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Abstract
 

___________________________________________________________________ 
This study investigates the effects of Na₂SO₄ electrolyte concentration and Nafion membrane 
separators on the self-discharge behavior, discharge dynamics, capacitance, and voltage stability of 
supercapacitors, aiming to identify optimal conditions for enhanced charge retention and long-term 
energy storage. Supercapacitors were fabricated with Nafion separators and charged at different 
voltages (1.0, 1.2, and 1.4 V) for varying durations (1, 1.5, and 2 minutes). Self-discharge was 
monitored, capacitance was calculated using the capacitor discharge equation, and discharge tests 
were conducted through a 500-ohm resistor to simulate realistic operating conditions. The results 
demonstrate that supercapacitors with Nafion separators and 0.5 M Na₂SO₄ electrolyte exhibit 
significantly lower self-discharge rates and more stable voltage profiles compared with those using 
napkin paper separators. Additionally, higher charging voltages and longer charging times improve 
charge retention. These findings indicate that the combination of Nafion membranes and optimized 
electrolyte concentration effectively enhances supercapacitor performance, providing a practical 
strategy for reliable and efficient energy storage applications. 
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INTRODUCTION  

Supercapacitors (electric double-layer capacitors; EDLCs) have received significant interest 
as energy storage devices with high power density, fast charge–discharge ability, long life cycle and 
large environmental stability in addition to their relatively low maintenance when compared to 
batteries (Schneuwly & Gallay, 2000; Iro et al., 2016; Shrestha et al., 2017). However, although having 
these merits, the general use of such devices are hampered by a number of crucial issues especially 
because of self-discharge phenomena, dependence on electrolyte for charge retention and semi-
permeability-related restraints over ion transport (Volfkovich et al., 2023; Shang et al., 2023). When 
open-circuit is considered, self-discharge induces fast loss of energy, thus the effective energy density 
decreases a lot and the practical application is restricted significantly, which will hinder the application 
in wearable devices and long-term emerging storage systems. 

Among these electrode materials, activated carbon (AC) is still the mostly utilized one for 
EDLCs owning to its large specific surface area, adjustable pore structure and chemical stability 
(Yang, 1998; Manocha, 2003). However, the electrochemical capacitance of AC-based 
supercapacitors is primarily attributed to the effective utilization of pore surfaces where it was 
controlled by the interaction between electrolyte ions and electrode pores (Supiyeva et al., 2023). A 
disparity between pore size and solvated ion dimensions can lead to the electrochemical inactivity of 
large portion of surface area, which leads to low capacitance and poor rate performance. Moreover, 
the electrode–separator interfacial interactions are pivotal in governing ion-transport resistance, 
charge redistribution and long-term stability. 

Consequently, the separator materials are essential in the design of supercapacitors. Paper-
based separators are popular due to their low cost and simple fabrication even though they usually 
show poor mechanical stability, electrolyte leakage, uncontrolled ion transport and can lead to self-
discharge. Proton-conducting polymer, Nafion membranes on the other hand possess good ionic 
conductivity, superior chemical and mechanical stability along with enhanced electrochemical 
durability (Pazhamalai et al., 2022). Nafion has been used as a polymer electrolyte and separator for 
flexible SCs and solid state SC devices [100-102], Li-ion batteries (LIB) (Pandey et al., 2011), RFB 
shows remarkable improvements in CE, VE capacity retentionKarimi et al., 2023; Mehboob et al., 
2023). However, due to Nafion’s compact polymer structure, its reduced uptake potential for 
electrolyte within the porous carbon electrodes might cause greater interfacial inductive loss and lower 
surface area directly available for OER reaction (Pazhamalai et al., 2022). This trade-off points to the 
importance of systematic assessments of Nafion membranes vs. typical separators under different 
electrolyte conditions. 

