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Abstract. This research aims to produce N/S-doped Carbon Electrode derived from paper waste (NSCEp) for Electric Double-Layer Capacitor 
(EDLC). The paper waste holds potential as raw material for carbon production because of its high cellulose content, abundance of availability, and 
low price. To enhance the electrical performance of the carbon, an activation step was conducted, followed by double doping with nitrogen and sulfur 
using thiourea. The NSCEp result was analysed to examine its specific diffraction peaks, crystallinity, morphology, and elemental contents. The 
NSCEp powder was then mixed with dispersant to produce a homogeneous slurry for the electrode film. The EDLC was assembled in a sandwich-
like structure, with sodium hydroxide (NaOH) solution impregnated in a separator between the carbon film electrodes. The EDLC assembly was 
conducted under an argon atmosphere in a CR2032 coin cell. The results found that the NSCEp provides a high electrical conductivity of 1.21 x 102 
S/cm. The prepared EDLC achieved the specific capacitance value of 39.555 F/g as determined by cyclic voltammetry (CV) analysis. Furthermore, 
the EDLC demonstrates high initial charge-discharge capacities of 300.56 mAh/g and 248.88 mAh/g, respectively, at a current of 0.015 A/g. The 
capacity remains stable for up to 300 charge-discharge cycles. 
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1. Introduction 

The excessive global use of paper contributes to environmental 
unsustainability, leading to ecological disruptions, climate 
change due to deforestation, and the release of harmful toxic 
substances (Karakilic et al., 2023; Singh, Kumar, & Chandra, 
2022; Yousufi, 2023). The consumption of paper, along with the 
pulp and paper production process, has become the fourth 
largest energy consumer worldwide, causing a significant 
environmental impact (Man et al., 2023).  According to the Food 
and Agriculture Organization (FAO) (2023), global 
manufacturing of wood-based boards is estimated to be around 
396.3 million cubic meters per year (Konukcu & Engin, 2024). 
In the meantime, the Ministry of Environment and Forestry of 
Indonesia indicated that paper waste comprised 12% of the total 
67.8 million tons of waste produced in 2020 (Saputra, Rhohman, 
& Fauzi, 2022). Responding to this matter, the global community 
is committed to reducing the use of paper-based documents, 
although certain sectors like education, offices, and industries 
continue to rely on paper (Prasetyo, Damaraji, & 
Kusumawardani, 2020). For instance, the packaging industry 
(Keskin, Altay, Kurt, & Flemıng, 2020), households (Łątka et al., 
2022), and hotels produce a significant of tissue paper waste 
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(Hanafiah et al., 2019). It is predicted that global consumption of 
pulp and paper will double between 2010 and 2060, along with 
the volume of paper waste. This is because most paper products 
eventually end up in landfills, resulting in a staggering amount 
of paper waste.  

Paper offers the benefits of being bio-based, biodegradable, 
and recyclable (Oloyede & Lignou, 2021). It is well established 
that paper consists of cellulose (60-70%), hemicellulose (10–
20%), and lignin (~5%) (V. Kumar, Pathak, & Bhardwaj, 2020). 
Cellulose is a fundamental component of lignocellulosic 
materials, which are commonly used as precursors for carbon-
based materials, especially for activated carbon (Ahmad & 
Azam, 2019; Suhas et al., 2016). Carbon-based materials are 
widely accessible and hold great promise across numerous 
fields due to their outstanding spectroscopic, mechanical, 
thermal, and electrochemical characteristics (Soleymani et al., 
2021). Using a "green" carbon precursor presents an alternative 
method for synthesizing carbon material which offers a cost-
effective, durable, energy-efficient, and reducing pathogen 
presence (Saputri, Jan’ah, & Saraswati, 2020). Activated carbon 
(AC) is a carbonized material renowned for its large specific 
surface area, high porosity, favourable surface functionalization, 
good chemical stability, high electrical conductivity, and less 
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expensive (Y. Gao, Yue, Gao, & Li, 2020; Nille et al., 2021; 
Tumimomor, Maddu, & Pari, 2017). AC becomes the raw 
material for electrodes in various devices, including ion 
detectors (Guan et al., 2020; Heliani, Rahmawati, & Wijayanta, 
2024), adsorbents (Ahmed, Hameed, & Khan, 2023; Kamboj & 
Tiwari, 2024), secondary batteries (Yun Chen, Guo, Liu, Zhu, & 
Ma, 2021; Tonoya et al., 2023), and capacitors or 
supercapacitors (Lobato-Peralta et al., 2023; Manimekala, 
Sivasubramanian, Karthikeyan, & Dharmalingam, 2023). 
Various types of biomasses can be converted into sustainable 
AC, including pine nuts (Mestre, Viegas, Mesquita, Rosa, & 
Carvalho, 2022; Șen et al., 2024), bamboo (Cheng et al., 2023; 
Duan et al., 2023), lotus calyx (Dhakal et al., 2022), tea waste 
(Hossain, Islam, Rahaman, Khatun, & Matin, 2023; Mariah, 
Rovina, Vonnie, & Erna, 2023), sugarcane solid waste 
(Rahmawati et al., 2023), coffee waste (Aouay, Attia, Dammak, 
Ben Amar, & Deratani, 2024; Chiang, Chen, & Lin, 2020), 
tobacco waste (Chipembere, Biswick, & Vunain, 2024; 
Gonçalves Jr et al., 2023), and wood waste (Alahabadi et al., 
2020; Boulanger, Talyzin, Xiong, Hultberg, & Grimm, 2024). 

