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Abstract: Electric double-layer capacitors (EDLCs) are promising devices for sustainable 9 

energy storage. However, EDLC components, such as separators and electrodes composed of 10 

activated carbon and conductive additives, are derived from fossil resources. To reduce this 11 

dependency, an EDLC was assembled using a separator and electrodes derived from hardwood 12 

kraft lignin, while still relying on fossil-based carbon black (CB) as the conductive additive. 13 

To achieve more sustainable EDLCs, this study developed all the conductive carbon, separator, 14 

and electrodes from softwood kraft lignin (SKL). When SKL was carbonized at 900 °C, it 15 

showed poor electrical conductivity and was unsuitable as a conductive additive. The carbon 16 

structures became more ordered with higher temperatures, and SKL-carbons prepared at 1300–17 

2000 °C showed comparable conductivity to CB. The EDLCs with 1 wt.% of these SKL-18 

carbons exhibited higher capacitance and energy density than reference EDLCs with 1 and 5 19 

wt.% CB. Furthermore, a turbostratic (T) structure formed at 2500 °C, enhancing conductivity 20 

and EDLC performance. SKL-carbon prepared at 2800 °C exhibited a graphite structure in 21 

addition to the T structure, achieving the highest conductivity (0.54 S cm⁻¹), but the resulting 22 

EDLC showed low power density. Thus, SKL-carbon prepared at 2500 °C was the best 23 

conductive additive for EDLCs. 24 

Keywords: kraft lignin; thermal graphitization; conductive carbon; electrical double layer 25 

capacitors; supercapacitor  26 
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1. Introduction 27 

Renewable energy has attracted significant attention as a primary alternative to fossil fuels. 28 

However, its availability is often intermittent, depending on environmental conditions (Meng 29 

et al. 2024). In this context, energy storage devices are essential to ensure a continuous energy 30 

supply from renewable sources. Electric double layer capacitors (EDLCs) have emerged as one 31 

of the next-generation energy storage devices owing to their rapid charging capability, high 32 

power density, and long lifespan (Liang et al. 2024). The key components of EDLCs include 33 

liquid electrolytes, separators, electrodes, and additives that enhance the electrical conductivity 34 

of the electrodes. As these components are typically derived from petroleum (Loganathan et al. 35 

2022), replacing them with renewable resources would lead to more sustainable EDLC 36 

applications. 37 

Lignin, the most abundant aromatic polymer in nature, holds significant promise in this 38 

regard. Among technical lignins, kraft lignins (KLs), specifically softwood KL (SKL) and 39 

hardwood KL (HKL), are produced in large quantities—exceeding 27 million metric tons per 40 

year (Argyropoulos et al. 2023)—as byproducts of the kraft pulping process (Nadányi et al. 41 

2024). SKL and HKL are distinct polymers due to differences in their monomer constituents 42 

and the frequency of interunit linkages, particularly condensed linkages (Fodil et al. 2020; 43 

Schlee et al. 2020; Suota et al. 2021). Due to their high carbon content, KLs are promising 44 

renewable resources for carbon electrode materials such as carbon fiber (CF) and activated 45 

carbon fiber (ACF) with high surface areas (Salmén et al. 2015; Schlee et al. 2019; Schlee et 46 

al. 2020). However, other EDLC components, such as separators and conductive additives, 47 

have gained relatively little attention (Köhnke et al. 2019). Recently, HKL-based separators 48 

were developed through electrospinning and thermostabilization, which was subsequently 49 

converted into HKL-based electrodes via carbonization and activation (Pakkang et al. 2020, 50 

2023). The EDLC assembled with these components demonstrated high performance, although 51 

commercial carbon black (CB) derived from petroleum and coal (Dai et al. 2022; Jiang et al. 52 

2024) was still used as a conductive additive for the electrodes. 53 

This study aims to develop conductive carbon, in addition to a separator and electrodes, 54 

from SKL and to assemble an EDLC using these SKL-based key components. Graphite is a 55 

well-known conductive material. Two primary methods have been proposed to convert KL into 56 

graphite. One is catalytic graphitization using transition metal catalysts (Lower et al. 2023; 57 

Sagues et al. 2019; Yan et al. 2021; Yan et al. 2024), which has the advantage of occurring at 58 

relatively low temperatures but faces the demerit of removing residual metallic impurities 59 