Electrolyte concentration, the other inevitable parameter determining super-capacitor 
performance is a determinant for energy density, power density and charge retention (Fu et al., 2023; 
Zallouz et al., 2024). The high concentration of electrolytes leads to an increase in charge carrying ion 
availability results higher capacitance, while excessive amount causes the increase in internal 
resistance also restrict the movement of ions (Mendhe & Panda, 2023). It has been shown for 
potassium acetate and other aqueous electrolytes that an optimal salt concentration is reached where 
ion adsorption as well as the resistance are balanced leading to a maximal capacitance and rate 
capability (Azmi et al., 2023). In addition, the electrodeposition behavior, ion desorption and long-
term cycling stability are also greatly influenced by the electrolyte composition (Min et al., 2023; Jiang 
et al., 2024). Although several methods, including polymer electrolytes (Wang et al., 2023), bilayer 
heterogeneous systems (Liu et al., 2024) and electrolyte engineering have been developed to mitigate 
against self-discharge, the combined effect of the concentration of electrolyte and type of separator on 
discharge characteristics and charge retention are not sufficiently known, especially for AC-based 
supercapacitors. 

From the fabrication point of view, a stable and uniform dispersion of activated carbon is 
important to guarantee reproducibility of electrode performance. Homogeneous distributions are 
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important in coatings, inks ceramics, and nanocomposites but dispersing carbonaceous materials at 
the nanoscale is difficult (Nguyen & Vincent, 2013; Minami et al., 2010; Alafogianni et al., 2016). The 
addition of surfactants such as cetyl trimethylammonium bromide (CTAB) enhances wettability and 
dispersion stability of particle (Shah et al., 2011a), while physical methods including sonication and 
electrophoretic deposition (EPD) facilitate well-controlled film formation process (Taurozzi et al., 
2011a; Nikolaev, 2017). EPD, in particular, has been successfully applied to prepare AC electrodes 
with controlled mass loading and uniformity (Shrestha et al., 2017), and it can be improved by 
auxiliary agents as Nafion (Zhang et al., 2022). 

 
Research Gap 

Although authors have reported significant investigations on activated carbon-based 
supercapacitors, electrolyte optimization and separators materials separately 28 ] the combined and 
systematic effect of electrolyte concentration and Nafion membrane as separator on discharging 
dynamics for the supercapacitor behavior; followed by charge retention have not been well studied. 
Especially, the majority of the previous studies mainly focus on capacitance improvement and cycling 
stability, whereas self-discharge characteristics as well as voltage decay at various charging voltages 
and different charging durations have not been systematically quantified. In addition, there are few 
cases in which Nafion membranes and commercial paper type separators are compared 
experimentally under the same electrolyte concentrations and conditions. Hence, the best balance of 
electrolyte–separator system for achieving self-discharge and voltage stability in supercapacitors has 
been a controversial issue. 

 
Novelty and Contribution of the Present Study 

The novelty of the current study is a systematic experimental investigation on coupled 
influence of electrolyte concentration and Nafion membrane separators on discharge dynamics and 
charge retention in supercapacitors. In contrast to previous works, this study directly compares the 
Nafion membrane with regular napkin paper separators employing a 0.5 M and 1 M Na₂SO₄ 
electrolyte solution at two concentrations by controlling the charging voltage range (1.0–1.4 V) and 
charging time period. The study is the first to clearly show that a decreased electrolyte concentration 
(0·5 M Na₂SO₄) by use of a Nafion separator effectively suppresses self-discharge and improves 
voltage stability, resulting in increased charge retention. In addition, quantitative analysis of the effect 
of charging voltage and charging time on self-discharge performance is conducted, offering practical 
guidance for operating condition optimization. These results provide a new approach to develop 
supercapacitors with high long-term energy retention and good operation stability by using Nafion 
membranes at an optimal electrolyte concentration. 

MATERIALS AND METHOD 

Experimental setup for Ultra-Sonication 
In the experiment, the first step involved preparing electrodes to supply DC voltage to the 

solution during sonication. Aluminum plates measuring 5.5 cm by 1.3 cm were used as parallel 
electrodes, separated by a 1 cm distance, and fitted into a rubber cork (as shown in Figure 3.1). A 
solution of AC (Activated Carbon) and CTAB (Cetyl Trimethyl Ammonium Bromide) was then 
prepared in 10 ml of distilled water at a concentration of 1 g/Liter, with different AC: CTAB ratios 
(2:0.5, 2:1, 2:1.5, 2:2, 2:2.5). Once the solution was prepared, bottles with fitted corks containing the 
electrodes were subjected to sonication, where different DC voltages (0V, 3V, 5V, 7V, 9V, 12V) were 
applied. The sonication times were varied across three sets of experiments: 10 minutes, 30 minutes, 
and 60 minutes.  
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Figure 1. Schematic diagram for the whole setup for dispersion using 3.34 dc voltage. 

