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A B S T R A C T   

The abundant and renewable nature of lignin obtained from wood renders it as a sustainable carbon resource for 
energy storage applications. However, their environmentally unfavorable processing conditions and limited 
energy storage performance prohibit the use of lignin-based carbon materials’ use as supercapacitor electrodes. 
The material’s properties require advancement to overcome the limitation of low specific capacitances. In this 
study, we report on the impact on the electrochemical performance of inherently hydrophobic lignin-based 
carbon fibers (LCF) by subjecting them to a mild plasma treatment. The electrode’s capacitance was thus 
increased by 20%, with better rate capability and energy-power performance (11 Wh/kg and 0.8 kW/kg) in the 
KOH electrolyte. The quantified improvements were attributed to the capacitive functional groups, and enhanced 
surface wettability, which increased ion accessibility to active surface area improving charge-transfer ability to 
the surface with more additional functional groups. Remarkably, the selected plasma conditions introduced 
mostly desirable functional groups that limited any parasitic faradaic reactions prone to affect the device’s long- 
term cycling stability and self-discharge characteristics. Furthermore, the impact of different inherent and 
introduced oxygen surface functional groups, including COO− , C–OH, C–O, and C––O, on the capacitive per
formance of these fibers at different device conditions (such as cycling and electrochemical activation) was 
investigated in different aqueous electrolytes. To ensure environmental favorability, the electrospinning of lignin 
fibers was conducted using a high molecular fraction of lignin without the inclusion of any fossil-based co- 
spinning polymers.   

1. Introduction 

Carbon fibers have gained significant attention for specialized tol
erances due to their exceptional tensile strength, low weight, high 
chemical resistance, and temperature tolerances. PAN or pitch-derived 
carbon fibers, known for their mechanical strength, electrical conduc
tivity, and electrochemical characteristics, are used as electrodes in 
high-performing supercapacitors [1]. However, the production of car
bon fibers using fossil-based precursors and unsustainable processes is 
environmentally unfriendly [2,3]. To address this issue, lignin, a 
biomass derived from renewable resources like wood, is being explored 

as an eco-friendly alternative. Lignin offers attractive features such as 
carbon-rich composition [4], redox-active functional groups [5,6], 
biocompatibility, thermal stability, and low toxicity [6,7]. Lignin-based 
fibers have been utilized in various electrochemical storage devices, 
including supercapacitors. However, current methods often involve the 
use of fossil-based additives or chemicals [8–12,43]. Electrospinning 
techniques can produce lignin-based carbon fibers (LCF) with advanta
geous properties, including high specific surface area, mechanical flex
ibility, and surface functional groups. The LCFs can function as both the 
active material and current collector, improving performance and 
minimizing contact resistance in supercapacitor applications [13]. 
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However, their exploration in the field is currently limited [14–17]. One 
of the primary aims has been to enhance the electrochemical perfor
mances of LCF free from fossil-based spinning polymer to make it a more 
sustainable electrode choice, as aimed in this work. 

Supercapacitors store energy through electrical double-layer capac
itance (EDLC) and pseudocapacitance, the latter involving surface- 
confined redox reactions. Surface functional groups containing oxy
gen, such as hydroxyl, carbonyl, and quinone groups, contribute to 
pseudocapacitance [15]. These functional groups also enhance interfa
cial properties and electrode wettability. However, post high- 
temperature treatments besides significantly reduced tensile strength 
and moduli of electrospun LCF, beneficial functional groups reduce, 
resulting in hydrophobic electrodes that negatively affect the electrode/ 
electrolyte interface. This behavior is especially concerning for aqueous 
electrolytes [18]. Therefore, optimizing surface treatment for specific 
electrolytes is essential to improve capacitive performance [12,19–21]. 
Heteroatom-doping, such as O, N, P, F, and B-doping, can reintroduce 
functional groups and enhance hydrophilicity and pseudocapacitive 
contributions [22–25]. However, common treatment methods like 
doping or activation can degrade or collapse the fiber morphology, 
impacting device performance [14,26]. 

Plasma treatment on the other hand is a non-invasive technique that 
offers significant advantages to carbon fibers in energy storage devices 
like supercapacitors. Numerous studies have demonstrated the modifi
cation of carbon surfaces with oxygen functional groups, which enhance 
electrolyte wettability and promote efficient charge transfer, thereby 
reducing interfacial resistance [27,28]. For instance, Ghanashyam and 
Jeong observed improved electrochemical performance in hydrophilic 
carbon fibers treated with plasma [29]. Similar studies have shown that 
optimized plasma treatment conditions can enhance an electrode’s en
ergy storage capacity and impedance performance by increasing the 
accessible active surface area, facilitating better electrolyte penetration 
and ion diffusion [29,30]. Another study conducted by Hsu et al. 
demonstrated the effectiveness of plasma treatment in introducing 
carboxyl and quinone functional groups, which act as redox centers and 
increase the specific capacitance of supercapacitors [31]. Additionally, 
plasma treatment is commonly used to remove contaminants, ensuring a 
cleaner and more uniform electrode surface. The reliability of this sur
face enhancement strategy for scalable industrial production is another 
advantage, as it requires shorter treatment durations and fewer pro
cessing steps compared to other standard methods [32]. However, it 
should be noted that most electrochemical studies involving plasma 
treatment have focused on carbon fibers derived from fossil-based 
polymers. Although a few investigations have explored plasma treat
ment of lignin-based carbon fibers, our understanding of their electro
chemical performance is still limited [32,33]. Consequently, studying 
and comprehending the effects of oxygen plasma treatment on lignin- 
based carbon fibers is of great interest. 