(Lower et al. 2023). The other involves high-temperature carbonization, which is well-suited 60 



3 

 

for large-scale production despite its high energy consumption (Meščeriakovė et al. 2022; 61 

Rodríguez-Mirasol et al. 1996). When HKL was carbonized at temperatures up to 2800 °C, a 62 

mixture of graphite (G) and turbostratic (T) structures was formed (Rodríguez-Mirasol et al. 63 

1996). The G structure displayed well-aligned stacked hexagonal planes, whereas the T 64 

structure exhibited randomly aligned planes (Venkatachalam et al. 2020). A similar mixture of 65 

G and T structures was also formed from SKL, but its formation required a labor-intensive 66 

three-step process: hydrothermal carbonization, molten salt-assisted carbonization, and post-67 

carbonization up to 2400 °C (Meščeriakovė et al. 2022). Notably, the electrical conductivity of 68 

the carbons derived from both HKL and SKL was not reported. Furthermore, there have been 69 

no studies on the carbonization of SKL at elevated temperatures or its application in EDLCs. 70 

In this study, SKL with low ash content underwent simple high-temperature carbonization 71 

up to 2800 °C. The structures of the resulting SKL-carbons were analyzed using X-ray 72 

diffraction (XRD) and Raman spectroscopy, and their electrical conductivities were measured 73 

and compared with that of commercial CB. Additionally, a separator and an electrode material 74 

(i.e., ACF) were prepared from SKL, according to those produced from HKL (Pakkang et al. 75 

2023). EDLC electrodes were fabricated using SKL-carbons as conductive additives and SKL-76 

based ACF and then assembled with the SKL-based separator into EDLCs. The 77 

electrochemical performance of the resulting EDLCs was evaluated in comparison with that of 78 

reference EDLCs using CB instead of SKL-carbons. 79 

 80 

2. Materials and methods 81 

2.1. Materials. SKL was isolated from a black liquor of softwood kraft pulping (Nippon 82 

Paper Industries Co., Ltd., Tokyo, Japan) through acid precipitation using hydrochloric acid 83 

(HCl) (Huang et al. 2024). The precipitate was collected via vacuum filtration and washed 84 

multiple times with distilled water until reaching neutral pH. The obtained SKL was further 85 

washed with 0.1 M HCl, followed by filtration and additional washing with distilled water until 86 

neutral pH was achieved. The washed SKL was then freeze-dried for three days, resulting in a 87 

purified SKL powder. 88 

Polyethylene glycol 500kDa (PEG), hexamethylene tetramine (HEX), acetic acid (AcOH), 89 

dimethylformamide (DMF), and carboxymethyl cellulose (CMC) were purchased from 90 

FUJIFILM Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan. An ionic liquid electrolyte, 91 

1-ethyl-3-methylimidazolium tetrafluoroborate (EmimBF4, >99.0%), was purchased from 92 

Proionic GmbH. Grambach, Austria. CB was obtained from Alfa Aesar, Thermo Fisher 93 

Scientific Inc., Heysham, UK. 94 
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2.2. Preparation of SKL-Carbons as Conductive Materials. SKL was first desalted 95 

with dilute acid using a practical and cost-effective purification method (Da Silva et al. 2023; 96 

Sharma et al. 2024) to yield a purified SKL powder with a low ash content (0.25 wt.%). This 97 

step is necessary because inorganic impurities, such as sodium, calcium, and sulfur, (Enengl et 98 

al. 2021) can interfere with the structural ordering during the carbonization process. In addition, 99 

the purified SKL powder requires thermostabilization to increase its glass transition 100 

temperature (Bhattacharyya et al. 2020), ensuring that it remains in its powder form during 101 

high-temperature carbonization. Thus, air oxidation was employed as a simple method to 102 

impart thermosetting character to lignin (Köhnke et al. 2019), as follows. 103 

A total of 60 g of the purified SKL powder was placed in a crucible and heated in air at a 104 

heating rate of 0.5 °C min−1 with a holding time of 1 h at 250 °C, followed by natural cooling 105 

to room temperature (RT, 25 °C), resulting in a thermostabilized SKL powder. The mass after 106 

thermostabilization was approximately 40 g, corresponding to the yield of 70 wt.%. 107 

