. Then, a galvanostatic charge-discharge test was performed using an applied gravimetric current density of 0.5 A g−1, for 100 complete charge-discharge cycles. EIS was conducted to study mass transport and charge transport losses. For this, the electrochemical cell potential was fixed at 0.4 V with a perturbation of 5 mV (0.003 Vrms). EIS spectra were recorded using a frequency window between 100 kHz and 100 mHz recording 10 points per decade. Additionally, CVs were measured at 1, 2, 5, 10 and 20 mV s−1 scan rates for the best performing sample to precisely determine its double layer capacitance. In addition, charge-discharge cycles using supplementary gravimetric current densities were recorded using 0.25, 0.5, 0.75, 1, 2 and 4 A g−1, running 10 complete charge-discharge cycles. Finally, to assess the cyclability of the best performing material, 6 000 charge-discharge cycles were recorded using a gravimetric current density of 1 A g−1. Finally, in-situ Raman characterization of the electrospun mats were carried out with an in-situ Raman electrochemical cell (MTI Corporation, EQ-STC-Raman ®). This experiment was carried by holding the applied potential of the supercapacitor assembly until reaching equilibrium before the acquisition of spectrum (Supplementary Figure S3). This experiment was performed at an initial applied potential of 0.25 V, increasing the potential with equidistant steps of 100 mV until reaching 0.75 V for the charging process of the electrochemical device. For the discharge, same procedure was performed by decreasing the applied potential from 0.75 to 0.25 V.
RESULTS AND DISCUSSION
In order to assess the scaling-up of the production of carbon fibers from pure lignin using electrospinning, a home-built lab-scale electrospinning set up (ES samples) was compared to a larger scale commercial needleless electrospinning setup (Elmarco® Nanospider, NS samples) (Figure 1).
[image: Figure 1]FIGURE 1 | (A) Standard electrospinning setup: A constant flow (0.3 ml/h) of a lignin solution is pumped through a blunt needle, which is connected to a high voltage. The solution forms a Taylor cone towards the grounded collector. The evaporation of the solvent and the entanglement of the polymers lead to the formation of electrospun fibers. (B) Nanospider electrospinning setup: The solution is loaded into a cartridge that periodically moved along a wire, which is connected to high voltage supply. Through a hole in the cartridge, the containing solution is deposited onto the wire and forms droplets onto the wire surface, which then spray towards a second grounded wire parallel to the high voltage wire in a defined distance. Each droplet forms a Taylor cone, leading to the formation of a jet of fibers that deposit onto the target in the form of nonwoven fibers. Between the two wires, a mesh is placed in order to collect the resulting fibers.
Full biomass-derived carbon fiber mats were produced by electrospinning high molecular fraction of lignin. The fibers (ES and NS) retained their morphology after thermal treatment, with a decrease in diameter with increasing temperature (Figure 2). Similar to a previously report of that uses a Nanospider setup for lignin on a comparable sample (Mikeš et al., 2021) a significant higher voltage was needed in order to overcome the surface tension and form stable streams to obtain an electrospun lignin fiber mat.
[image: Figure 2]FIGURE 2 | (A–D) SEM of ES fibers: (A) as-spun, (B) after carbonization at 850°C (C) after carbonization at 1000°C, and (D) after carbonization at 1150°C. (E–H) SEM of NS fibers: (E) as-spun, (F) after carbonization at 850°C, (G) after carbonization at 1000°C, and (H) after carbonization at 1150°C. The average fiber diameter was determined via ImageJ by taking the diameter of at least 150 fibers per sample.
SEM analysis revealed significant differences for both set of samples. A larger diameter and a narrower distribution (1000 ± 104 nm) were observed for the ES fibers, compared to the NS fibers (510 ± 123 nm). Additionally, the needleless approach led to partially fused fibers (seen in detail in Supplementary Figure S5), attributed to the incomplete evaporation of the solvent. The average diameters and BET of the electrospun fibers before and after the carbonization are shown in Table 1. The diameter of the fibers decreased significantly upon thermal treatment in the case of the ES, from∼1000 nm for the as-spun lignin fibers to ∼650–750 nm for the thermal treated. In the case of the NS samples, the fiber diameter of the as-spun lignin fibers is significant smaller than the ES fibers, decreasing from ∼1000 to ∼500 nm. NS samples did not appear to undergo significant shrinking in the fiber diameter upon thermal treatment, with an average value of ∼500–600 nm for all the NS samples, which could also be an indication of residual trapped solvent within the fibrous structure. The higher voltage and therefore stronger electric field needed to obtain stable fibres from the Nanospider setup could contribute to the overall smaller diameter of the produced fibers using this approach. The BET surface area significantly increased after the carbonization, as expected, particularly in the case of the ES fibers, from 7 m2 g−1 for the as-spun material to 1124 m2 g−1 for the material treated at 1000°C. Surprisingly, the fibers treated at the highest temperature, 1150°C, exhibited a lower BET surface area, of 133 m2 g-1. In the case of the NS materials, a maximum BET surface area of 557 m2 g-1 was observed for the sample carbonized at the lowest temperature, 850°C, decreasing dramatically upon heating with values of BET surface area, decreasing to 73.1 m2 g-1 and 61.2 m2 g-1 for 1000 and 1150°C, respectively. This is probably associated with the appearance of fused fibers. The pore size distributions of each samples can be found in the (Supplementary Figures S3). Interestingly, the sample with higher BET surface area, ES 1000°C exhibited a broader pore size distribution with pores ranging from ∼2 to 35 nm. These results highlight the challenges associated with upscaling processes in terms of optimization of parameters to obtain reproducible results in larger scale set up.