In this study, electrospun lignin-based carbon fibers were synthe
sized without the use of fossil-based secondary polymers. Oxygen 
plasma treatment offering a non-invasive and energy-efficient approach 
to introduce regulated oxygen functionalities to the carbon matrix, 
improving electrode wettability and electrode performance was tested. 
The surface properties of LCF were modified using low-power oxygen 
plasma treatment, resulting in plasma-treated lignin-based carbon fibers 
(PLCF). Comprehensive material characterization and electrochemical 
investigations were conducted, particularly using 6 M KOH as the 
electrolyte, to explore the positive impact of plasma treatment on 
capacitive performance. 

2. Materials and methods 

2.1. Materials synthesis 

Softwood kraft lignin derived from pine/spruce mixture isolated by 
the LignoBoost method (Bäckhammer, Sweden) was used as the starting 

precursor for material synthesis. In order to extract lignin of high mo
lecular weight, an already established sequential solvent extraction 
technique was carried out by dissolving 1000 g of the softwood lignin in 
10 L of methanol followed by agitating for 4 h at room temperature [34]. 
Solids recovered from the last step after filtration was followed by 
treating 1 part of it with 10 times 70/30 vol methanol and methylene 
chloride for about 4 h. The filtered lignin from the extracted solution 
was concentrated using a rotary evaporator and dried in a vacuum oven 
for 12 h at 80 ◦C before proceeding to electrospinning. Detailed sche
matics of the extraction procedure can be found in the patent by Baker 
et al. [34]. 

2.1.1. Electrospinning and treatment of lignin fibers 
A similar method as reported by Peuvot et al. was followed for the 

electrospinning of the polymer-free lignin fibers [35]. The extracted 
isolated lignin was dissolved in dimethylformamide at a concentration 
of 47 wt%. A cylindrical Becton Dickinson plastic syringe was filled with 
dissolved lignin using a KdScientific pump which fed the solution to the 
needle at a rate of 0.5 mL/h. The electrospun lignin fibers were collected 
on an aluminum foil-wrapped collector rotating at 60 rpm. A continuous 
electric field of 17 kV was applied between the needle and the collector 
which was kept 17 cm apart. The as-spun fiber mats were vacuum-dried 
at 105 ◦C for 180 min before storing them in nitrogen desiccator cabinets 
to avoid moisture contamination. 

2.1.2. Carbonization of lignin fibers 
For utilizing the lignin fibers as electrodes for supercapacitors, 

carbonization, and activation are essential to increase the mechanical 
strength, electrical conductivity, and surface area of the fibers [36]. We 
employ a two-step method with thermostabilization involving cross- 
linking reactions that extends the thermal transition points of the 
lignin to avoid fusing during carbonization (Fig. 1). 

The dried as-electrospun lignin fiber mats were thermally stabilized 
in a Nabertherm Box Furnace (Labotherm L15) by heating to 250 ◦C with 
a rate of 0.5 ◦C/min. They were allowed to stand at that temperature for 
about 30 min before cooling down to room temperature. The thermo
stabilized lignin fibers were then transferred for carbonization to a high- 
temperature Thermolyne - Tube furnace. The temperature was increased 
from ambient to 600 ◦C at a rate of 3 ◦C/min with supplied nitrogen gas 
flow in the reaction tube (approximately 1.5 L/min). The fibers were 
allowed to stay at that temperature for 5 min to stabilize again before 
ramping the temperature by 5 ◦C/min until the carbonization temper
ature of 1000 ◦C resulting in a high BET surface area 387 m2/g [35].The 
fiber mats at this point are allowed to dwell at the carbonization tem
perature for 20 min and are then allowed to cool down to room tem
perature at 20 ◦C/min. Afterward, the carbonized lignin fiber mats were 
vacuum-dried again for 3 h at 105 ◦C and stored in nitrogen desiccator 
cabinets to avoid contaminations from moisture. 

2.1.3. Plasma-treatment of LCF 
The post-carbonized LCF mats are hydrophobic in nature (Fig. S1 

(a)). To improve the aqueous wettability of the fiber mats, oxygen 
plasma treatment was conducted using the Plasmatherm Batchtop RIE 
system. By applying a radiofrequency of 13.56 MHz and a plasma power 
of 25 W, the cathode was energized to generate plasma. Both sides of the 
fiber mat were exposed to plasma containing oxygen gas for a duration 
of 30 s. This treatment approach, involving a short exposure time and 
low power, yielded enhanced wettability (Fig. S1(b)). It was chosen 
deliberately to avoid the negative impact that prolonged exposures tend 
to cause on the mechanical and electrical properties of the fibers as 
observed in previous studies [37,38]. However, further optimization 
experiments would be necessary to fine-tune the process. 