A supercapacitor is a device used for energy storage focused 
on achieving high capacity, high power density, good cycle life, 
fast charge-discharge performance, and controlled energy 
density (Olabi, Abbas, Al Makky, & Abdelkareem, 2022; Pameté 
et al., 2023; Rajpurohit, Punde, Rawool, & Srivastava, 2019; 
Rudra, Seo, Sarker, & Kim, 2024). The performance of a 
supercapacitor is influenced by factors, such as the selection of 
electrodes and the fabrication methods used (Khan, Ryu, & In, 
2024). Supercapacitors are divided into three types: electric 
double-layer capacitors, pseudo-capacitors, and hybrid 
capacitors, depending on the charging mechanism (Sharma & 
Chand, 2023). Electric Double-Layer Capacitors (EDLCs) 
become promising future electrical energy storage devices due 
to their use of porous carbon materials, which enhance energy 
density, extend lifespan, improve performance, and reduce 
production costs compared to pseudo-capacitors (Jia et al., 
2019; I. Yang et al., 2020).  The physical process of adsorption 
and desorption of cations and anions occurs reversibly at the 
electrode-electrolyte interface, resulting in charge storage in 
EDLCs. This is also related to an electrostatic process. It does 
not happen through the chemical charge transfer reaction or 
phase changes during the charging and discharging. The 
available surface area of the electrode material plays an 
important role in the capacitance of EDLC. Thus, carbon 
materials (carbon nanotubes, nanosheets, and biomass-derived 
heteroatom-doped carbons) are needed because of their 
excellent potential electrical conductivity, large surface area, 
and chemical stability (Lim et al., 2023; Samage, Halakarni, 
Yoon, & Sanna Kotrappanavar, 2024; Q. Wu et al., 2021; Zhai et 
al., 2022).  

Improving the energy density without compromising power 
density, is a challenge for supercapacitor research (Revathi, 
Palanisamy, Boopathiraja, & Sudha, 2024). To enhance 
electrochemical performance, increasing energy density 
remains a critical focus, while maintaining high electrical 
conductivity is essential. This can be achieved by integrating 
porous carbon materials with metal oxides (such as MnO2, 

Fe2O3, NiO, Co3O4, RuO2, and NiCo2O4), incorporating 
heteroatom doping (with elements like N, P, S, and O), and 
adding conductive polymers (Arumugam, Mayakrishnan, 
Subburayan Manickavasagam, Kim, & Vanaraj, 2023; K. Yang et 
al., 2023). Introducing heteroatoms through doping can modify 
the chemical inertness by disturbing the electron structure of sp2 
hybrid carbon (Ait El Fakir, Anfar, Enneiymy, Jada, & El Alem, 
2022). Doping carbon materials with heteroatoms (N, P, S, and 

O) is a potential approach to enhance the surface wettability of 
the carbon, improve electron conductivity, and increase specific 
capacitance, and rate capability (Gopalakrishnan & Badhulika, 
2020; Liu et al., 2024). Doping can be performed in two distinct 
method: external doping (requiring additional precursors as 
doping agents) and self-doping (employing a direct pyrolysis 
method) (Gopalakrishnan & Badhulika, 2021).  

Nitrogen and sulfur are the most extensively studied 
dopants for carbon-based materials among the various 
heteroatoms. Nitrogen atoms could boost carbon material’s 
electronic conductivity and cycling performance (S. Wu et al., 
2021). The conjugation between the π-system of the carbon 
lattice and nitrogen lone pairs can greatly influence the 
physicochemical properties of activated carbon. Graphitic 
nitrogen enhances electron transfer in the carbon lattice, while 
pyridinic and pyrrolic nitrogen improve faradaic reaction sites 
due to nitrogen's higher electronegativity (M. Chen, Le, Zhou, 
Kang, & Yang, 2020; Uppugalla, Pothu, Boddula, Desai, & Al-
Qahtani, 2023). Sulfur, despite having similar electronegativity 
to carbon, could improve electronic properties, polarize 
electron pairs, create charge sites, and enhance surface affinity 
to electrolytes and electrochemical performance due to its 
larger size (M. Chen et al., 2020). Sulfur shows greater 
electrochemical activity than nitrogen by disrupting the carbon 
framework's electron density (Domínguez-Ramos et al., 2022; S. 
Wu et al., 2021). Instead of using a singular atom, the 
combination of two heteroatoms (dual doping of N and S) will 
give a synergistic effect to improve the electrochemical 
performance by expanding the pore size and the defects (F. Gao 
et al., 2024; Wang, Huang, Sun, Yang, & Sillanpää, 2021). 
Thiourea as a cheap and safe chemical becomes a potential 
candidate with very high nitrogen (36.8 wt%) and sulfur 
contents (42.1 wt%) which can be used for nitrogen and sulfur 
doping in activated carbon (Cui et al., 2022). The previous 
research has been developed to produce N/S-doped porous 
carbon sheets derived from newspaper waste (Yuwei Chen et 
al., 2019), N/S-doped carbon electrode from a carbonized 
bagasse using thiourea (Rahmawati, Amalia, Ridassepri, 
Nakamura, & Lee, 2024), and N/S-doped activated carbon 
derived from palm waste with thiourea for supercapacitor 
(Rustamaji et al., 2024).  