TABLE 1 | Fiber diameters and BET surface area results for the as-spun and carbonized ES and NS fibers.
[image: Table 1]The carbonization of the fibers was studied via XRD (Supplementary Figure S6), with similar result for all the samples. A small broad peak around 20° corresponding to C(002) and an additional contribution corresponding to C(101) around 45° were observed. In addition to that, Raman measurements were performed (Supplementary Table S1). ES and NS samples exhibited similar ID/IG ratio, between 0.75 and 0.81, with the NS fibers presenting slightly lower values, suggesting a slight decrease in defect concentration for the NS materials.
XPS was used to determine the average chemical environment of the surface of the electrospun mats before and after plasma treatment. Figure 3 shows the analyzed surveys, C1s and O1s spectra for the ES fibers carbonized at 1000°C with and without plasma treatment. The effect of plasma treatment was also evaluated for the NS fibers using XPS (Supplementary Figure S7). The survey spectra analysis (Figures 3A,D) revealed a higher O content when plasma treatment was applied, increasing from ∼2 at% to ∼10 at%, attributed to the increase in C-OH groups. C1s peak fitting (Figures 3B,E) was performed placing the peak center of C1s ∼ 284.4 eV, corresponding to C=C bonding (Smith et al., 2016). Both samples (with and without plasma treatment) exhibited a dominant C=C peak correlated with a graphitic-like structure. Additionally, contributions corresponding to C-C low binding energy defective domains (∼284 eV) and C-C high binding energy defective domains which overlapped with adventitious C (∼284.8 eV) were also observed (Smith et al., 2016). For both samples, C 1s peak fitting presented a dominant signal around the tail feature of the spectra, corresponding to C-O (∼286.2 eV), and a small contribution from C=O (∼287.4 eV) and COO (∼288.9 eV). Specifically, for the ES carbonized at 1000°C without plasma treatment, the contribution of the C from C-O increases to 16.1 at%, whereas for the plasma treated sample after carbonization the atomic percentage of this type of bonding increases up to ∼24.3 at%. This confirms that the oxygen plasma treatment produces preferentially alcohol functional groups on the surface of the fibers. Additionally, O1s high resolution spectra fitting (Figures 3C,F) supports the preferential formation of C-O aliphatic groups (∼532.8 eV) which correlates with alcohol surface functional groups (Smith et al., 2016). The increase of C-OH surface functionalities promotes the formation of the double-layer capacitance of the material, correlated with higher valence electron population on the surface of the electrode (Li et al., 2020).
[image: Figure 3]FIGURE 3 | X-ray photoelectron spectroscopy characterization, (A–C): Survey, C 1s and O 1s analyzed spectra of ES fibers carbonized at 1000°C and plasma treatment for 20 s (D–F): Survey, C 1s and O 1s analyzed spectra of ES fibers carbonized at 1000°C.