2.1.4. Supercapacitor cell assembly 
Both the LCF and PLCF electrodes were used to prepare the sym

metric supercapacitor devices. Electrodes with similar masses (ranging 
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between 1.7 and 2.2 mg), diameters of 10 mm, and a commercially 
available glass fiber membrane (Whatman® GF) separator with a 
thickness of 200 µm and a diameter of 12 mm were used to prepare one 
device. To test the electrochemical performance of the prepared elec
trodes with different electrolytes, such as 6 M KOH, 1 M H2SO4, and 1 M 
Li2SO4, approximately 100 µL volumes of each electrolyte was used in 
different devices. The specific molarity of the KOH electrolyte was 
chosen to take advantage of its high ionic conductivity. The commonly 
reported molarities of H2SO4 and Li2SO4 were chosen to obtain an initial 
assessment of the electrode’s compatibility in acidic and neutral elec
trolyte mediums. The supercapacitor devices have been assembled in 
CR2025 coin cells with stainless steel current collectors. All the devices 
were kept idle for at least 24 h before any electrochemical measurements 
for the complete penetration of the electrolyte into the electrodes. 
Electrode materials have been retrieved after all the electrochemical 
measurements with the help of a disassembly machine for the post- 
investigation of the electrode materials. 

3. Characterizations 

3.1. Material characterization 

Surface morphology - SEM LEO Ultra 55 was used to analyze the fiber 
morphology of the electrospun LCF and PLCF. The secondary electron 
detector was used to analyze the fiber surface in high vacuum mode 
while the microscope was operating at 5 kV accelerating voltage. A 
working distance of 6.4 mm was maintained for all samples. 

The specific surface area and pore size of the fiber structures were 
evaluated with Brunauer-Emmett-Teller (BET) and Barrett-Joyner- 
Halenda (BJH) analysis using a Micrometrics Tristar 3000. 

Functional group analysis- X-ray photoelectron spectroscopy (XPS) 
was used to further investigate the surface composition and chemical 
states of the components of interest. The PHI 5000 VersaProbe III 
Scanning XPS MicroprobeTM was used, which was equipped with a 
monochromatic AlK X-ray source with a photon energy of 1486.6 eV and 
a beam size of 100 µm. During the experiments, dual charge correction 
with an electron neutralizer and an argon ion cannon was used to 
compensate for the limited conductivity in non-carbonized samples. The 
surface composition was determined using a survey scan with a scanning 
energy range of 0 eV–1250 eV, a pass energy of 280 eV, and a step size of 
1.0 eV. High-resolution regional scans with a pass energy of 26 eV and a 
step size of 0.1 eV were used to examine the chemical states of each 
element. The data from narrow scans were aligned with the adventitious 
carbon C1s peak at 284.8 eV before qualitative analysis. The system’s 

energy scale, on the other hand, was calibrated using ISO 15472:2010, 
with the core levels of pure gold (Au 4f7/2), silver (Ag 3d5/2), and copper 
(Cu 2p3/2) set at 83.96 eV, 368.21 eV, and 932.62 eV, respectively. The 
MultiPakTM program was used to perform peak deconvolution. The 
fitted peaks were allocated to a specific energy peak location in the 
spectral envelope after the spectra were fitted above the Shirley back
ground. The peak shape was fitted using a Gaussian-Lorentzian function, 
and the full width at half maximum (FWHM) of the peak width was less 
than 2.0 eV in all the fitted curves. The area ratios of the fitted peaks in 
the spectral envelope were used to calculate the contribution of each 
chemical state in a single element. The accuracy of the analyzed XPS 
results may result in an error bar of 0.1% to 2% due to various experi
mental and analytical uncertainties. 

3.2. Electrochemical characterization 

Electrochemical analysis- All the electrochemical measurements 
were conducted using a Gamry Reference 3000AE Galvanostat/Poten
tiostat workstation. Electrochemical measurements such as cyclic vol
tammetry (CV), and galvanostatic charge–discharge (GCD) were carried 
out in a wide range of scan rates (10–1000 mV/s) and current densities 
(0.5–5 A/g). Electrochemical impedance spectroscopy (EIS) was carried 
out at different states of health of the devices. The spectrum was 
recorded at the frequency range of 100 kHz–10 mHz at 0 V with an 
alternating current (ac) perturbation of 10 mV at open circuit potential. 
Additionally, the stability of the devices was investigated with cyclic 
charge–discharge (CCD) at a current density of 2 A/g for 10,000 cycles. 
Self-discharge characteristics of the devices were carried out by charging 
the devices at the rated voltage with a constant current of 0.2 A/g and 
immediately followed by monitoring the open circuit potential for 60 
min. All the tests were carried out at room temperature (25 ◦C). 

The specific capacitance, Cs,CV(F/g) was calculated from CV ac
cording to [39]: 

Cs,CV = 4 × 1000 ×

∫ 2⋅ΔV/νs
0 |i|dV
2 ⋅ m ⋅ ΔV

(1)  

where I(A) is the current response, m (g) is the mass of the cell’s elec
trode, ΔV (mV) is the working voltage window, and ν (mV/s) is the scan 
rate. 

The specific capacitance, Csp,GCD (F/g) from GCD curves was deter
mined using [39]: 

Cs,GCD = 4 ×
Id ⋅ td

m ⋅ Vd
(2) 

Fig. 1. LCF carbonization profile; Stabilization using Nabertherm box furnace and carbonization using Thermolyne - Open Tube/1600 ◦C furnace.  
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where Id is the discharge current, td is the discharge duration (s), and Vd 
(mV) is the discharge voltage excluding the internal resistance (IR) drop. 
The incorporation of the factor 4 converts the device specific capaci
tance to the specific capacitance attributed to a single electrode. 

The power density and energy density of the devices are calculated 
from GCD measurements according to the following equations [39]. 