The thermostabilized SKL powder was equally divided and carbonized at five different 108 

temperatures: 900, 1300, 2000, 2500, and 2800 °C. The carbonization at 900 °C was performed 109 

in a muffle furnace (KDF-S90, DENKEN-HIGHDENTAL Co., Ltd., Kyoto, Japan) at a heating 110 

rate of 3 °C min−1 under a N2 flow of 0.5 L min−1. At temperatures between 1300 and 2800 °C, 111 

carbonization was performed in another muffle furnace (SCC-U-80/150, KURATA GIKEN Co., 112 

Ltd., Tachikawa, Japan). The furnace was first evacuated to 60 Pa and then filled with Ar gas 113 

at atmospheric pressure. Upon reaching the target temperature at a heating rate of 5 °C min−1, 114 

the temperature was held for 1 h. After natural cooling to RT, the pressure inside the furnace 115 

was controlled via an adjusted Ar flow to maintain a constant atmospheric pressure throughout 116 

the process. The obtained carbon materials were ground into a fine powder using a mortar and 117 

pestle and sieved through a 90 µm mesh. This carbon, referred to as SKL-carbon, is denoted as 118 

SKL-“carbonization temperature.” For example, SKL-900 refers to SKL-carbon obtained by 119 

carbonizing at 900 °C. 120 

2.3. Carbon Structure Analysis. XRD (SmartLab, Rigaku Co., Ltd., Tokyo, Japan) 121 

analysis was conducted for SKL-carbons and CB using a SmartLab diffractometer (Rigaku Co., 122 

Ltd., Akishima, Tokyo, Japan) with CuKα radiation (λ = 0.15406 nm) at 45 kV and 200 mA. 123 

The XRD patterns were recorded over a 2θ range of 10–60° at a scan rate of 4° min−1. The 124 

average crystallite size (Lc) was determined using the following Equation (1) (Badenhorst et al. 125 

2020; Li et al. 2021): 126 

     Lc = Kλ / βcosθ          (1) 127 
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where K = 0.94, θ is the diffraction angle, and β is the peak width at half-maximum intensity. 128 

Raman spectroscopy was also employed to characterize the structure of SKL-carbons and 129 

CB using an inVia Reflex spectrometer (RENISHAW plc., Gloucestershire, UK) with a 532 130 

nm excitation laser. The laser power was set to 0.5 mW, and the scan time was 15 s. The lateral 131 

crystallite size (La) was calculated using Equation (2) (Zhou et al. 2023): 132 

     La = 2.4×10−10 λ4 (AD/AG )−1     (2) 133 

where λ is the wavelength (nm) of the laser used, and AD/AG is the integrated area ratio of the 134 

D-band and G-band in the Raman spectra. 135 

2.4. Electrical Conductivity Measurement. The electrical conductivity of SKL-carbons 136 

was determined from the measured bulk electrical resistance (Autolab PGSTAT302N FRA32M, 137 

Metrohm Autolab B.V., Tokyo, Japan). A 100 mg of the SKL-carbon was placed between two 138 

Al sheets and loaded into an EDLC measurement cell (2E-CELL-SUS, Eager Corp., Osaka, 139 

Japan). The measurements were performed under an applied voltage of 10 mV over a frequency 140 

range from 600 kHz to 400 Hz. Each sample was tested three times. The electrical conductivity 141 

(σ, S cm−1) was calculated using the following Equation (3): 142 

     σ = h / AR        (3) 143 

where h is the height of the packed sample (cm), A is the base area of the measurement cell 144 

(cm2), and R is the electrical resistance (Ω). 145 

2.5. Surface and Pore Characterization and Density Measurement. The surface area 146 

of SKL-carbons was characterized using a surface area analyzer (Autosorb-1, Quantachrome 147 

Instruments Japan Co., Ltd., Tokyo, Japan). The specific surface area was calculated using the 148 

Brunauer–Emmett–Teller (BET) model, based on the adsorption isotherm in the relative 149 

pressure (P P0
−1) range of 0.02–0.30 (Pakkang et al. 2023). Additionally, the internal and 150 

external surface areas were estimated using the t-plot method in the P P0
−1 range of 0.20–0.50. 151 