 
The experiment started with no DC voltage applied (for the first set), and then a DC voltage 

of 3.34V was supplied for the second set, and so on for each subsequent voltage level. All different 
voltages were supplied for each set using the aluminum plate electrodes, as depicted in Figure 1. For 
the setup, materials such as wires, glass bottles, aluminum plates, power supplies, corks, and spokes 
were sourced from an electrical shop. The ultrasonic bath and CTAB, which was used for dispersion 
in the experiment, were imported from Central Drugs House (P) Ltd. in New Delhi, India. The CTAB 
used was a white powder with a minimum assay of 99.0%, and its impurities were within the specified 
limits: 0.1% for sulphated ash, 0.001% for heavy metals (Pb), and 0.5% for cetyldimethylamine. This 
setup was used to investigate the effects of sonication under different voltages and solution ratios. 

 
Dispersion of AC with Sonication in DC Electric Field 

In this experiment, a mixture of AC (Activated Carbon) and CTAB (Cetyl Trimethyl 
Ammonium Bromide) was prepared in 10 ml of distilled water at a concentration of 1 g/L for different 
AC: CTAB ratios (2:0.5, 2:1, 2:1.5, 2:2, 2:2.5). Five different mixtures with varying AC: CTAB ratios 
were sonicated for 30 minutes and then left for sedimentation for 24 hours. To analyze the optical 
properties, a UV-Visible Spectrometer was used, following the Beer-Lambert Law. This law states that 
absorbance (A) is directly proportional to the concentration (c) of a solution and the path length (l) 
through which light travels, and is expressed as: 

A = ϵclA            
 

Where ε is the molar absorptivity. According to this law, absorbance increases with 
concentration and path length, although at high concentrations, light reflection by the sample can 
cause deviations. The relationship between absorbance and transmittance (T) is given by: 

𝐴 = 2 − logଵ଴ T          
 
After the 24-hour sedimentation period, the absorbance of each mixture was measured using 

a UV-Vis spectrophotometer (USB 2000, Photonics), and the data was analyzed using Origin 
software. For the next set of experiments, a 3.34V DC source was applied to each mixture, and 
absorbance was again recorded. Similar experiments were carried out by applying different DC 
voltages: 5.32V, 7.03V, 9V, and 12.32V. After the 24-hour sedimentation period for each voltage level, 
the absorbance curves were plotted and analyzed using Origin software. This process helped to study 
the impact of different AC: CTAB ratios and varying DC voltages on the optical properties of the 
mixture. 

 
Electrophoresis of Activated Carbon   

Stainless steel plates (5×2 cm) set parallel with 1 cm between them were coated using 

(1) 

(2) 
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electrophoretic deposition (EPD) to create the activated carbon (AC) electrodes (Figure 2). A well-
dispersed AC liquid was produced by mixing 3.75 g/L of AC with cetyl trimethylammonium bromide 
(CTAB)/distilled water (240 mL) using sonication over 6 hours and then setting aside for 
sedimentation for a further 24 hours, to remove undispersed agglomerates. Undiluted supernatant was 
loaded for precipitation. The EPD’s parameters were optimized using the AC: CTAB (2:3, 2:4, 2:5, 
and 2:6) and the applied DC voltage (3–12.5 V), with a cycle of 5 min ON/5 min OFF that was 
repeated five times. It was these variables that enabled the uniform, adherent and high-surface-area 
AC coatings that were found to be necessary for enhancing the electrode conductivity, 
electrochemical surface area, stable supercapacitor operation and self-discharge performance of the 
electrodes. Figure 3(a) and figure 2(b) show the configuration of electrodes and the experimental 
apparatus for deposition. 

 

 
Figure 2. Steel plate arrangement of electrodes for (a) EPD and  (b) Electrophoretic 

deposition of AC. 
 