In this study, nitrogen and sulfur (N/S) atoms were doped 
into activated carbon derived from paper waste. The activation 
was performed using a chemical method with sodium 
hydroxide, followed by N/S doping through a reaction with 
thiourea in ethanol. The resulting material, referred to as N/S-
doped Carbon Electrode from Paper (NSCEp), was used as an 
electrode in a CR2032 coin cell capacitor. The synthesized 
material was characterized to evaluate its structural, 
morphological, and electrochemical properties. 

2. Experimental Methods 

2.1. Materials 

The material utilized in this research were scrap paper waste 
from food box papers (procured from a second-hand goods 
dealer in the Jebres District, Surakarta, Central Java, Indonesia), 
ethanol (70%, General Labora), hydrochloric acid (HCl, Merck, 
37%), sodium hydroxide (NaOH, Merck), thiourea (99.0%, 
Tianjin Damao Chemical Reagent Factory), N-methyl-2-
pyrrolidone (NMP, KGC Saintifik, West Jakarta), Acetylene 
Black (KGC Saintifik, West Jakarta), polyvinylidene fluoride 
(PVDF, KGC Saintifik, West Jakarta), Al foil (KGC Saintifik, 
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West Jakarta), Cu foil (KGC Saintifik, West Jakarta), Whatman 
filter paper grade 42, nitrogen (N2 gas, Industrial Grade, 
Samator, Indonesia), argon (Ar gas, Ultra High Purity (UHP), 
99.99%, Samator, Indonesia), silver paste (SPI Supplies), and 
distilled water. Some tools that were used in this research were 
the casting machine (TMAXCN), vacuum oven (DZF-6010), and 
Argon glove box (KF-40 VGB-1). 

2.2. Preparation of Activated Carbon (AC) from Paper Waste 

Paper waste as the raw material for carbon powder preparation, 
was washed and soaked in distilled water for 24 hours. After 
being filtered from water, the residue was dried at 110°C for 24 
hours to produce dried paper waste. The dried paper waste was 
then subsequently carbonized at 800°C for 2 hours in a nitrogen 
(N2) gas flow. The carbonized material was then activated using 
a sodium hydroxide (NaOH solution), with a ratio of 1:5 (mass 
to volume) for the carbonized material and the NaOH solution, 
respectively.  

2.2 Preparation of N/S-doped Carbon Electrode (NSCEp) 

Nitrogen and sulfur (N/S) were doped into the activated carbon 
by mixing it with a thiourea (99.0%, Tianjin Damao Chemical 
Reagent Factory) solution in ethanol (70%, General Labora), 
using a mass ratio of 2:1 for the activated carbon and thiourea. 
The mixture was stirred for two hours and then heated in an 
oven at 80°C for 6 hours to produce a dried sediment. This 
sediment was then heated at 850°C for 2 hours under a nitrogen 
gas flow (N2, Industrial Grade, Samator, Indonesia), resulting 
the NSCEp.  

The paper waste, carbonized paper, activated carbon and 
NSCEp were analyzed using Fourier-Transform Infrared (FTIR, 
Shimadzu Prestige-21, Japan) to identify the functional groups 
present. The X-ray diffraction analysis (XRD, Rigaku Miniflex 
600, Japan) was performed to understand the diffraction 
patterns compared with standard phase diffraction. The 
Scanning Electron Microscope (SEM, JEOL JSM 6510 LA, 
Japan) and Transmission Electron Microscope (TEM, JEOL 
JEM-1400, Japan) were employed to study the surface and 
microstructure morphology of material. The Energy Dispersive 
X-ray Spectrocopy (EDX, JEOL JSM 6510 LA, Japan) assessed 
the elemental composition of the sample. The surface area, pore 
volume, and pore size distribution were analyzed by the Surface 
Area Analyzer (SAA, Quantachrome Instruments TouchWin 
V1.2,  Type NOVA Touch 4LX, USA), through adsorption-
desorption of N2 gas at 77K and relative pressure by using  
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda 
(BJH) methods.  