The average pore size and its distribution were determined from the adsorption isotherms using 152 

the quenched solid density functional theory (Fu et al. 2021). The densities of SKL-carbons 153 

and CB were evaluated using a tapped density measurement (Napiórkowska et al. 2019). 154 
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2.6. Preparation of SKL-Separator. An EDLC separator was prepared from SKL 155 

according to the previous method (Pakkang et al. 2023). Briefly, the purified SKL powder was 156 

mixed with PEG and HEX in a DMF/AcOH binary solvent. The mixture was stirred at 80 °C 157 

for 2 h and electrospun from a 5 mL syringe equipped with a metal needle (diameter: 1.3 mm, 158 

18 gauge). The electrospinning conditions were as follows; applied voltage: 18 kV, needle tip–159 

collector distance: 13 cm, and a solution flow rate: 2 mL h−1. The obtained SKL fiber mat was 160 

thermostabilized at 250 °C at a heating rate of 2 °C min−1. The yield of the thermostabilized 161 

SKL fiber mat was 75 wt.%. The mat with a thickness of 60 µm was cut into a circular shape 162 

with a diameter of 18 mm and used directly as the SKL separator. 163 

2.7. Preparation of SKL-Electrode. ELDC electrodes were also prepared from SKL 164 

according to the previous method (Pakkang et al. 2023). The thermostabilized SKL fiber mat 165 

(cf. Section 2.6) was carbonized in a furnace at 900 °C at a heating rate of 3 °C min−1 under a 166 

N2 flow of 0.5 L min−1, and the temperature was maintained for 1 h. Steam (total 10 g of water) 167 

was then introduced into the furnace along with N2 gas, and the resulting carbon material 168 

underwent steam activation at 900 °C for 1 h. The yield of the resulting ACF mat was 10 wt.% 169 

based on the thermostabilized mat. 170 

The typical particle size for commercially available activated carbon products is 90 µm or 171 

less, which is essential for fabricating an electrode with low surface roughness and achieving 172 

good contact at the interface between the electrode and the separator (Pakkang et al. 2023). 173 

Hence, the ACF mat was ground into a fine powder using a mortar and pestle and sieved 174 

through a 90 µm mesh in the similar manner to SKL-carbons (cf. Section 2.2). The average 175 

particle diameter of 150 particles was determined using an optical microscope (Violet Laser 176 

Color 3D Profilometer VK-9500, Keyence, Osaka, Japan). Three points at the edge of each 177 

particle were selected to make a regular triangle, and the diameter for the circumscribed circle 178 

of the triangle was considered as the particle diameter. The ACF fine powder was then mixed 179 

with 1 or 5 wt.% of conductive carbon (either the fine powder of SKL-carbons or CB) through 180 

grinding using a mortar and pestle for 15 min. Subsequently, a 2% CMC aqueous solution was 181 

added to the powder mixture to obtain a CMC content of 10 wt.% in the total solution, and the 182 

mixture was ground for another 15 min. The resulting slurry was cast on an Al sheet (thickness: 183 

100 µm, Nilaco Co., Ltd., Tokyo, Japan) using a doctor blade (casting thickness: 50 µm, 184 

Sangyo Co., Ltd., Tokyo, Japan) and dried overnight in an oven at 105 °C. The coated Al sheet 185 

was cut into a circular shape with a diameter of 16 mm and used as the SKL electrode. 186 
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2.8. EDLC Assembly. The SKL separator and electrodes were soaked in EmimBF4 as a 187 

liquid electrolyte under vacuum for 2 h. The Al side of the electrode was placed at the bottom 188 

of the measurement cell (2E-CELL-SUS, Eager Corp., Osaka, Japan), and the SKL separator 189 

was layered on it. The cast side of the other electrode was then placed on it. All the EDLCs 190 

were assembled in a glove box filled with Ar gas. 191 

2.9. Electrochemical Characterization of EDLCs. An electrochemical workstation 192 

(Autolab PGSTAT302N FRA32M, Metrohm Autolab B.V., Tokyo, Japan) was used to assess 193 

the electrochemical performance of the EDLCs. Similar to the previous report (Pakkang et al. 194 

2023), the area of the cyclic voltammogram (CV) with a scan rate of 0.05 V s−1 and the 195 

discharge slope of the galvanostatic charge-discharge (GCD) profiles at current density of 1 A 196 

g−1 were used to calculate the specific capacitance of EDLCs in the potential window of 0–3.5 197 