Fabrication of Supercapacitor 
The AC-coated electrodes were dried at 150°C for 6 hours and assembled into supercapacitors 

in the form of using napkin paper or Nafion membranes as separators with a 0.5 M and suspension 
(Figure 3). The electrodes were wetted with the electrolyte, set together with the separator, and dried 
for 45 minutes. Supercapacitors were then charged at 1.0 V, 1.2 V and 1.4 V for different times (1 
min, 1.5 min and 2 min) followed by the detection of self-discharge rate and discharge rate. By 
correlating the optimized AC dispersion and EPD conditions with electrode uniformity and surface 
properties, this process was able to directly assess how high quality of the electrode affects charge 
retention, voltage stability, overall supercapacitor performance. The comprehensive investigation of 
voltage, time, electrolyte concentration and separator type we conducted facilitated the determination 
of low self-discharge efficiency energy-storage process conditions, which have significance for 
practical high-performance supercapacitor fabrication. 
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Figure 3. Supercapacitor arrangement. 

RESULTS AND DISCUSSION 

Optimization of CTAB Amount for Dispersion of AC under DC field. 
In the experiment, a 1g/L solution of AC and CTAB was sonicated under applied DC 

voltages (Ambika et al., 2020) 3.0V and allowed to sediment for 24 hours. From the photographs 
(Figure 4), the solution with a AC: CTAB ratio of 2:1.5 appeared the darkest at 3V, indicating the best 
dispersion of AC. This suggests that at lower voltages, the 2:1.5 ratio optimizes the interaction between 
CTAB and AC, leading to effective dispersion. The absorbance measurements of dispersed solutions 
of AC and CTAB at different AC: CTAB ratios (2:0.5, 2:1, 2:1.5, 2:2, 2:2.5) under applied DC voltages 
3.0 V.  

 
Figure 4. Photograph of dispersed solution of AC and CTAB after 30 minutes’ sonication and 24 

hours’ sedimentation at 3.0 V applying DC voltage. 
 
Figure 5, which shows the absorbance with applied voltage 3.0 V, indicates that the highest 

absorbance occurs at the AC:CTAB ratio of 2:1.5, suggesting optimal dispersion at this ratio. As the 
CTAB concentration increases, the absorbance gradually increases until it peaks at the 2:1.5 ratio, 
beyond which further increases in CTAB lead to a decrease in absorbance. Under 3.0 V  it shows the 
same trend, with the highest absorbance observed at the 2:1.5 ratio, further confirming that this ratio 
achieves the best dispersion of AC particles. These results indicate that at lower voltages, a CTAB:AC 
ratio of 2:1.5 is optimal, while higher voltages favor lower CTAB concentrations (2:0.5) for efficient 
dispersion of AC particles (Daintree & Biggs, 2010).  
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Figure 5. Absorbance of dispersed solution of AC and CTAB mixed in different ratios (2:0.5, 2:1, 

2:1.5, 2:2, 2:2.5) having concentration 1g/Liter at 3.0 V applied voltage 
 

The observed trends in absorbance can be attributed to the interplay between the 
concentration of CTAB and the applied DC voltage, which influences the dispersion and stabilization 
of AC particles. At 3V, the 2:1.5 AC: CTAB ratio is optimal for dispersion because it strikes a balance 
between the hydrophilic and hydrophobic properties of CTAB. At this ratio, CTAB molecules 
effectively adsorb onto the surface of the AC particles, preventing aggregation while maintaining 
sufficient electrostatic repulsion to keep the particles dispersed in the solution. The gradual increase 
in absorbance with increasing CTAB concentration up to the 2:1.5 ratio indicates better dispersion as 
the surfactant concentration rises, but after this point, further increases in CTAB concentration lead 
to micelle formation or aggregation, which reduces the dispersion efficiency and, consequently, the 
absorbance (Rauf et al., 2016).  

 
Absorbance at selected wavelength with different ratio of AC and CTAB 

The variation in absorbance of the dispersed solution with increasing CTAB concentration is 
evident in Figure 6. This can be attributed to the effect of CTAB on the dispersion of AC particles and 
how the CTAB concentration influences the dispersion efficiency. Figure 7 reveals a clear trend: as 
the CTAB concentration increases from 0.5 to 1, the absorbance rapidly increases, with a peak at the 
AC: CTAB ratio of 2:1.5. This is likely because this ratio provides an optimal balance between 
dispersing the AC particles and preventing their aggregation, which increases the surface area exposed 
to light. However, as the CTAB concentration exceeds this optimal point (i.e., at the 2:2 ratio), the 
absorbance decreases. This suggests that higher CTAB concentrations beyond a certain point result in 
the formation of aggregates or micelles, reducing the effective dispersion of AC particles in the solution 
(Shang et al., 2019), thus lowering absorbance.  