2.2 Fabrication of Carbon Electrode Film and Capacitor Assembly 

A slurry of NSCEp, acetylene black, and polyvinylidene fluoride 
were prepared in a 7:2:1 ratio, respectively. The mixture was 

ground with an agate pestle for 30 minutes to create mixture A. 
N-methyl-2-pyrrolidone (NMP) dispersant was then added to 
mixture A at a ratio of 5 mL per 1 gram, resulting in mixture B, 
which was stirred at room temperature. Mixture B was 
continuously stirred for 2 hours to achieve a homogeneous 
carbon ink, which was then applied onto Cu and Al foils using a 
casting machine with a thickness of 45 mm.  The carbon sheets 
were then dried in a vacuum oven at 80°C for 12 hours to create 
carbon electrodes, making them ready for capacitor assembly.  

The capacitor assembly took place inside an argon glove 
box, following the setup shown in Fig. 1. The capacitor was 
assembled in a CR2032 coin cell, with a separator placed 
between the Carbon/Cu and Carbon/Al electrodes. The 
separator used was Whatman paper soaked in a 6 M NaOH 
solution. 

2.2 Electrochemical Test  

Impedance analysis was performed on the prepared carbon 
sheet within the frequency range of 20 Hz to 100 kHz (using an 
EUCOL LCR meter 20 Hz – 5 MHz) to evaluate its electrical 
conductivity. The impedance data was fitted using ZView 
software, and the conductivity was calculated using equation (1), 
where σ represents the specific conductivity (S·cm⁻¹), l denotes 
the distance between the two electrode spots (cm), and A is the 
area of the active electrode or the silver paste (cm²). 

 =
1

𝑅

𝑙

𝐴
                                                                   (1) 

Cyclic Voltammetry (Electrochemical Workstation CS150, 
Wuhan Corrtest Instruments, China) analysis to the capacitor 
was done to understand electrode performance under potential 
range of -2 to 0.8 V vs Na+/Na under scan rate of 50 mV/s. 
Galvanostatic Charge-Discharge (NEWARE 5V1A, Neware 
Technology Ltd., China) analyze the reversible specific capacity 
(mAh/g), and cycle ability under current drawn of 0.015 A/g, 
0.15 A/g, 1.5 A/g, and potential range of 0.0 – 1.0 V. 

 

3. Result and Discussion 

3.1. Characterization of Carbonized Material 

Paper waste had been successfully processed into carbonized 
material and activated by reacting with sodium hydroxide 
solution, then doped with nitrogen and sulfur to produce NSCEp 
as electrode material for EDLC application. Fig. 2 shows the 
schematic representation of NSCEp production. The 
carbonization process at 800°C provides the degradation 
structure of cellulose, hemicellulose, lignin, and other 
compounds as the paper component into carbon’s 
graphitization, releasing the unreacted volatile components 
carried out by nitrogen flows (Rahmawati et al., 2021). The 
chemical activation aims to obtain porous carbon along with the 
main goal of achieving material with a high surface area (Yuan 
et al., 2020). The N/S-doped Carbon Electrode from Paper 
(NSCEp) chemical structure in Fig. 2 is depicted based on the 
previous research (Rahmawati et al., 2024). This research found 
that the carbonization and activation yield of activated carbon 
obtained up to 24.13% from the initial paper’s weight. 
Meanwhile, the weight reduction from carbonized char to 
activated carbon was only 2.6% or resulting 97.4% rendement. 
It indicates that the weight reduction mostly occurred during 
carbonization because of cellulose, lignin, and some unstable 
compound degradation. 

Fourier-transform infrared spectroscopy (FTIR) was applied 
to analyze the functional group that arranged the prepared 
paper waste, carbonized paper, activated carbon (AC), and 

 
Fig. 1 Setup of capacitor (EDLC) assembling in a CR2032 coin 

cell 
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NSCEp (Fig. 3). Paper waste exhibited some transmission peaks 
at 701 cm-1 refers to C-OH bending, C-H rocking at 878 cm-1 
(Md Salim, Asik, & Sarjadi, 2021), C-O-C stretching at 1066 cm-

1, -CH2 bending at 1427 cm-1 (Manandhar, Shrestha, Sciortino, 
Ariga, & Shrestha, 2022), C-H stretching at 2898 cm-1 (Hegde & 
Bhat, 2024), and O-H stretching at 3374 cm-1 (Singla et al., 2024). 
Those peaks represent the functional group of cellulose, 
hemicellulose, lignin, and some compound structures. The 
breaking down of the cellulose compound into carbon is 
confirmed by the appearance of the C=C aromatic peak at 1619 
cm-1 (L. Chen et al., 2024), the shift of the O-H stretching peak 
to 3445 cm-1, and the lower peak intensity of C-H stretching. 
The peak of C=C aromatic indicated the success of 
carbonization due to the heating process up to 800°C. The 
decreasing intensity of C-H stretching and the shift in O-H 
stretching suggest that C-H bonds contribute to graphitization, 
leading to the formation of a C=C aromatic structure. This 
reduction in C-H peaks further indicates the loss of hydrogen 
atoms as the material transitions to a more graphitic framework 
(Qin et al., 2022). Compared to carbonized paper, activated 
carbon exhibits a higher peak intensity of O-H stretching, 
indicating the successful activation through the insertion of 
more O-H into the C=C structure. Furthermore, nitrogen (N) 
and sulfur (S) doping into the activated carbon to produce 
NSCEp, is revealed by the appearance of the C-S peak at 937 
cm-1 (J. Chen et al., 2025) and C-N peak at 998 cm-1(Luo et al., 
2018). As seen from the FTIR investigation, the derived 
activated carbon displayed the incorporation of nitrogen and 
sulfur atoms, which played a role in the creation of bonds within 
its structural framework (Rustamaji et al., 2024).  

