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Abstract: The aim of this study is to explore the feasibility of using flotation wastewater from copper-

porphyry ore processing to synthesize a gel that serves as a precursor for a polymer nanocomposite 

used in supercapacitor electrode fabrication. These wastewaters, characterized by high acidity and 

elevated concentrations of metal cations (Cu, Ni, Zn, Fe), sulfates, and organic reagents such as 

xanthates, oil (20 g/t ore), flotation frother (methyl isobutyl carbinol), and pyrite depressant (CaO, 

500–1000 g/t), along with residues from molybdenum flotation (sulfuric acid, sodium hydrosulfide, 

and kerosene), are byproducts of copper-porphyry gold-bearing ore beneficiation. A controlled 

electrolysis process using nickel foam immersed in the wastewater induces degradation and 

formation of a gel that captures both residual metal ions and organic compounds—particularly 

xanthates—which play a crucial role in the subsequent steps. The resulting gel is incorporated during 

the oxidative polymerization of aniline, forming a nanocomposite with a polyaniline matrix and 

embedded xanthate-based compounds. An asymmetric supercapacitor was assembled using the 

synthesized material as the cathodic electrode. Electrochemical tests revealed remarkable capacitance 

and cycling stability, demonstrating the potential of this novel approach both for the valorization of 

industrial waste streams and for enhancing the performance of energy storage devices 

Keywords: gel; xanthates; PANI; supercapacitors; composite materials; waste water treatment; 

flotation 

 

1. Introduction 

With the increasing demand for efficient and sustainable energy storage systems, 

supercapacitors have emerged as promising candidates due to their high-power density, long cycle 

life, and rapid charge–discharge characteristics [1,2]. Among various components, the performance 

of supercapacitors is critically influenced by the nature of the electrode materials. Recent 

advancements in materials science have focused on developing hybrid and nanostructured materials 

that combine electric double-layer capacitance with pseudocapacitive behavior to enhance both 

energy and power densities [3,4]. 

Polyaniline (PANI) is among the leading conductive polymers used in supercapacitors, owing 

to its high specific capacitance, good conductivity and facile synthesis [5]. Its main drawbacks—poor 

mechanical stability and limited cycle life—are largely overcome by forming composites with various 

nanomaterials [6]. Metal oxides, especially ruthenium oxide (RuO₂) [7], stand out for their exceptional 

pseudocapacitive activity and are often incorporated into electrode formulations. Despite its excellent 

conductivity, RuO₂ is expensive, which limits its practical use. This has driven research toward more 

affordable alternatives, such as MnO₂ [8], NiO [9], Fe₂O₃ [10], CuO [11] and ZnO [12]. These oxides 
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provide active centers for redox processes and, when combined with PANI, exhibit enhanced 

electrochemical stability and capacitance. For example, the PANI/MnO₂ composite achieves a 

capacitance significantly higher than that of pure PANI and retains 86.3 % of its capacitance after 

1000 cycles [13]. Similar improvements are seen in composites with graphite and carbon nanotubes, 

where energy densities up to 318 Wh kg⁻¹ and power densities of 12.5 kW kg⁻¹ have been reported 

[14]. It is important to note that the overall pseudocapacitance of these hybrids is not simply the sum 

of individual components: for instance, sharp redox peaks of MoO₃ diminish when composited with 

PANI, indicating interfacial interactions that require further study [15]. 

This demonstrates that efforts should focus on optimizing composite architecture, employing 

more accessible materials, and developing novel PANI-based electrodes with improved stability, 

capacitance and applicability in real-world devices. 

In parallel with the drive to improve the electrochemical performance of PANI-based 

composites and the development of highly efficient energy storage systems, there is a growing need 

to effectively deal with industrial environmental waste, particularly in sectors such as mining and 

mineral processing. Flotation wastewater, generated during the beneficiation of copper-porphyry 

ores, contains a complex mixture of heavy metal ions (Cu²⁺, Ni²⁺, Zn²⁺, Fe³⁺), sulfate ions, and organic 

flotation reagents including xanthates , (e.g., potassium ethyl xanthate – C₂H₅OCS₂K), oil (20 g/t ore), 

frothers (e.g., methyl isobutyl carbinol), and depressants (e.g., CaO (500–1000 g/t ore)). The 

molybdenum flotation process further contributes compounds such as H₂SO₄, NaHS, and 

kerosene.Such effluents pose serious environmental threats due to their toxicity and persistence in 

ecosystems [16–18]. 