V. An alternating current (AC) amplitude of 10 mV was used to measure the impedance 198 

between 100 kHz and 1 Hz using electrochemical impedance spectroscopy (EIS). The charge 199 

transfer resistance (Rct) and the equivalent series resistance (Rs) were estimated from the 200 

diameter of the semicircle and intercept on the Z’ axis of the Nyquist plots, respectively. 201 

According to previous studies (Pakkang et al. 2020, 2023), an energy density (E, Wh kg−1) was 202 

estimated with Equation (4): 203 

E = 1/8 CV 2       (4) 204 

where C (F g−1) is the specific capacitance calculated from the GCD measurement, V is the 205 

maximum voltage window (3.5 V). 206 

A power density (P, kW kg−1) was also estimated from the GCD measurement with two 207 

Equations (5) (Pakkang et al. 2023) and (6) (Lang et al. 2019). The power density in Equation 208 

(5) expresses the electrical power delivered from the electrodes at the initial discharging time 209 

(Pinitial), whereas that in Equation (6) is related to the average power delivered over the entire 210 

discharge period (Pave).  211 

Pinitial = i(V − Vdrop)2 / 2mVdrop    (5) 212 

where i (A) is a constant current, m (g) is the total weight of the active mass in electrodes, Vdrop 213 

(V) is the voltage drop obtained from the gap between 3.5 V and the beginning of the discharge. 214 

Pave = E × 3600 / Δt      (6) 215 
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where Δt (s) is the discharge time and 3600 is used for the unit conversion from watt-hours to 216 

watt-seconds. 217 

3. Results and discussion 218 

3.1. Structural Properties of SKL-Carbons. Figure 1a shows the XRD patterns of SKL-219 

carbons. The carbon prepared at 900 °C shows two broad peaks: a larger peak at 23.0° and a 220 

smaller peak at approximately 44°. The larger peak gradually shifted to 25.0° upon increasing 221 

the carbonization temperature to 2000 °C, suggesting that the carbon structure was more 222 

ordered, but not graphitized. Based on the larger peak, the Lc was calculated for SKL-carbons 223 

prepared at 900–2000 °C, and it was almost consistent at 7 nm (Figure 1d). In contrast, the 224 

larger peak of SKL-2500 was sharpened and further shifted to 26.0°, clearly indicating the 225 

formation of a turbostratic (T) structure (Fogg et al. 2020). This peak was divided into a broad 226 

peak for the amorphous (A) structure and a sharp peak for the T structure, as shown in Figure 227 

1b. The Lc was calculated from the deconvoluted T peak and was found to be ten times higher 228 

than those of SKL-carbons prepared at 900–2000 °C. This significant increase in the Lc should 229 

be attributed to the T structure formed at 2500 °C. In the deconvoluted XRD pattern of SKL-230 

2800 (Figure 1b), a new small peak was observed at 26.4°, corresponding to graphite (G) (Kim 231 

et al. 2024; Yuan et al. 2022), in addition to the T peak. This indicates that SKL-2800 consists 232 

of both T and G structures. Lc, calculated from the deconvoluted T peak, was reduced by nearly 233 

half compared to that of SKL-2500 (Figure 1b). This might be because the hexagonal layers in 234 

the T structure began to break away and reformed into a more aligned and packed G structure 235 

during the carbonization at 2800 °C. 236 

The Raman spectra of all SKL-carbons (Figure 1c) and CB (Figure S1) show a disorder-237 

related D-band at 1350 cm−1 and a G-band at 1580 cm−1 that is characteristic of native graphite 238 

(Yan et al. 2020), while a D'-band at 1620 cm−1, referring to the defects in graphene (Escobar 239 

et al. 2024), was not observed. Furthermore, when the carbonization temperature exceeded 240 

2000 °C, a 2D band at 2700 cm−1, indicative of graphene (Melníková-Komínková et al. 2022), 241 

appeared. By contrast, in the deconvoluted XRD pattern of SKL-2000 (Figure S2), a small peak 242 

was found at 25.7°, however, which is a different peak from the T peak typically detected at 243 