The X-Ray Diffraction (XRD) analysis was conducted to 
confirm the crystal structure and chemical properties of the 

activated carbon (AC) and the NSCEp produced. Paper waste is 
known to contain not only cellulose, hemicellulose, and lignin, 
but also several potential mineral compounds like calcium 
carbonate (CaCO3), silicon dioxide (SiO2), magnesium oxide 
(MgO), and aluminium oxide (Al2O3), as the following result 
from the elemental composition. Calcium carbonate, or calcite, 
is typically the dominant component due to its use as a filler in 
papermaking (Palanichamy, Venkatachalam, & Gupta, 2023). As 
shown in Fig. 4, the XRD spectra of activated carbon and NSCEp 
display a sharp peak that indicates a crystalline structure. The 
broad peaks at 2θ angles of 25° and 44° are attributed to 
amorphous carbon phases based on JCPDS #41-1487 
(Rahmawati et al., 2024), while another crystalline peak likely 
corresponds to the calcite (CaCO3) structure based on JCPDS 
#05-0586 (Ma et al., 2013). After nitrogen and sulfur doping, the 
calcite transforms into a calcium oxide (CaO) phase based on 
JCPDS #37-1497 (Scialla et al., 2020), due to the heating 
process. 

The Raman spectra (Fig. 5) of activated carbon and NSCEp 
show two main peaks at ~1340 cm-1 and ~1590 cm-1 as a 
characteristic result of carbon material for the disorder (D band) 
and graphite (G band). The D band usually appears at 1250-1450 
cm⁻¹, indicating the presence of C-C sp³ bonds. This band is 
related to structural defects or disorders in activated carbon due 
to the incorporation of active groups along the graphite carbon 
structure. The D band peak results from A1g symmetry 
vibrations, reflecting structural irregularities. On the other hand, 
the G band is typically observed in the Raman shift range of 
1575-1590 cm⁻¹, representing a tangential mode associated with 
the stretching of C=C sp² bonds in a hexagonal graphite lattice. 
The G band peak is attributed to the asymmetric planar 
stretching vibrations of C=C bonds with E2g symmetry (Gakis, 
Termine, Trompeta, Aviziotis, & Charitidis, 2022; Gergeroglu & 
Ebeoglugil, 2022). The successful indication of doping N/S is by 
measuring the ratio intensity of the D and G bands. The 
intensity ratio of the D and G bands (ID/IG) reflects the level of 
carbon defects, with a higher ratio indicating a greater degree 
of structural defects. The N/S doping raised the ID/IG ratio from 
0.884 before doping to 1.039, signifying an increase in defects 
after the doping process (Rahmawati et al., 2024). 

The optical images in Fig. 6 (a, d, and g) show carbon, 
activated carbon, and NSCEp sample results. The carbonized 
material displays a rough powder structure, while the activated 
carbon and NSCEp exhibit a more refined particle powder form. 
The Scanning Electron Microscope (SEM) images show the 
morphological structure of the materials: Fig. 6 (b and c) for 
carbon, Fig. 6 (e and f) for activated carbon, and Fig. 6 (h and i) 
for NSCEp. The carbonized material obtained from waste 
exhibits features, such as channels, pores, cavities, and cracks 
on its outer surface (Çiftçi, Çalışkan, İçtüzer, & Arslanoğlu, 

 
Fig. 2 Schematic representation of N/S-doped Carbon Electrode 

from Paper (NSCEp) production 

 

 
Fig. 3 FTIR analysis of paper waste, carbonized paper, activated 

carbon (AC), and N,S-doped Carbon Electrode from Paper 
(NSCEp) 

 

 
Fig. 4 XRD analysis of AC and NSCEp 
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2024). It can be seen from Fig. 6 (b) that the carbonized paper 
forms irregularly rough flakes with non-homogenous pores as 
seen in Fig. 6 (c) (Rahmawati et al., 2023). The activation of 
carbon facilitates the interaction between carbonized material 
and other compounds, rearranges the structure, and increases 
the pore’s shape and distribution of carbon (Singla et al., 2024). 
It impacts the corroding of the carbon skeleton, which helps 
develop pores as functional for buffering the electrolyte, aids in 
ion diffusion, and enables quick ion transport to the inner 
surface (Hegde & Bhat, 2024). Fig. 6 (e-f) for activated carbon 
shows the better formation of pores, indicating the activation 
process's accomplishment. The activation process of carbon is 
accomplished by the appearance of better pores in Fig.  6 (e-f), 
which is expected to improve its surface area and adsorption 
capacity. Fig. 6 (h-i) represents the 3D honeycomb-shaped 
porous structure of NSCEp with 3.5 m pore’s diameter (S. 
Kumar et al., 2023). The microporous contributes to good 
electrolyte access to electrodes that will increase the capacitor 
performance. 