 
Figure 6. Variation of absorbance of dispersed solution of AC with varying CTAB amount at 
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different wavelengths with 3.0 V applied voltage 
 
For 700nm, 900nm and a second peak at 940nm the highest absorbance values were obtained 

using the AC: CTAB ratio of 2:1.5 indicating this as the optimal dispersant ratio. Once more the 
reduction of absorbance at higher CTAB concentration on excess surfactant results in decreased 
dispersion. At 5V, 7V and 9V, absorbance still becomes maximal at the 2:1.5 ratio; however, as we 
increased voltage to 12V, for all combination of CTAB ratio stands with very distinct shape whereby 
a larger rate of concentration (0.5) presents itself as optimum showing an inversion in such behavior 
by inducing only minimum amounts of CTAB for obtaining maximum particle formation unusual 
phenomenon was observed to our surprise. This means that the particles were effectively dispersed 
by electrostatic forces at larger voltages even in lower CTAB. This can be explained by the stronger 
electric field, which assists AC particles in dispersing that they agglomerate as well even without high 
surfactant. 

As is demonstrated in Fig. 6, the absorbance of the dispersion solution of AC and CTAB 
varies sensitively with the molar ratio of AC/CTAB and applied voltage (Pang et al., 2015). For all 
applied voltages, the highest absorbance was obtained at 2 AC: CTAB ratio of 1.5 indicating an 
optimal dispersion of AC particles. As the CTAB/AC ratio exceeded this value (2:2 or 2:2.5), 
absorbance decreased because of aggregation or micellization of AC particles, which stops their 
dispersion. This behavior was observed at different wavelengths (400-940nm), the absorbance 
increased in general with addition of CTAB from 0.5 to 1ml and it decreased as the concentration 
further increased. However, when we applied higher voltage 12 V, more diluted ctab:0/5); as 
consequence led to stronger electrostatic forces and dispersions of AC particles. Therefore, the data 
indicate that CTAB addition enhances dispersion up to a point and too much surfactant results in 
poor dispersion efficiency; 2:1.5 is the best for most cases. 

 
Optimization of Electric field for Electrophoretic deposition of AC 
 When examining the EPD process, the solution of AC and CTAB with concentration of 7.5 
g/L and  2:1.5 (AC: CTAB) ratio was used at 3V, 5V, 7.5V, 9.5V and 12.5V. As the applied voltage 
increased, the uniformity of the deposition improved, with the best results seen at 9.5V. Below this 
voltage, the deposition was irregular and rough, with precipitation observed at 3V, 5V, and even 7.5V, 
indicating poor particle mobility and uneven deposition. At 9.5V, the deposition was the smoothest 
while higher voltages (12.5V) caused increased precipitation and thicker films, but the deposition 
quality deteriorated. These observations align with the idea that an intermediate voltage provides the 
most balanced conditions for EPD, suggesting 9.5V/cm as the optimal field for the best deposition 
(Figure 7). Thus, the combination of a specific AC: CTAB ratio and applied voltage plays a crucial 
role in achieving efficient dispersion and deposition in electrophoretic processes (Esfahani et al., 
2017). 

 

 
Figure 7.cElectrodes after electrophoretic deposition for 50 minute by applying different DC voltages 
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(a) 3.0 V, (b) 5.0 V, (c) 7.5 V, (d) 9.5 V, (e) 12.5 V in the dispersed solution of AC in distilled water 
with AC: CTAB=2:1.5. 