Cdevice =
Cs,GCD

4
(3)  

E =
1
2
×

Cd • Vd
2

3.6
(4)  

Pavg = 3600 ×
E
td

(5)  

where Cdevice is the device capacitance from the GCD measurements. E 
(Wh/kg) is the energy density and Pavg (W/kg) is the average power 
density of the device. The numbers 3.6 and 3600 are conversion factors 
for the unit of time. 

4. Results and discussion 

4.1. Surface morphology of PLCF 

The Fig. 2 illustrates the cross-sectional view of the fibers captured 
using a SEM, along with the top views of LCF and PLCF, respectively. 
The inner and outer layers of the fibers are composed of randomly ori
ented fibers with approximate diameters of 1.1 µm. The plasma treat
ment did not visibly damage the morphology of the fibers, as there was 
no significant difference in appearance between LCF and PLCF fibers. 

In order to investigate the compatibility of these electrodes with the 
aqueous solution, the contact angle measurements carried out showed a 
hydrophobic nature of LCF with a contact angle of 112◦, while PLCF 
showed improved wettability with a contact angle of only 16◦ after a 30 
s plasma treatment. Fig.S2 of the electrodes soaked in KOH electrolyte 
reveals that the electrolyte was well distributed along the fibers of PLCF, 
while in LCF, it was limited to the electrode outer layers indicating the 
inability of electrolyte ions to penetrate its deeper layers. The absence of 
visible morphological alterations in PLCF suggests that the improved 
compatibility with the electrolyte could be primarily due to modifica
tions on its surface’s chemical state. 

4.2. Chemical characterization of oxygen plasma functionalized LCF 

The quantitative surface elemental analysis was conducted using 
XPS. Fig. 3 presents the XPS survey spectra of both the LCF and PLCF, 
revealing the elemental composition of the surfaces. The narrow scan of 
the C1s electron orbital in Fig. 3(a) reveals a dominant signal at 285 eV, 
indicating the presence of sp3 hybridized C bonds. Traces of sodium 
were also detected in the samples, which can be attributed to residual 

residues from the LignoBoost processing chemicals [40]. Furthermore, 
additional peaks in the range of 900–1100 eV were observed in PLCF, 
corresponding to Na1s and O KLL peaks. These peaks suggest changes in 
the chemical state of the untreated LCF’s chemical species after plasma 
treatment. The plasma treatment resulted in a notable increase in the 
weight percentage of oxygen in the PLCF compared to untreated LCF 
(Fig.S3). Importantly, this increase in oxygen content is not limited to 
the surface of the fiber but extends to a depth of several hundred microns 
within the fiber layers of the PLCF. Also, the carbon-to-oxygen (C/O) 
ratio of both the LCF and PLCF was relatively high compared to previous 
studies [33]. This discrepancy is attributed to the optimized slower 
heating rates for carbonization and higher plasma power conditions 
employed for optimal duration in this work. 

The amount of oxygen in the LCF surface is significantly reduced by 
70% following deoxygenation during the high-temperature carboniza
tion. Fig. 3 (b) demonstrates that upon exposure to plasma, the C- 
composition in the PLCF decreases by almost 14% without any observ
able shift in binding energy. On the other hand, Fig. 3 (c) shows a 
completely different shift of the O-spectrum, where it moves in the di
rection of the high binding energy. The finding confirms that when fiber 
surfaces are treated with plasma in an oxygen atmosphere, the change in 
electronic environment changes the binding energy of oxygen atoms 
forming various oxygen containing functional groups that are known to 
have higher binding [37]. It should be noted that the effect of plasma 
treatment on the fiber surface is still highly influenced by a variety of 
other parameters such as power intensity and gas atmosphere which 
would be very interesting to investigate and requires a separate study. 

The C1s and O1s spectra for LCF and PLCF are deconvoluted to 
identify specific functional groups and peak area ratios. As shown in 
Fig. 4 (a) and (b), the deconvolution of the C1s reveals numerous peaks 
with different binding energies. 

The chemical environment of sp3 carbon (C–C) such as CH2 groups 
is reflected by the peak centered at 285 eV (range between 284.6 and 
285.2 eV). Furthermore, the C–OH indicating hydroxyl groups peak 
centers at 285.5 eV (range between 286.1 and 286.7 eV), C–O at 286.5 
indicative of alcohol or ether groups, the C––O peak indicating carbonyl 
groups are located at 287.5 eV (range between 288.5 and 289.5 eV), and 
the O–C––O peak for carboxyl and esters groups is centered at 289 eV. 
Likewise, 531 eV (C––O), 532 eV (C–O), 533 eV (C–O–C) and 534 eV 
(C–OH) are the corresponding O1s peaks (Fig.S4). 

Table 1 shows that the density of carboxylic acids (O––C − O) on the 
fiber surfaces and inner layers of PLCF experiences a slight increase of 
2–4%. The prevalence of C–O and C––O groups significantly increases 
in PLCF, nearly both doubling. The O1s spectra further support these 
findings, as the atomic percentage of O–C groups increases from 3.8% 
in LCF to 8% in PLCF. Additionally, the atomic percent of O––C groups 
increases from 1.7% in LCF to 2.8% in PLCF. 

Fig. 2. SEM images (a) cross-section of electrospun LCF, (b) as-carbonized LCF, and (c) PLCF.  
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4.3. Electrochemical characterization of plasma functionalized LCF in 
KOH electrolyte 

The electrochemical performance of supercapacitor cells utilizing 
LCF and PLCF in a 6 M KOH electrolyte was subsequently evaluated. 
Fig. 5(a) illustrates the CV plots of the fabricated devices, with a scan 
rate of 20 mV/s within the voltage range of 0–0.8 V. Both devices exhibit 
rectangular shapes, indicating ideal behavior consistent with EDLCs. 
Notably, the PLCF device displays a broader CV shape with 20% higher 
capacitive area, indicating enhanced capacitive properties compared to 
the LCF device. 