The Energy-Dispersive X-ray (EDX) mapping is displayed in 
Fig. 7 with the atomic percent of elemental composition. The 
carbonized paper shows the result that mainly composed of C 
(26.78%), O (53.66%), Ca (13.64%), Si (1.20%), Mg (0.48%), and 
N (2.75%). It is correlated with the XRD result that paper waste 
waste consists of another potential mineral compound. The 
activation process increases the carbon (C) composition up to 

54.47%, and decreases the mineral compound. It can be 
concluded that the activation process removes the impurities 
component and changes the interconnection of carbon with the 
active sites. The N/S doping to activated carbon is proven by 
the exhibition of sulfur (S) composition (5.36%) and nitrogen (N) 
composition (2.78%). The decreasing of carbon composition 
implies the etching of sulfur and nitrogen atoms into the 
hexagonal graphene structure, breaking the C=C chain with the 
insertion of S and N (the formation of C-S and C-N bonding as 
described in FTIR explanation).  

The Transmission Electron Microscope (TEM) of activated 
carbon and NSCEp is visualized in Fig. 8 (a-f) for activated 
carbon and Fig. 8 (g-l) for NSCEp. Activated carbon can be 
formed in micro-, meso-, and macro-porous characteristics 
(Ghafourian, Zare, Sharif, & Zamani, 2019). The micropores-
macropores structure is useful for electrons and ions exchange 
under high-rate discharge. The micropores are not expected to 
quickly transport electrolyte ions because of their high 
resistance. However, the mesoporous structure offers pathways 
for ions to access the micropores, which supports the energy 
storage of supercapacitors (Chai et al., 2022). Activated carbon 
is dominantly distributed by mesoporous structures with the 
pore size under 50 nm. Meanwhile, the NSCEp shows various 
microporous, mesoporous, and microporous structures. It 
shows the crystalline structure which is possibly coming from 
a graphene-sheet-like structure layer. The hexagonal molecular 
form of the NSCEp was achieved through a heating process up 
to 850°C during the doping step to form a graphite structure. 
The pores generally take the form of spherical particles. 

The Surface Area Analysis (SAA) shows the material's 
adsorption and desorption isotherm behaviour, characterized 
by a hysteresis loop at a relative pressure above 0.1 P/Po, 
confirming the occurrence of physical adsorption. Adsorption is 
the process where ions, molecules, or atoms attach to a surface, 
while desorption refers to the removal of the previously 
adsorbed substance. The isotherm curve of carbon, activated 
carbon, and NSCEp is shown in Fig. 9 (a). Carbonized paper, 
activated carbon, and NSCEp samples all exhibit an S-shaped 
curve, classified as type IV, which is characteristic of water 
adsorption on hydrophobic microporous-mesoporous 
adsorbents (Ridassepri et al., 2020). A steeper adsorption 

 
Fig. 5 Raman analysis of AC and NSCEp 

 

 
Fig. 6 The optical image of (a) carbonized paper, (b, c) SEM 
images of carbonized paper, (d) optical image of AC, (e, f) SEM 
images of AC, (g) optical image of NSCEp, and (h, i) SEM images 
of NSCEp 

 

 
Fig. 7 EDX-mapping and elemental composition of (a) carbonized 

paper, (b) activated carbon (AC), and (c) NSCEp 
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isotherm slope signifies a stronger interaction between nitrogen 
and the material's surface. Among the samples, activated carbon 
shows the steepest slope compared to carbon and NSCEp. The 
specific surface area and pore volume of carbonized material 
activated carbon, and NSCEp is shown in Table 1. The 
Brunauer-Emmett-Teller (BET) analysis reveals that the specific 
surface areas of carbonized paper, activated carbon, and NSCEp 
are 76.528 m²/g, 103.932 m²/g, and 81.669 m²/g, respectively. 
The pore diameters for carbonized paper, activated carbon, and 
NSCE are 3.6592 nm, 3.6644 nm, and 3.8192 nm, respectively. 
It is also supported by the pore size distribution curves (based 
on Barrett-Joyner-Halenda (BJH) data) of carbonized paper, 
AC, and NSCEp as shown in Fig. 9 (b).  The carbonized paper, 
AC, and NSCEp have a pore size diameter of approximately 3-
30 nm, which is classified as mesopore (ranging from 2 to 50 
nm) (Rahmawati et al., 2023). The increase in the specific surface 
area of activated carbon confirms the activation process, which 
leads to a larger surface area and pore volume. This is due to 
the removal of impurities and the addition of active sites. 