The electrochemical performance for the CFs were evaluated in a two-electrode system in 6 M KOH aqueous solution. Figure 4 shows the results for the best performing sample, ES carbonized at 1000°C with plasma treatment. Electrochemical measurements confirmed that plasma treatment had a positive effect on the electrochemical performance of the fibers, changing from symmetrical triangles in the GCD for pure lignin derived carbon fiber samples, to non-symmetrical curved triangles in GCD (Supplementary Figure S8). The change in the performance is associated to the increased presence of oxygen (C-OH groups) on the carbon fiber surface, as confirmed in XPS analysis, contributing to the presence of a pseudo capacitance behavior (Hérou et al., 2021) and an enhancement of the overall storage performance (Andreas and Conway, 2006). In particular, the electrochemical performance of the ES-1000°C electrode improved remarkably after plasma, attributed to the higher BET surface area that could also accommodate more C-OH functional groups. The NS fiber electrodes did not increase significantly their performance after plasma treatment. Figure 4A shows that the CV curves for low scan rates of the material exhibit a quasi-rectangular shape indicating the presence of the double layer capacitance phenomenon. There is an evident change in the shape of the CV curve with increasing scan rate, from quasi-rectangular to ovoidal, which can be correlated with the increase in charge transfer resistance of the material and presence of faradaic-like processes, caused by the presence of additional C-OH groups on the surface which in turn, also increases of the wettability and electron transport of the system (Han et al., 2013). The GCD (Figure 4B) shows no obvious IR drops. Instead, the presence of side reactions indicates that the system is not completely reversible, resulting in a higher charging time than the discharging time. Only a portion of the charge that passed during the charging period is released during the discharge (Chen, 2013), which is attributed to the higher amount of oxygen rich groups in the material after plasma treatment. Further studies need to be done to define the real influence of the faradaic-like processes in the system (Guan et al., 2016). Specific capacitances of 103, 96, 87, 80, 67, 60 F g−1 for 0.25, 0.5, 0.75, 1, 2 and 4 A g−1, respectively, were obtained analyzing our supercapacitor as EDLC. These values are higher than previous reported electrospun carbon fiber using pure lignin as a precursor material (Lai et al., 2014; Berenguer et al., 2016; García-Mateos et al., 2020). Figure 4C shows the evaluation of different current densities and the influence in the specific capacitance values. An increase in current from 0.25 A g−1–4 A g1 led to a capacity reduction of 58%. Remarkably, an outstanding capacity retention of 97% was achieved over the 1000 first cycles, which then faded to 82% after 2000 cycles (Figure 4D), a phenomenon that has been reported for other lignin-based electrodes (Wang et al., 2018). After 6000 cycles, a capacity fade of 53% was obtained, which could be attributed to structural changes of the material during cycling (Krittayavathananon et al., 2017). The system maintained an energy density of 2.65 Wh kg1 at a power density of 60.24 W kg1 (Supplementary Figure S12). EIS data revealed insightful information about the resistivity and interaction electrode/electrolyte, with the best performing samples exhibiting the lowest internal resistivity (5.84 Ω), (Supplementary Figure S13), attributed to its high BET surface area, which enabled an easier diffusion of the ions within the material at a high rate (Suda et al., 2017). The value for the gravimetric capacitance was calculated from GCD curves using the equation (Jeong et al., 2020)
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[image: Figure 4]FIGURE 4 | Electrochemical performance of the ES fibres carbonized at 1000°C after plasma treatment: (A) CV curves at different scan rates (B) Galvanostatic charge discharge (GCD) of at different current rates (C) Specific capacitance at different current densities, (D) Cycling performance using 1.0 A g−1 gravimetric current density.
In this case, C is the gravimetric capacitance (F g−1), I the discharge current (A), [image: image] is the discharge time in the selected potential(s), m the mass of the electrode (g) and [image: image] the difference of potential during discharge (V).
XPS (Figure 5) and SEM (Supplementary Figure S2) measured after cycling confirmed the degradation of the fibers. After electrochemical testing and 6,000 cycles of accelerated degradation testing, it was found that the surface of the material changed substantially. C 1s line shows a clear enhancement of the signal related to sp3 and defective carbon domains (284.8 and 284 eV) and the appearance of a peak centered at 287.9 eV reported to be relevant to K2CO3 species on the surface of the fibers. This was confirmed by the presence of K 2p3/2 peak centered at 292.3 eV related to K2CO3 (Iranmahboob et al., 2001). Additionally, iron was detected during survey spectrum showing a clear Fe 2p3/2 peak centered at ∼ 711.5 eV suggesting the dominant presence of oxidized Fe3+. The presence of iron can be explained by the polarization processes during charge-discharge testing, resulting in Fe leaching from the stainless-steel collector. Furthermore, O 1s confirmed the formation of metal oxides, Fe-O and K-O, and metal carbonates with those peaks centered at ∼ 530 and ∼531 eV respectively (Dupin et al., 2000). Formation of these crystals on the surface of the electrospun fibers contributed to a significant decrease of the double layer capacitance of the material. Surface area decreased due the coverage of the surface of the fibers, making the diffusion of ions and polarization of electrodes more difficult.