26.0° (Fogg et al. 2020). These results suggest that 2000 °C is the threshold temperature to 244 

form graphene from SKL but is not enough to develop the T structure. As the temperature 245 

further increased to 2500 and 2800 °C, the 2D band was sharpened and the intensity was 246 

increased, suggesting the development of graphene formation. In addition, La continuously 247 
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increased with increasing carbonization temperature (Figure 1d), as calculated from the area 248 

ratio of the D and G bands (AD/AG, Figure 1c). 249 

 250 
Figure 1: XRD patterns of SKL carbonized at 900–2800 °C (a), their deconvolution of SKL-251 

2500 and SKL-2800 ranging from 20–30° fitted with Voigt function (b), Raman spectra with 252 

the integrated area ratio of the D-band and G-band; AD/AG (c), and changes in the lateral 253 

crystalline size; La (black solid line) and the stacking height; Lc (blue dashed line) of SKL-254 

carbons with increasing the carbonization temperatures. 255 

3.2. Electrical Conductivity and Physical Property of SKL-Carbons. The electrical 256 

conductivity of CB used in this study was 0.21 S cm−1, which is comparable to those of typical 257 

CBs measured (Pantea et al. 2003). Figure 2 shows the change in the conductivity of SKL-258 
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carbons with increasing the carbonization temperatures. Among CB and SKL-carbons, SKL-259 

900 showed the lowest conductivity (0.09 S cm−1) and was considered unsuitable as a 260 

conductive additive for EDLC applications. The conductivity increased with increasing 261 

carbonization temperature, and SKL-1300, SKL-2000, and SKL-2500 exhibited comparably 262 

high CB conductivities. SKL-2800 exhibited remarkably high conductivity of 0.54 S cm−1, 263 

probably due to the enhanced graphene formation (Figure 1c) in addition to the G structure 264 

development (Figure 1b). These results indicate that SKL-carbons prepared above 1300 °C can 265 

be practical conductive carbons to replace petroleum-based commercial CBs. 266 

 267 
Figure 2: Electrical conductivity of SKL-carbons prepared at various carbonization 268 

temperatures from 900 to 2800 °C. 269 

The average particle diameters of SKL-carbons ranged from 0.77 to 0.84 μm (Figure S3), 270 

which are considerably larger than that of CB (0.042 μm). As shown in Table 1, SKL-carbons 271 

have lower specific surface areas and total pore volumes than commercial CB. Consequently, 272 

the density of SKL-carbons was more than five times higher than that of CB. Furthermore, the 273 

density gradually increased with increasing carbonization temperature, probably owing to the 274 

reduced pore volume (Table S1). A significant advantage of SKL-carbon is that, when used at 275 

a constant mass for electrode preparation, its higher density than that of CB allows the resulting 276 

electrode to have a lower volume. 277 

Table 1: Tapped density and surface properties of SKL-carbon prepared at various 278 

carbonization temperatures and commercial CB. 279 
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Carbon samples Tapped density a 

(kg m−3) 
Specific surface area b 

(m2 g−1) 
Total pore volume  

(cm3 g−1) 

CB   90 63.4 6.05 × 10−3 

SKL-1300 500 15.6 2.52 × 10−3 

SKL-2000 520 16.5 2.73 × 10−3 

SKL-2500 550 14.7 2.73 × 10−3 

SKL-2800 570 17.9 1.78 × 10−3 

a Measured according to the previous method (Napiórkowska et al. 2024). b Determined using 280 

the BET model. 281 

3.3. Electrochemical Performance of EDLCs with SKL-Carbons as Conductive 282 

Additives. The electrodes were prepared from an SKL-based ACF with 1 wt.% of SKL-283 

carbons obtained above 1300 °C as conductive additives and then assembled with an SKL-284 

based separator to fabricate EDLCs. The resistances (R) were estimated by Nyquist plots 285 

(Figure 3a), while specific capacitances (C) were determined from CV and GCD curves (Figure 286 

3b,c). Table 2 summarizes the capacitances and resistances besides the energy density (E), 287 

average power density (Pave), and initial power density (Pinitial). Pave is the average power 288 

delivered during the entire discharge period. By contrast, Pinitial represents the maximum power 289 

output at the start of the discharge, which corresponds to the rapid power-release capability of 290 

the EDLCs. 291 

The EDLC performance, especially C and E, improved with higher carbonization 292 

temperatures of the SKL carbons used. The EDLC with SKL-2800 exhibited the highest C and 293 