 
Optimization Ratio of CTAB and AC for the best EPD 

During the fabrication of super capacitor, the electrodes prepared by taking AC: CTAB ratio 
(2:1.5) at 9.5V could not hold the charge due to improper thickness and to achieve the optimal 
thickness of electrodes, EPD process was tested with different AC to CTAB ratio (In this study, four 
different solutions were prepared by varying the AC to CTAB ratio, with CTAB concentration fixed 
at 7.5g/L and AC varying (CTAB: AC ratios of 2:3, 2:4, 2:5, and 2:6). Further ratio above 2:6 is the 
limitation of this research for optimization ratio. After 6 hours of sonication and 24 hours of 
sedimentation, these solutions were used for EPD by applying an optimized electric field of 9.5V/cm 
for 50 minutes. Figure 9 shows the photographs of the electrodes after the EPD process for the different 
CTAB: AC ratios. From the inspection of the deposited electrodes, it was observed that the deposition 
was most uniform for the 2:5 and 2:6 CTAB: AC ratios (Figure 8c, 8d) (Maciąg et al., 2021). While, 
the deposition was irregular and not uniform for the 2:3 and 2:4 ratios (Figure 8a, 8b). These findings 
suggest that higher amounts of AC in the solution result in better deposition quality. Specifically, when 
the ratio of CTAB: AC is 2:5 or 2:6, the deposition is not only uniform but also of better quality. This 
indicates that increasing the AC content relative to CTAB improves the efficiency of electrophoretic 
deposition on stainless steel plates, with 2:5 and 2:6 ratios providing the optimal results for uniform 
and high-quality films. 

 
Figure 8. Electrodes after electrophoretic deposition for 50 minute by applying 9.5 volt in 

the solution of different amount of AC (CTAB: AC= (a) 2:3, (b) 2:4; (c) 2:5, (d) 2:6) 
 
Supercapacitor Fabrication 

The SC were fabricated using two AC electrodes prepared by electrophoretic deposition, with 
Na2SO4 (1M and 0.5M) used as the electrolyte and napkin paper or Nafion membrane serving as 
separators. After fabrication, the supercapacitors were dried and then charged at various voltages (1V, 
1.2V, 1.4V) and for different time periods (45 seconds, 1 minute, 1.5 minutes, and 2 minutes). The 
self-discharge behavior of these supercapacitors was observed, with the self-discharge curves presented 
in Figure 9. Figure 9 shows the self-discharge behavior of the supercapacitor prepared with a 1M 
Na2SO4 electrolyte and napkin paper as a separator (Ricketts, 2000). It is observed that the output 
voltage is not constant over time, indicating a self-discharge phenomenon. This is typical of 
supercapacitors, where the stored charge leaks over time due to several factors. The observed high self-
discharge can be attributed to charge leakage at the electrical double layer (which forms at the interface 
between the electrode and the electrolyte), impurities present in the electrode material causing redox 
reactions, and excess ion concentration due to the high dissociation voltage limit of the electrolyte 
(Du et al., 2021). 
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Figure 9. Self-discharge of supercapacitor fabricated by using paper (napkin) separator, 

charging time 45 sec, electrolyte concentration 1 m Na2SO4 

 
In this case, the choice of napkin paper as a separator may contribute to higher leakage, as its 

ionic conductivity and dielectric properties may not be as efficient as other materials like Nafion. 
Furthermore, high electrolyte concentration can increase the ion leakage, leading to faster self-
discharge. This suggests that improving the material properties of both the separator and the 
electrolyte, as well as optimizing the electrode fabrication process, could reduce self-discharge rates 
and improve the overall performance of the supercapacitor (Jangid et al., 2021). The results from 
Figure 10 highlight the need for better charge retention and less leakage in order to enhance the charge 
holding capability of supercapacitors. 

The second experiment investigated the fabrication of SCs using a Nafion membrane as a 
separator, and the self-discharge characteristics of these supercapacitors were evaluated. The results 
are shown in Figure 10, which displays the self-discharge curve for the supercapacitor prepared with 
a Nafion separator and 1M Na2SO4 as the electrolyte, after charging for 1 minute. Figure 10 indicates 
that the voltage drops rapidly up to approximately 0.70V, after which the voltage decreases more 
slowly, maintaining charge for up to 1.5 hours or even longer (Ricketts, 2000). This slow voltage drop 
is indicative of improved charge retention compared to the supercapacitor with the napkin paper 
separator, as observed in the previous experiment. The initial rapid voltage drop can be attributed to 
the typical behavior of supercapacitors, where they discharge quickly in the early phase of self-
discharge due to the initial release of stored charge at the interface between the electrode and 
electrolyte. However, the slower discharge rate after this point suggests that the Nafion membrane 
effectively reduces the charge leakage, helping the supercapacitor maintain its charge over a prolonged 
period. 