To understand the effect of N/S doping on the prepared 
carbon, an impedance measurement was conducted at 20 Hz – 
110 kHz. The results are presented in Fig. 10 and Table 2. It was 
observed that activated carbon doped with nitrogen and 
Sulphur (NSCEp) exhibited lower resistance than undoped 
activated carbon. The conductivity of activated carbon (AC) was 

 
Fig. 8 TEM images of (a-f) activated carbon, and (g-l) NSCEp 

 

 
Table 1 
Specific Surface Area and Pore Volume of Carbonized Paper, Activated Carbon, and NSCEp 

Materials BET Surface Area (m2/g) Total Pore Volume (cc/g) Average Pore Diameter 
(nm) 

Carbonized Paper 76.528 0.039 3.6592 

Activated Carbon (AC) 103.932 0.093 3.6644 

N/S-doped Carbon Electrode from 
Paper (NSCEp) 

81.669 0.071 3.8192 

 

 

 
Fig 9. (a) Adsorption-desorption isotherm and (b) pore size 

distribution curves of carbonized paper, activated carbon (AC), and 
NSCEp 
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found to be 71.880 S/cm and 77.241 S/cm at frequencies of 20 
Hz and 100 kHz, respectively, with corresponding resistances of 
6.379 Ω and 5.937 Ω. Meanwhile, the NSCEp sample showed 
conductivity values of 121.366 S/cm and 121.520 S/cm, with 
resistances of 3.778 Ω and 3.773 Ω at the same frequencies. 
Even though at a high frequency of 100 kHz, AC shows a drop 
resistance of around 300 Ω, due to the high pulse frequency able 
to oscillate the available ions within the AC network to migrate, 
providing ionic conductivity. However, the resistance is still 
much higher than NSCEp resistance at 100 kHz. These findings 
align with previous studies, showing that N/S-doped carbon has 
higher conductivity than undoped carbon (Amalia, 2023). 
Consequently, the NSCEp material demonstrates more 
excellent suitability as an electrode for the electric double-layer 
capacitor in this study. 

3.2. Electrochemical Performance of NSCEp for EDLC Applications 

The electrochemical characteristics of NSCEp were 
analyzed using fully fabricated EDLC cells. Cyclic voltammetry 
(CV) was employed to investigate the charge storage and 
transfer behaviors while measuring capacitance at different scan 
rates of 20, 30, 40, and 50 mV/s. The CV curves presented in 
Fig. 11 display an asymmetric shape, with a quasi-rectangular 
form in the lower section and a leaf-like shape in the upper 
region. The quasi-rectangular shape indicates the EDLC 
behaviour of the porous carbon materials, while the leaf-like 
shape may be attributed to the resistive effect caused by uneven 
pore distribution (Asnawi et al., 2020; Yuan et al., 2020).  

The absence of peaks further explained that the system did 
not undergo any redox (reduction-oxidation) reaction. This lack 
of redox plateaus confirms the absence of pseudocapacitive 
occurrence and highlights the system’s excellent performance 

(Rustamaji, Prakoso, Devianto, Widiatmoko, & Kurnia, 2023; 
Wan et al., 2019). The energy storage mechanism in electric 
double-layer capacitors is electrostatic (non-faradaic), which 
means there is no charge transfer between the electrolyte and 
the electrode. Instead, electrolyte ions penetrate the pores of 
the electrode and adsorb onto its surface. When voltage is 
applied, the ions at the electrode-electrolyte interface become 
polarized, and once the voltage is removed, the electrolyte ions 
gradually migrate away from the interface (Jäckel et al., 2016; N. 
Kumar, Kim, Lee, & Park, 2022).  

The shape of the CV curves showed no significant 
deformation in the electrochemical double-layer capacitor 
(EDLC) across various scan rates of 20, 30, and 40 mV/s, 
maintaining a spindle-like shape. Even at a high scan rate of 50 
mV/s, the curve remained symmetrical, although its overall 
form transitioned to a leaf-like shape. This change in shape is 
attributed to the inherent porosity of the carbon electrodes and 
the internal resistance encountered during the measurement 
(Bandaranayake, Weerasinghe, Vidanapathirana, & Perera, 
2016). The stability of the spindle shape at lower scan rates 
indicates good performance (Li, Wang, Wei, Fan, & Yan, 2016), 
while the leaf-like shape at higher scan rates suggests that the 
increased resistance and ion movement dynamics influence the 
electrochemical behaviour of the EDLC.  