In Fig. 5(b), the GCD plot depicts a linear and symmetrical charge 
and discharge curve for both devices at low (0.5 A/g) and high (5 A/g) 
currents within the rated voltage of 0.8 V. This behavior aligns with the 
ideal capacitive signature observed in the CV plots. Notably, the internal 
resistance (IR) drop is significant at high currents (LCF: 4.3 mV, PLCF: 
5.2 mV) for both devices, while it is negligible at low currents (LCF: 1.2 
mV, PLCF: 0.6 mV). The device utilizing PLCF electrodes exhibits a 
slightly higher IR drop compared to the LCF device, particularly at a 
high current density of 5 A/g. This discrepancy may be attributed to the 
presence of excess oxygen functional groups on the PLCF surface, which 
can contribute to an increase in the IR drop [27]. At a high current 
density of 5 A/g, the specific capacitance is 99 F/g for PLCF and 76 F/g 
for LCF. Even at the low current density of 0.5A/g, the specific capaci
tance remains high, with PLCF at 120 F/g and LCF at 95 F/g. These 
values are comparable to previous reports, indicating that the slight 
discrepancy in IR drop does not greatly affect the overall capacitive 
performance [15,33,41]. 

Fig. 5(c) presents the rate capability performance of the devices, 
indicating the capacitance retention from 10 mV/s to 1000 mV/s. The 
LCF device retains 60% and the PLCF device retains 68% of the capac
itance. Even with increasing scan rates (as depicted in Fig.S5), PLCFs 
consistently demonstrate a larger capacitive area of the CV curves 
compared to LCF. Contrary to previous findings, where the excess of 
C–O and –OH surface functional groups increases the electrode’s 
resistance [42], resulting in reduced rate performance, our results 
demonstrate an improved rate performance of 10% for the PLCF elec
trodes [28]. This validates that the higher plasma power used in our 
study, compared to a previous work using lower plasma power (10 W for 
20 s), does not have a detrimental impact on the rate performance. 

At high scan rates or currents, charge storage primarily occurs on the 
outer surface of the electrodes. Conversely, at low scan rates or currents, 
both the outer and inner layers contribute to overall charge storage as 
electrolyte ions have enough time to penetrate the inner layers of the 
electrodes. This explains the higher capacitance observed at low current 
densities or scan rates in the studied devices. However, operating de
vices at extremely low currents can result in unavoidable parasitic re
actions, especially in the presence of specific surface functional groups 
of the aforementioned carboxyl types [33]. These parasitic reactions 
often lead to a high self-discharge rate, which adversely affects the 
overall capacitive performance. Hence, it is crucial to conduct capacitive 
measurements across a wide range of currents or scan rates to accurately 
assess the devices’ performance. The capacitive properties at the lowest 
current provide insights into the self-discharge behavior, while the 
highest current indicates the rate limitation. In this context, Fig. 5(d) 
illustrates the self-discharge profile of both devices. After being charged 

Fig. 3. XPS results showing (a) wide scan spectrum, (b) the C-spectrum, and (c) the O-spectrum of LCF and PLCF.  
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to the rated voltage of 0.8 V at a constant current density of 0.2 A/g 
(corresponding to currents of 0.52 mA for LCF and 0.32 mA for PLCF), 
the devices were left in open circuit conditions without any voltage 
holding for 1 h. The results show that the voltage retention is 54% for 
LCF and 47% for PLCF. The reasonable voltage retention observed in the 
PLCF-containing device indicates that the introduced surface functional 
groups do not contribute to any parasitic reactions. 

4.3.1. Surface-capacitive performance relationships 
Generally, different oxygen functional groups present on the surface 

evolve as CO2 or CO that directly impact the capacitive performance. 
CO2 mainly originates from the carboxyl, anhydrate, and lactone groups. 
It has been shown that the carboxyl groups can improve the wettability 
of the electrodes [44]. However, its downside is it can lead to non- 
capacitive diffusion-controlled faradaic reactions [45]. The strongly 
polar double-bonded oxygen atom in carboxyl tends to lose a lone-pair 
electron and thus forms a positively polarized group, which then re
acts with the hydroxide (OH‾) in the electrolyte solution and causes non- 
capacitive reactions. On the other hand, CO evolves from the phenolic 
hydroxyl, carbonyl, and quinone groups. Several investigations on a 
variety of carbon materials showed that the CO-type oxygen functional 
groups contribute positively to the improvement of capacitance. Also, 
phenolic groups aid in hydrophilicity, enhancing the surface capacitance 
from electrical double-layer formation without any parasitic catalytic 

effect [46,47]. As can be seen from Table 1 and Table S1, after plasma 
treatment there are lower amounts of carboxyl groups than the benefi
cial phenolic groups particularly the carbonyl group in the PLCF. In 
addition, the hydrophobic C–C bond reduces quite significantly after 
the plasma treatment both on the surface and in the inner layer of the 
PLCF [48]. 