 
Figure 10. Self-discharge of supercapacitor fabricated by using Nafion separator with 
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charging time 1 minutes 1M Na2SO4 electrolyte 
 

This behavior aligns with the general characteristics of self-discharge observed in carbon-
based supercapacitors. In supercapacitors, self-discharge is as a result of the charge that leaks from 
electrical double layer at the electrode-electrolyte interface. For SCs of Nafion separators, the rate of 
self-discharge is much lower than that for resistive capacitors and napkin paper separators, indicating 
a good charge retention. The possible reason may be that this porous Nafion membrane has higher 
proton conductivity than napkin paper due to its very low resistance and better ion-conducting 
performance. Less self-discharge and steadier voltage with the Nafion separator mean the better 
performance in terms of charge retention capacity. This is important in the application of 
supercapacitors, as a decrease in self-discharge rate directs to an increase on the duration for which it 
keeps charged, therefore demanding less frequent recharge and improving performance. It in turn, 
greatly enhances the stability and performance of supercapacitors which now make it a promising 
material for high-performance energy storage applications (Jiang et la., 2025). 

Figures 11 and 12 show the self-discharge curves of the SCs at different charging voltages 
and time, using Nafion separators, with an electrolyte of 0.5M Na2SO4. These results show how the 
self-discharge property of SCs varies as a function of the electrolyte concentration and charging 
voltage. In Fig. 11, the CSs were charged with 1 V and 1.2 V during one minute durations. From the 
results, it can be seen that the self-discharge curve for the SCM charged at 1V decreased faster than 
that of charged at 1.2V, which is related to a lower energy stored in the supercapacitor when being 
charged by a small voltage. SCs charged at higher voltages tend to have higher stored charge, which 
is then slowly discharged (as for SC) although with a slower self-discharge rate (such as with the SC 
charged at 1.2 V). Once the rapid voltage drop occurs, after few hours they both may present a slow 
discharge phase holding charge during several hours even if equilibrium finally occurs. The higher 
voltage (1.2V) provides a more stable voltage over the usable energy capacity because there is a greater 
amount of charge stored in the 1.2V double layer and this results in low rates of self-discharge 
compared to the 1V charge. 

 

 
Figure 11. Self-discharge of supercapacitor fabricated by using Nafion separator with 

charging voltage 1 and 1.2 V with 0.5M Na2SO4  as an electrolyte. 
 

Figure 12 The self-discharge curves of SCs with 1.4V charging voltage and 0.5M Na2SO4 

electrolyte by the charging time were set as 2 m in. With increasing voltage and charging time, the 
SCs exhibit an even lower degree of self-discharge and more stable electrode potential compared with 
so-called SCs in Figure 11. Higher voltage combined with a higher charging duration gave rise to 
increased charge storage, leading to slower self-report discharging rate (Nkembi et al., 2024). It is 
interesting to note that SC with charging voltage of 1.4 V, which is for a period of 2 minutes, 
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demonstrates the lowest discharge rate minimizing the in time previous hours five than maintain 
voltages maintaining. Such a superior performance is due to the higher charging voltage and 
optimization of electrolyte concentration (0.5M Na2SO4), which helps further improve the ionic 
conductivity and charge tolerance of SC. 

 
Figure 12. Self-discharge of supercapacitor fabricated by using Nafion separator charging 

time 2 minutes with 1.4 V and electrolyte 0.5 M Na2SO4 

 
The reduction of the electrolyte concentration down to 0.5M Na2SO4 (formerly 1M in our 

previous tests) has a crucial impact on SCs performance. At 0.5M, the self-discharge is still low with 
stable voltage profiles of the SCs, however the discharge rate gets attenuated indicating that at these 
rates, SCs hold their charge for longer time periods. The lower electrolyte concentration delivers the 
lower ion dissociation which however reduces risk of high ions concentration and potential redox 
reaction at the electrode surface induced, and thus also suppresses unwanted self-discharge (Wu et al., 
2015). This influence of the electrolyte concentration in charge leakage is reflected in an increased 
charge retention and a decreased self-discharge over time, for SCs built with 0.5M Na2SO4 than for 
SCs produced with higher concentrations of the electrolyte. 