The specific capacitance values at various scan rates for 
NSCE are shown in Table 3, with the highest capacitance value 
of 35.959 F/g achieved at a scan rate of 20 mV/s. This high 
capacitive performance can be attributed to the effective 
diffusion and charge transfer within the material's porous 
structure. At lower scan rates, the material exhibited near-ideal 
capacitive behavior. However, as the scan rate increased, the 
capacitance gradually decreased, suggesting that faster scan 

 
Fig. 10 The frequency and resistance curve of activated carbon 

(AC) and NSCEp 

 
 
Table 2 
The Resistance and Conductivity Data in Various Frequency of AC 
and NSCEp 

Material Frequency Resistance 
(Ω) 

Conductivity 
(S/cm) 

AC 20 Hz 6.379 71.880 

2000 Hz 6.373 71.959 

100 kHz 5.937 77.241 

NSCEp 20 Hz 3.778 121.366 

2000 Hz 3.775 121.455 

100 kHz 3.773 121.520 

 

 
Fig. 11 Cyclic Voltammogram (CV) curves of the EDLC using 

NSCEp electrode at various scan rate of 20, 30, 40 and 50 mV/s 
within -2 V to 1 V  

 
 
Table 3 
Capacitance Data of EDLC using NSCEp at various scan rate of 20, 
30, 40 and 50 mV/s 

Scan Rate (mV/s) Capacitance (F/g) 

20 39.555 

30 23.234 

40 19.778 

50 14.924 
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rates hindered ion transport and adsorption within the material. 
This behavior is commonly observed in activated carbon 
materials, where higher scan rates limit the accessibility of ions 
to the internal pore structure due to insufficient time for ion 
diffusion and adsorption, thereby leading to a reduction in 
overall capacitance (Rustamaji et al., 2023; Si et al., 2013). The 
low specific capacitance (Cs) value at higher scan rates can be 
attributed to high energy loss at these rates, which results in a 
reduction of the number of stored charges, thereby exhibiting a 
lower Cs value (Muchakayala et al., 2018). 

Further characterization of the fabricated EDLC was 
performed using the Galvanostatic Charge-Discharge (GCD) 
profile, as shown in Figure 12, with a NEWARE battery cycler. 
The EDLC was tested at various current densities of 0.015, 0.15, 
and 1.5 A/g. The current variation was conducted sequentially, 
starting from 0.015 A/g, increasing to 0.15 A/g, and then to 1.5 
A/g, before returning to 0.015 A/g. Each current level was 
tested for 20 cycles using the same EDLC cell. The results 
showed that the EDLC exhibited a specific capacity of 252.833 
mAh/g at 0.015 A/g, 75.336 mAh/g at 0.15 A/g, and 5.183 
mAh/g at 1.5 A/g. Notably, when the current returned to 0.015 
A/g after 60 cycles, the specific capacity increased to 284.885 
mAh/g. This indicates the electrochemical stability of the 
EDLC, demonstrating its ability to recover capacity even after 
exposure to higher current draws. The specific capacity 
returned to approximately 260 mAh/g when the current was 
adjusted back to 0.015 A/g, confirming the system’s stability. 
This recovery is consistent with the behaviour observed in other 

studies on high-current-draw capacitors. Among the current 
densities tested, 0.015 A/g resulted in the highest specific 
capacity, around 280 mAh/g, which was then used for further 
cycle ability testing. 

The cycleability test was conducted over 300 cycles, as 
depicted in Fig. 13. It shows that the EDLC exhibits an initial 
high specific charge capacity of 774.505 mAh/g and a discharge 
capacity of 139.713 mAh/g. After stabilizing at around 68 
mAh/g for 200 cycles, the specific capacity gradually 
decreased, reaching 43.105 mAh/g after 300 cycles. The EDLC 
also demonstrated good coulombic efficiency, around 76.641%, 
throughout the charge-discharge cycles, indicating that the 
system maintained relatively high efficiency and performance 
across extended cycling. These findings suggest that the EDLC 
fabricated with the NSCEp electrode exhibits good 
performance, chemical stability, and durability over long-term 
cycling. Despite the decline in capacity over time, the EDLC 
remains efficient and reliable, particularly in low-current 
applications.  

6. Conclusion 

The successful synthesis of N/S-doped Carbon Electrode from 
Paper Waste (NSCEp) is demonstrated through its structural, 
compositional, and electrochemical properties. The presence of 
C-N and C-S bonds confirms successful doping, while a 
mesoporous structure with a BET surface area of 81.67 m²/g 
and pore diameters ranging from 3–30 nm enhances ion 
transport. NSCEp exhibits high electrical conductivity, reaching 
121.52 S/cm at 100 kHz, which is superior to undoped activated 
carbon. As an EDLC electrode, NSCEp delivers an initial specific 
discharge capacity of 300.56 mAh/g at 0.015 A/g, though 
capacity stabilizes at 68 mAh/g after 200 cycles. The coulombic 
efficiency of ~76.64% suggests room for improvement in energy 
retention. These findings indicate that NSCEp is a promising 
candidate for sustainable energy storage applications, with the 
potential for further optimization to enhance cycle stability and 
high-power performance. 
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