[image: Figure 5]FIGURE 5 | XPS surface analysis on electrospun lignin fibers treated with O2 plasma before electrochemical testing: (A) Survey spectrum, (B) C 1s high resolution spectrum peak fitting, (C) O 1s high resolution spectrum peak fitting; and surface analysis of the same sample after 6,000 cycles: (D) Survey spectrum, (E) C 1s high resolution spectrum peak fitting, (F) O 1s high resolution spectrum peak fitting.
For further investigation of structural changes on the surface of the material during electrochemical testing, in-situ Raman measurements were carried out. As a reference, an ex-situ Raman spectrum of the material was measured (Figure 6A). For the in situ measurements, a static potential of 0.25 V was applied to the cell for 15 min recording the chronoamperometric response. Once the measured current reached equilibrium, the Raman spectrum was recorded. This process was repeated increasing the applied potential with a ΔE = 0.1 V between each step, until reaching 0.75 V. This process intended to mimic a galvanostatic charging process. Similarly, the discharge process was also conducted and the Raman spectra measured from 0.75 to 0.25 V. As shown in Figure 6B, clear increase on the Id/Ig ratio is observed during charging conditions until reaching the maximum applied potential of 0.75 V. This spectrometric response indicates an increase in concentration of the defective and amorphous carbon domains of the electrospun fibers (Vicentini et al., 2021). Nonetheless, Raman spectra D and G bands can reasonably be composed by specific bands corresponding to different vibrational modes of a variety of C symmetries (Sadezky et al., 2005). By inspection of the evolution of the spectra, the apparent increase of the D to G ratio is not only correlated with the D1 vibrational mode (∼1350 cm−1) of disordered graphitic lattice with an A1g symmetry. Also, with an increase of the D3 vibrational mode (∼1500 cm−1) related with amorphous C domains and D4 band (∼1200 cm−1) which is associated with disordered graphitic domains as well as with ionic impurities on the surface of the material (Sadezky et al., 2005). The diffusion and proximity of ions between anode and cathode interfaces close the proximity to the Debye length shows an expected increase of the D to G ratio, also in agreement with ab-initio calculations published by Vicentini et al. Clearly, this can be correlated to the decrease on the polarization capability of the electrodes showing a significate negative effect on the double layer capacitance after many cycles (Figures 4C,D) (Vicentini et al., 2021). These findings provide insight on the possible causes on the decrease of capacitance retention, since the surface of the electrode is clearly modified upon charge/discharge cycles. This is possibly because alignment of ionic species on the surface of the material that derive on the increasing on intensity of D4 band and surface degradation.
[image: Figure 6]FIGURE 6 | (A) Ex-situ and (B) in-situ Raman spectra recorded under electrochemical potentiostatic conditions between 0.25 and 0.75 V (ΔΕ = 0.1 V).
CONCLUSION
Pure and binder-free lignin derived electrospun carbon fibers were obtained by two different electrospinning techniques (standard lab scale and a larger scale/needleless set ups) and carbonized at temperatures from 850 to 1150°C, to obtain free standing electrodes. A comparison of both electrospinning set ups showed significant differences between the fibers obtained. While the standard set up produced uniform fibers, the larger scale/needleless configuration formed partially fused fibers of smaller diameter, and overall also a lower BET surface area. This was associated to the higher voltage needed to initiate the formation of fibers with the needleless set up and to the inefficient evaporation of the solvent. These results underline the challenges of upscaling this process, and different approach in terms of spinning solution and thermal treatments need to be further investigated to produce comparable materials.
The electrospun fibers were modified using oxygen plasma treatment to improve the wettability and increase the interfacial interaction between the electrolyte and the electrospun mat. The plasma modification technique for freestanding lignin fibers is a promising approach to increase the electrochemical performance for supercapacitors, but since the presence of the oxygen functional groups has a direct impact on the obtained results, we make a transition from a symmetric double layer mechanism to a pseudo-capacitor one. The ES fibers carbonized at 1000°C with plasma surface treatment showed a specific capacity of 103.64 F g−1 at a current density of 0.25 A g−1, with mass per surface unit of 2.212 mg cm−2, high-capacity retention of 97% in the first 1000 cycles but a significant decrease in the final 6000 cycle is observed. A change in the surface properties of the material was confirmed by postmortem analysis of the cycled electrodes by XPS and SEM, that derived into a faradaic process caused by the presence of the other components in the surface and by the change in the fibers arrangement that could difficult the diffusion of ions within the electrode. In addition, an In-situ Raman characterization under electrochemical conditions provided further insight on the surface modification of the material suggesting the alignment and staking of multiple ionic species on the surface of the fibers. This also suggests that under strong alkaline conditions amorphous carbon domains are created due to the chemical decomposition of the carbonaceous matrix of the fibers.
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