Regarding charge storage, different mechanisms concurrently occur 
at the electrode/electrolyte interface that generally comprise of capac
itive and diffusion-controlled charge storage mechanisms. In the pres
ence of surface functional groups, the capacitive charge storage can have 
a contribution from both EDLC and pseudocapacitance originating from 
fast reversible surface-confined redox reactions. Ideally, the electro
chemical signature of these charge storage mechanisms is similar, such 
as rectangular CV and symmetrical GCD. Depending on the types of 
electrodes, pseudocapacitance could also originate from the intercala
tion, doping in conductive polymers, and underpotential depositions, 
which typically involve the bulk of the electrodes and consequently 
display a peak in the CV and non-linearity in the GCD [49]. As this is not 
the case in the devices under this study, we can certainly consider that 
the pseudocapacitance in the capacitive charge storage could only 
originate from the surface-confined redox reaction of the introduced 
functional groups. Due to the very fast kinetics of surface-confined 
pseudocapacitance, it is quite complex to separate it from the EDLC. 
The diffusion-controlled charge storage mechanism could also originate 

Fig. 4. The C-spectrum peaks before and after plasma treatment: (a) LCF and (b) PLCF. The experimentally acquired spectra (dashed line), peak fits for distinct 
chemical states of C-atoms including sp3 C (red curve), C − OH feature (blue curve), C–O feature (green curve), C––O feature (purple curve), O––C–O feature 
(orange curve), carbonates (yellow curve), C––C feature (fluoro-blue line), and the cumulative fit (black line). Top: Schematic representation of the predominant 
oxygen functional groups on the carbon fiber before and after plasma treatment. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Distribution of functional groups in LCF, PLCF, and inner layers of PLCF at C1s chemical state.  

Chemical state C––C C–C (sp3 carbon) C–O C––O (carbonyl) C–OH (hydroxyl) O––C–O (carboxyl) Π-Π*         

LCF 2.5% 70.5% 6% 3.5%  12.5% 3% 2% 
PLCF 2.5% 58% 11% 6.5%  14.5% 5% 2% 
Inner layer PLCF 2% 55% 12.5% 8%  13.5% 7% 2%  
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either from the bulk-redox reaction that results in a peak in the CV, or 
kinetic limitation at the interface. Again, as there is no visible peak in the 
CV of the devices under study, the diffusion limitation is most likely to 
originate from the kinetic limitation at the interface. Due to the different 
kinetics of diffusion-controlled charge storage and capacitive charge 
storage, it is possible to distinguish and quantify their contribution 
through the CV scan rate dependence on the voltammetric current ac
cording to the following equation [50]: 

i(V) = k1v+ k2v1
2 (6)  

i(V)/v1
2 = k1v1

2 + k2 (7)  

where, i(V) is the current response at a specific voltage, k1 ν, and k2 ν ½ 

correspond to the current contributions from the surface capacitive ef
fects and the diffusion-controlled process, respectively. Consequently, 
the capacitive and diffusion-controlled charge storage mechanisms can 
be obtained from the slope (k1) and Y-intercept (k2) of the plot of i(V)/ 
v1/2 versus v1/2 at a specific voltage. 

Fig. 6 demonstrates the CV curves of both the devices containing LCF 
and PLCF electrodes at scan rates of 10 and 500 mV/s at a voltage range 
of 0–0.8 V. The total current is obtained experimentally, and the 
capacitive currents (the shadowed regions) are determined by using 
equation (6). The detailed plot to extract the k1 and k2 values can be seen 
in Fig.S6. 

The calculation quantitively confirms the dominance of the surface 
capacitive contribution. Both the LCF and PLCF-containing devices hold 
around 93% and 95% of capacitive current, respectively at the low scan 
rate of 10 mV/s, see Fig. 6 (a). These high and similar percentages of the 

capacitive current in both devices suggest that the observed difference in 
the specific capacitance between the devices should be from the extent 
of pseudocapacitance originating from the surface functional groups. 
Additionally, the capacitance improvement could also be due to the 
enhanced wettability of the electrodes. The impact of the wettability on 
the capacitive performance is more prominent at a high scan rate 
compared to a low scan rate as the kinetics is slow at the low scan rate 
which could compensate for the wettability issue to some extent. 
Accordingly, it can be seen from Fig. 6(b) that at the higher scan rate of 
500 mV/s, the capacitive contribution increases to 96% for LCF- and 
100% for the PLCF-containing device. A negligible contribution from the 
diffusion-limited process in the PLCF-containing device compared to the 
LCF-containing device suggests that the kinetic limitation is reduced 
with the plasma treatment to a large extent and the inner layers of the 
electrodes participate in the capacitive charge storage. Owing to the 
improved wettability and pseudocapacitive contributions of the surface 
functional groups, the energy performance of the device containing 
PLCF is shown in Fig.S7. The PLCF-containing device exhibits an energy 
density and power density of 11 Wh/kg and 0.8 kW/kg, while LCF ex
hibits 8 Wh/kg and 0.8 kW/kg at current density of 0.5 A/g. The energy 
and power metrics are significantly higher than the previously reported 
values showing 2.7 Wh/kg and 66 W/kg [28]. For a broader perspective, 
an analysis comparing the electrochemical performance of the PLCF 
supercapacitor device relative to other devices based on different blends 
for electrospinning lignin-based carbon fibers in the field is presented in 
Table S2. 