Xanthates, though widely used in mineral flotation for their efficiency, are highly toxic and pose 

significant environmental risks, especially in Arctic regions. Even at low concentrations (below 1 

mg/L,), they harm aquatic life (microorganisms like algae and bacteria) and contribute to heavy metal 

bioaccumulation, potentially impacting human health through the food chain (by facilitating the 

bioaccumulation of heavy metals in fish). They also degrade into hazardous compounds like carbon 

disulfide (CS₂). With global xanthate use expected to reach 372 million tons by 2025—and only half 

consumed in the process—there is an urgent need for more sustainable, effective and reusable 

removal methods. While destructive (e.g., oxidation) and adsorptive (e.g., zeolites) treatments exist, 

most are single-use and generate waste. Reusable and scalable options, especially for cold climates, 

remain limited [19–43]. 

In this context, the present study introduces a novel dual-purpose strategy that not only 

mitigates the environmental impact of flotation wastewater but also utilizes its constituents for the 

fabrication of functional materials. Specifically, we report the synthesis of a metal-xanthate gel 

directly from copper flotation wastewater, using nickel powder as the sacrificial material. This 

process promotes the formation of a composite gel incorporating metal hydroxides and xanthate-

metal complexes, facilitated by the spontaneous redox reactions [44]. 

The resulting gel was incorporated into a polyaniline (PANI) matrix through oxidative 

polymerization, forming a nanocomposite with both Faradaic and capacitive charge storage 

capabilities. Polyaniline has been widely studied for supercapacitor applications due to its high 

theoretical capacitance, environmental stability, and cost-effective synthesis [45,46]. The integration 

of metal-xanthate complexes into the conductive PANI network was found to significantly enhance 

the electrochemical properties, yielding a material suitable for use as the cathodic electrode in 

asymmetric supercapacitor configurations. 

Asymmetric supercapacitors, which combine a pseudocapacitive electrode with a capacitive 

counterpart, offer a broader voltage window and higher energy density than symmetric counterparts 

[47]. In our study, the synthesized nanocomposite was paired with a YP-50F activated carbon 

electrode, and the assembled device demonstrated outstanding specific capacitance, energy density, 

and cycling stability. 

This work bridges the domains of wastewater valorization and advanced energy storage, 

offering a circular economy approach that transforms hazardous industrial byproducts into value-
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added functional materials. To our knowledge, this is the first report detailing the direct utilization 

of flotation wastewater for the fabrication of supercapacitor electrode materials, presenting a scalable 

and environmentally relevant innovation for sustainable energy technologies. 

2. Results and Discussion 

2.1. Physicochemical Data 

2.1.1. XRD Analysis of the Precursor Gel 

X-ray diffraction (XRD) analysis of the precursor gel (Figure 1) revealed the presence of multiple 

crystalline phases, reflecting its heterogeneous origin and complex chemical composition derived 

from flotation wastewater treatment. The dominant diffraction peaks corresponded to nickel 

hydroxide and nickel oxyhydroxide species—Ni(OH)₂ / NiOOH—with characteristic reflections 

consistent with known β-Ni(OH)₂ and γ-NiOOH phases. These phases are known to play an active 

role in redox reactions and contribute to the electrochemical performance of composite materials. 

 

Figure 1. XRD data of prepared gel. 

Diffractogram showed well-defined peaks corresponding to a sodium aluminosilicate phase, 

identified as Na₉.₆Al₉.₆Si₃₈.₄O₉₆, which is indicative of zeolitic or feldspathoid-type structures. These 

mineral species may serve as mechanical supports and also contribute to ionic interactions within the 

matrix [48]. 

A third identified phase was iron hydroxysulfate (Fe(OH)SO₄), which reflects the oxidation and 

precipitation products of Fe³⁺ ions in the acidic flotation environment. This compound may 

participate in further redox processes or influence charge transport properties when embedded in 

the polymer matrix [49]. The XRD results confirm that the gel precursor consists of both 

electrochemically active (Ni-based) and structurally supportive (silico-aluminate) phases, along with 

minor transition metal salts, making it a complex but functionally versatile component for 

nanocomposite fabrication. These findings further confirm the suitability of the material for 

supercapacitor electrodes, as the crystalline Ni(OH)₂/NiOOH phases are well known for their high 

pseudocapacitive behavior, and the additional components improve mechanical integrity and 

electrochemical stability during cycling. 

Тhe morphology and elemental composition of the gel prior to polymerization were investigated 

using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). EDS 

analysis confirmed the presence of a broad range of elements associated with both the original 
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flotation wastewater and the introduced nickel precursor. The elemental composition of the 

precursor gel is summarized in Table 1. 

Table 1. Map Sum EDS spectrum of of the synthesized gel. 