 
Discharging a SC at constant resistance (500 ohm)  

The experiment described in the provided findings involves the discharge behavior of a SC 
after it was charged at 1.2V for 1.5 minutes and then discharged by connecting a 500-ohm resistor in 
series. The voltage of the SC dropped from 0.77V to 0.13V in 120 seconds, and then from 0.30V to 
0.16V over the next 80 seconds. The capacitance of the SC was calculated using the capacitor 
discharge equation: 

𝐶 =
𝑡

𝑅 ln ቀ
𝑉଴

𝑉௧
ቁ

   

 
Here C is the SC capacitance, t =1/2πf is the discharging time, R = 500 Ω (resistance value), 

V0=0.77V (the initial voltage) and Vt is the voltage at time t after discharging respectively. The 
capacitance calculated from the slow discharge region (between 0.30V and 0.16 V) was 0.21F, which 
is very useful to evaluate the performance of the SC. Faster first-phase discharge was also suggested 
by the voltage decline between 0.77V and 0.13V in the first 120 s. This is what would happen if you 
tried the same thing in a supercapacitor, for instance: placing a resistor in series makes the voltage 
drop like a rock, because all that energy has to go somewhere and is flying out of your capacitor. 
Discharge is the rate at which voltage falls and is determined by R time, where charge and discharge 
are proportional to how fast the voltage drops (R) × intensity (C). In the next 80 s, the voltage decreases 
from 0.30V to 0.16V with a gentler slope after the obvious voltage falling (Fig.S3), which represents a 

(2) 
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slow discharge procedure. This is a supercapacitor behavior, as its discharge rate decreases when its 
energy content reduces (Isayev & Kurmanov, 2023). The low discharge shows that the energy is being 
release more slowly, as per figure 13, then during a longer period voltage sustain and power supply. 
Calculation of Capacitance The obtained capacitance was 0.21 F, which is an indication of the 
amount of energy stored in SC during its discharge. The capacitance value obtained is similar to the 
supercapacitor which has a relatively large variation in the range few F up to natural F according to 
material and structure of capacitor. The value found above is representative of the ability of the 
supercapacitor to store and release charge over time. The Nafion membrane owned high ionic 
conductivity and stability, it plays a key role for the charge storage and release property of the device. 
The concentration of the electrolyte used (0.5M Na2SO4) is not high, indicating moderate ionic 
conductivity and thus balancing between charge storage and self-discharge. This electrolyte 
concentration enables a more or less constant discharge characteristic but also low problems such as 
self-discharge, as well as rapid charge leakages. 

 

 
Figure 13. Discharging of SC by connecting 500-ohm resistance in series with 1.5 minutes 

charging 0.5M Na2SO4 electrolyte with Nafion membrane 
 

The results of this experiment provide useful insights into the charging and discharging 
behavior of supercapacitors with Nafion membrane separators and Na2SO4 electrolyte. The rapid 
initial discharge followed by a slow, more stable voltage drop is characteristic of supercapacitor 
behavior, where the initial quick release of charge is followed by a slower discharge phase. The 
calculated capacitance of 0.21 Farad provides an indication of the energy storage capacity of the 
supercapacitor. The use of the 500-ohm resistance and the provided formula gives a straightforward 
method to evaluate the capacitance and discharge characteristics, allowing for performance analysis 
under realistic operating conditions (Ramirez-Nava, et al., 2021). This behavior also supports the idea 
that the Nafion membrane and 0.5M Na2SO4 electrolyte are effective in providing good charge 
retention and stable voltage discharge in the supercapacitor. 

CONCLUSION 

In summary, the dispersion of AC in water with cationic surfactant CTAB under applied DC 
electric fields has been investigated and it is found that both the AC:CTAB ratio and applied voltage 
are very important to achieve better dispersion. For a 0-7V DC field a 2:1.5 ratio was found to be 
optimum for dispersion whereas in the 7-12V range a 2:0.5 ratio of AC:CTAB produced the best result. 
The investigation results reveal that the lower voltage needs a higher concentration of CTAB for good 
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dispersion, while under high voltage even small amount of CTAB could achieve a good dispersion, 
indicating that surfactant can be reduced to some extent when an electric field is applied. The best 
value of voltage for the EPD process is 9.5V and the maximum CTAB:AC ratio was found to be equal 
to 2:5 and 2:6 for given Nanoscale Res Lett values of EPD respectively. The EPD deposited electrodes 
were used for supercapacitor fabrication, and its self-discharge investigation showed that the 
supercapacitor can retain 0.59 V of voltage for 5 h. The next step of the work will be to optimize AC 
dispersion with the help of an alternating current field, two mixed surfactants and higher voltage, etc., 
as well as to promote stability and performance of supercapacitor. 
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