At this point, it is worth mentioning the contribution of the elec
trolyte ions to the overall capacitive performance of the PLCF electrodes, 

Fig. 5. Electrochemical performance of the LCF and PLCF containing devices (a) CV curves at a scan rate of 20 mV/s, (b) GCD curves at a current density of 0.5 and 5 
A/g, (c) rate capability (10 to 1000 mV/s), (d) self-discharge for 1 h. 
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particularly the compatibility and reactivity of certain surface functional 
groups with the electrolyte ions. For instance, it has been shown that 
mainly the carbonyl and hydroxyl groups are favorable for pseudoca
pacitance in a basic medium [20], such as a 6 M KOH electrolyte. The 
chemical reaction of these acidic functional groups, particularly –COOH 
(Eq. (8)) and –OH (Eq. (9)), with the alkaline electrolyte’s OH− ions can 
be represented as follows [51,52]: 

(8)  

(9) 

In order to verify the compatibility of the PLCF electrodes with the 
other types of aqueous mediums such as acidic and neutral, a brief 
electrochemical investigation has been carried out with 1 M H2SO4, and 
1 M Li2SO4 as can be seen in Fig.S8. The capacitive properties of the 
acidic and neutral medium are not as impressive as the basic medium. A 
detailed investigation is necessary to fully understand the complex in
teractions at the interface with the acidic and neutral medium and 
therefore requires a separate study. 

4.3.2. Surface-cycling performance relationship 
To assess the long-term stability of the electrodes, a new set of de

vices was assembled using fresh electrodes. Repetitive Galvanostatic 
Charge-Discharge (GCD) experiments were conducted with a current 
density of 2 A/g, spanning a voltage range of 0–0.8 V, for a total of 
10,000 cycles. Fig. 7 displays the capacitance retention and coulombic 
efficiency of the devices containing both electrodes. The inset in the 
figure depicts the GCD curve at various cycles. 

The GCD curves of both devices remain linear and symmetric 
throughout the cycling period, indicating their structural integrity with 
a high coulombic efficiency of 99%. Most importantly, the capacitive 
performance is not degraded over the test period. This further confirms 
the compatibility of the electrode/electrolyte interface and validates the 
appropriate selection of carbonization and plasma conditions. It high
lights the importance of introducing stable functional groups to prevent 
material degradation after cycling as observed in a previous study [33]. 

The LCF-containing device exhibits a stable capacitance during 
cycling with a marginal increase of 4%. As mentioned before, due to 
additional pseudocapacitance and improved wettability, the PLCF- 
containing device exhibits a higher capacitance of 120 F/g compared 
to the LCF-containing device of 95 F/g. An interesting behavior can be 
observed in the PLCF-containing device where the specific capacitance 
decreases in the initial 800 cycles and then monotonically increases up 
to 10% at the end of cycling. The evolution of the capacitance in this 
manner could be related to multiple underlying competing mechanisms 

Fig. 6. Capacitive currents (regions shaded in blue) of LCF and PLCF-containing devices at scan rates of (a) 10 mV/s and (b) 500 mV/s. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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during charge/discharge that reach equilibrium over cycling and sta
bilizes the capacitance. It has been shown that some of the surface 
functional groups such as acidic carboxyl are unstable and during the 
initial charge/discharge cycle they go through conversion and result in a 
decrease in the oxygen content [53]. Therefore, the capacitance 
decrease in the initial 800 cycles could be related to the reduced pseu
docapacitive contribution due to the transformation and elimination of 
these unstable surface functional groups [54]. Afterward, the capaci
tance gradually increases with cycling. 

In order to verify the evolution of the capacitive signature, Fig. 8 
shows the CV plot of both the devices before and after 10,000 cycles with 
a scan rate of 10 mV/s in the voltage range of 0–0.8 V. 

It can be seen that the capacitive performance of both devices has 
been improved as indicated by the wider CV of the devices after cycling. 
Consequently, the increase of the specific capacitance of the cycled 
PLCF-containing device is calculated to be 16%, whereas the cycled LCF- 
containing device is some 10% higher than the non-cycled devices. The 
improvement is noticed for higher scan rates as well, suggesting that the 
rate performance remains intact even after cycling. 

The improved capacitive performance of both the devices after 
cycling could be related to the increased surface area that is easily 
accessible to the electrolyte ions as noticed in a previous study, where 
XPS analysis suggests that additional accumulated oxygen, CO2, and 
soluble carbonates on the surface could also enhance the surface area as 
a result of the electrode surface etching [55]. It could also be attributed 
to the repeated insertions and desertions of K+ ions in the electrode that 
opens up more pores as shown schematically in Fig.S9, which expands 
the active surface area [54] that was inaccessible for the ion penetration 
to the micro-sized pores (from pore size distribution data in Fig.S10) in 
the initial cycles. However, the extent of the capacitive improvement is 
larger for the PLCF-containing device. This effect is further enhanced 
through repetitive cycling, proposedly facilitating enhanced pore sur
face utilization. Furthermore, to expedite the process of maximizing 
pore surface utilization, electrochemical activation was implemented by 
subjecting a new set of devices to an elevated voltage of 1.2 V for 30 
cycles at a scan rate of 20 mV/s. Following the electrochemical activa
tion, the capacitive performance was evaluated at 0.8 V (Fig.S11) using 
the same scan rate. The results showed a 1.5% degradation in capacitive 

Fig. 7. Cyclic stability and coulombic efficiency of the devices containing LCF and PLCF: capacitance (left axis) and coulombic efficiency (right axis) over 10,000 
cycles. Inset: charge–discharge cycles in different intervals. 