E among those with SKL-carbons, but its Pave and Pinitial were the lowest (Table 2). These low 294 

power densities were caused by the high voltage drop (Vdrop) at the beginning of the discharge 295 

as shown in the expanded GCD profile (Figure 3d). As SKL-2800 is composed of a mixture of 296 

T- and G-structures (Figure 1b), the resulting structural heterogeneity may impede efficient 297 

electrolyte ion transport. This was supported by the high Vdrop (Figure 3d) and twice the charge 298 

transfer resistance (Rct) of the other SKL-carbons (Table 2). In contrast, the EDLC with SKL-299 

2500 exhibited Pinitial over three times higher than that with SKL-2800, in addition to the 300 

second-highest C and E among those with SKL-carbons. This excellent performance can be 301 

attributed to the uniform T structure of SKL-2500. Therefore, SKL-2500 was found to be the 302 

best conductive additive for EDLCs among all SKL-carbons. 303 
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The electrochemical performance (C and E) of the EDLCs with 1 wt.% SKL-carbons was 304 

better than that of reference EDLCs with 1 wt.% and 5 wt.% CB (Table 2). This superior 305 

performance may be attributed to the higher density of SKL-carbon compared to that of CB 306 

(Table 1). At the same mass loading, CB occupies a larger volume in the electrode and may 307 

block pores in the active material (i.e., ACF) than SKL-carbons. As a result, the number of 308 

available sites for adsorption and desorption of ions is reduced, which consequently lowers the 309 

C and E of the EDLCs. 310 

 311 
Figure 3: Electrochemical performance of EDLCs with 1 wt.% of SKL-1300 (black), SKL-312 

2000 (green), SKL-2500 (blue), SKL-2800 (red), and CB (gray line) and 5 wt.% of CB (gray 313 

dash-line). Nyquist plots (a), CV curves at a scan rate of 0.05 V s−1 (b), GCD curves at a current 314 

density of 1 A g−1 (c), and the expanded GCD curves with a vertical axis range of 3.30–3.50 V 315 

for displaying Vdrop (d). 316 

Table 2: Electrochemical performance of EDLCs using different conductive carbon materials. 317 
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Conductive 
material 

Additive 
(wt.%) 

CCV
 a 

(F g−1 ) 
CGCD

 b 
(F g−1 ) 

Rs
 c 

(Ω) 
Rct

 d 
(Ω) 

E e 
(Wh kg−1) 

Pinitial
 f 

(kW kg−1) 
Pave

 g 
(W kg−1) 

SKL-1300 1 119 132 1.1 12.0 56 134 926 

SKL-2000 1 123 149 1.2   9.7 63 166 908 

SKL-2500 1 133 165 1.4   9.6 70 122 923 

SKL-2800 1 173 200 1.2 19.7 85   39 898 

CB 1   44   62 1.0   7.7 26   30 983 

CB 5   91 114 1.2    1.9 49 178 887 

a Gravimetric specific capacitance calculated from CV profiles. b Specific capacitance 318 

calculated from GCD profiles. c Equivalent series resistance and d charge transfer resistance 319 

estimated from the Nyquist plots. e Energy density. f Power density at initial discharge time and 320 
g average power density over the entire discharge period. 321 

4. Conclusions 322 

As the carbonization temperature increased from 900 to 2800 °C, the structure of SKL-carbons 323 

became more ordered, and the electrical conductivity improved. A turbostratic (T) structure 324 

began to form at 2500 °C, while a graphite (G) structure was generated only at 2800 °C. The 325 

obtained SKL-2800, with a mixture of T and G structures, exhibited the highest conductivity 326 

among all SKL-carbons, but its structural heterogeneity led to less effective power delivery of 327 

the assembled EDLC. Conversely, SKL-2500, with its homogeneous T structure, achieved an 328 

excellent overall EDLC performance, even when only 1 wt.% was used as a conductive 329 

additive, it had a comparable effect to 5 wt.% of commercial CB. These results demonstrate 330 

that SKL-2500 is a promising and sustainable alternative to conventional CBs derived from 331 

fossil resources. Furthermore, because a small amount of additives is required, SKL-2500 can 332 

contribute to the construction of lightweight and high-performance EDLCs, particularly in the 333 

fields of vehicle and aerospace applications. 334 
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