Fig. 8. CV curves comparing the capacitive current contributions of (a) LCF- and (b) PLCF- containing devices before and after undergoing 10,000 cycles.  
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currents for LCF-containing devices while PLCF-containing devices 
exhibited an improvement of up to 21% compared to the capacitive 
currents prior to cycling at the extended voltage. Although the theo
retical decomposition voltage of water is 1.23 V, in practice it can vary 
based on the electrodes and electrolytes involved. Therefore, the pres
ence of surface functional groups in the PLCF may have caused the 
electrode potential to shift away from the electrolyte decomposition 
voltage during the extended voltage operation, as observed in a previous 
study [56]. 

During typical cycling tests, the device is exposed to the nominal 
voltage for a short duration, requiring a significant number of cycles to 
observe substantial effects, which can be time-consuming. However, 
electrochemical activation using an extended voltage can accelerate the 
process, although caution must be taken to avoid complete electrolyte 
decomposition. Nevertheless, the combination of cycling and electro
chemical activation has shown a positive impact on the performance of 
PLCF-containing devices, resulting in improvements in both capacitive 
and diffusion-limited charge storage mechanisms. Further verification of 
this improvement can be achieved through impedance profiling of the 
device at different states of health. 

Fig. 9 shows the Nyquist plots from the EIS measurement. 
EIS provides insight into the electrolyte transport properties in the 

two different electrodes. In a Nyquist plot, the first intersection point in 
the higher frequency domain represents equivalent series resistance 
(ESR) that predominantly originates from the bulk electrolyte and is 
quite often reported as the electrolyte resistance. Commercial super
capacitors report their ESR value at 1 kHz [57]. The second intersection 
point of the semi-circle in the mid-frequency region is related to the 
interfacial resistance (Rint), considering the charge storage mechanism is 
primarily capacitive. Rint depends on the type of bulk electrolyte and 
gives a valuable understanding of the nature of the electrolyte/electrode 
interface. The transition from the mid-frequency region to the lowest- 
frequency region provides a qualitative measure of electrolyte diffu
sion to the electrodes. 

It can be seen that the electrolyte resistance values are quite similar 
for both the devices before and after cycling, ranging from 0.19 to 0.27 
Ω. This indicates that the electrolyte properties are not compromised 
during the cycling process. The ESR values extracted at 1 kHz are 0.90 Ω, 
and 1.0 Ω for the LCF and PLCF-containing devices respectively before 
cycling, while the values change to 0.95 Ω, and 0.84 Ω, after cycling. A 
very small increase of the Rint can be seen in the LCF-containing device, 
while a noticeable decrease of Rint can be seen in the PLCF-containing 
device, suggesting a gradual improvement of the kinetics in the inter
face. A significant change in the diffusion resistance can be noticed in 
both devices, where the diffusion resistance decreases by 2.8 Ω and 6.2 
Ω in the LCF-and PLCF-containing devices after cycling. At the lowest 

frequency, the devices behave in a purely capacitive way where the 
phase angles approach 90̊. Both the devices exhibit phase angle ranging 
from 84̊ to 86̊ before and after cycling (Fig.S12), which is nearly as ideal 
capacitors. The observed change of the impedance characteristics, 
particularly ESR, Rint, and diffusion resistance is in agreement with the 
previous electrochemical measurements and reflects the positive 
contribution of the surface functional groups introduced by the plasma 
treatment. 

5. Conclusion 

Our study adds support for electrospun LCF as a promising electrode 
material for supercapacitors. To overcome the intrinsic hydrophobicity 
of LCF, we successfully improved its wettability by decorating the 
electrode surface with oxygen functional groups using a non-invasive 
oxygen plasma treatment. This low-power and short-duration expo
sure improves the capacitance of the resulting PLCF electrodes by 20% 
compared to LCF devices in an alkaline medium (6 M KOH) at a scan rate 
of 20 mV/s. The improved performance can partly be attributed to 
enhanced electrode kinetics, where the surface functional groups 
contribute to pseudocapacitive charge storage, while the contribution 
from inner layers of the PLCF electrodes plays a significant role for the 
resulting capacitive charge storage with minimal diffusion limitations. 
XPS analysis confirmed the presence of increased CO-type oxygen 
functional groups, including phenolic, hydroxyl, and carbonyl, which 
contributed to the capacitive performance improvement. Additionally, 
the lower concentration of carboxyl groups on the surface can be 
correlated to a slower voltage decay in the self-discharge profile. The 
PLCF device exhibited high cyclic stability and coulombic efficiency 
over 10,000 cycles, indicating that the introduced surface functional 
groups did not have a detrimental impact on the electrodes. Moreover, 
the enhanced capacitive performance after cycling validated a compat
ible electrode/electrolyte interface, resulting in improved pore surface 
utilization over repeated cycling. 

While this study exemplifies the benefits of the charge storage of 
plasma-treated carbon fibers, there is room for further investigation into 
the specific plasma treatment conditions and gases employed. Addi
tionally, a deeper understanding of the underlying mechanisms by 
which oxygen functional groups contribute to the enhanced capacitive 
performance during cycling in alkaline media would be desirable. 
Furthermore, future research could focus on improving the electro
chemical performance of supercapacitors by incorporating pseudoca
pacitive metal oxides onto LCF and PLCF, which would act as a physical 
scaffold for composite materials. These areas present intriguing oppor
tunities for future exploration and study. 

Fig. 9. Nyquist plots of (a) LCF, and (b) PLCF-containing devices before and after 10,000 cycles.  
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