Map Sum Spectrum 

Element Signal Type Line Wt% Wt% Sigma Atomic % 

C EDS K series 7.28 0.20 13.33 

O EDS K series 41.12 0.12 56.54 

Na EDS K series 2.39 0.03 2.29 

Mg EDS K series 1.18 0.02 1.06 

Al EDS K series 4.44 0.03 3.62 

Si EDS K series 11.98 0.04 9.39 

S EDS K series 2.37 0.02 1.63 

Cl EDS K series 0.51 0.01 0.31 

K EDS K series 2.95 0.02 1.66 

Ca EDS K series 2.61 0.02 1.43 

Ti EDS K series 0.22 0.01 0.10 

Fe EDS K series 1.63 0.02 0.64 

Ni EDS K series 21.34 0.07 8.00 

Total   100.00  100.00 

The high oxygen content (41.12 wt%) and significant presence of nickel (21.34 wt%) confirm the 

formation of nickel hydroxides, likely Ni(OH)₂, as a major inorganic component of the gel. The 

presence of sulfur and carbon also supports the incorporation of xanthate residues (C₂H₅OCS₂⁻) from 

the flotation reagents, forming mixed organic-inorganic complexes. The elements Al, Si, and Ca likely 

originate from gangue minerals or residual processing agents. These results indicate that the 

precursor gel contains a structurally and chemically diverse composition, serving as a 

multifunctional component for further polymer matrix integration. The structural features and 

compositional richness observed in the precursor suggest that upon incorporation into the 

polyaniline matrix, the resulting nanocomposite is likely to exhibit synergistic effects in terms of 

conductivity, stability, and ion storage. Carbon (7.28 wt%) is attributed to residual organic flotation 

reagents, primarily xanthates, which are known to bind strongly with transition metals like Ni and 

Cu. The presence of sulfur (2.37 wt%) further supports the incorporation of xanthate-derived groups 

(–OCS₂⁻), confirming their retention during the gel formation process. Significant quantities of 

aluminum (4.44 wt%) and silicon (11.98 wt%) point to the likely entrainment of aluminosilicate 

species, possibly from gangue minerals in the ore or process residues. Calcium (2.61 wt%), potassium 

(2.95 wt%), and sodium (2.39 wt%) may derive from the flotation depressants (e.g., CaO) and pH 

regulators used during ore beneficiation. Trace elements such as Fe (1.63 wt%), Mg (1.18 wt%), and 

Ti (0.22 wt%) are also present, indicating complex mineralogical diversity. 

SEM images (Figure 2) revealed a heterogeneous, porous structure, indicative of incomplete 

aggregation of inorganic phases and the presence of organic matrix residues. This morphology 

facilitates ionic mobility and suggests potential for enhanced electrochemical performance after 

polymerization. 
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Figure 2. SEM-EDS images of the synthesized gel. 

2.1.2. XRD Analysis of the Polymer Nanocomposite 

The X-ray diffraction pattern of the final nanocomposite, formed by embedding the flotation-

derived gel into a polyaniline matrix, confirms the coexistence of both crystalline and amorphous 

components (Figure 3). Three main crystalline phases were identified was KAlCl₄, C₆H₄(NH)ₙ 

(polyaniline), and SiO₂, indicating a hybrid organic-inorganic structure with functional 

heterogeneity. 

The presence of KAlCl₄ suggests the retention or formation of aluminum–potassium–chloride 

complexes during the synthesis [50]. This phase is result from ionic interactions between aluminum 

ions from the gel and chloride ions from the HCl medium used in the oxidative polymerization. These 

compounds act as dopants or stabilizers within the polymer matrix, potentially affecting conductivity 

and morphology. 

The polymer matrix, represented by C₆H₄(NH)ₙ, gives rise to broad diffraction features centered 

near 2θ ≈ 25°, typical of the emeraldine salt form of polyaniline. This broad halo is indicative of a 

semi-crystalline or amorphous polymer phase, in agreement with previous reports on conductive 

polyaniline systems [51]. 

The detection of SiO₂ the form of amorphous or partially crystalline silica suggests the 

persistence of inorganic silicate species from the flotation process. The presence of silica can provide 

mechanical strength and thermal stability to the composite [52]. 
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Figure 3. XRD data of prepared PANI-MX. 

The elemental composition of the final polymer nanocomposite (PANI-MX), determined via 

energy-dispersive X-ray spectroscopy (EDS), is presented in Table 2. The analysis reveals a material 

dominated by carbon (82.96 wt%, 90.74 at%) and oxygen (5.95 wt%), consistent with the presence of 

a polyaniline matrix and oxidized species. 

After the integration of the gel into the polyaniline matrix, EDS analysis shows a sharp increase 

in the carbon content (82.96 wt%), which corresponds to the formation of a polyaniline film on or 

around the gel particles Figure 4. The significant decrease or disappearance of nickel and other metal 

elements from the surface spectrum (Ni: from 21.34 wt% to below the detection limit) suggests an 

effective encapsulation of the inorganic components in the polymer network. The appearance of 

chlorine (7.52 wt%) in the composition is related to the doping of polyaniline with Cl⁻ ions from the 

HCl medium, which is a known condition for obtaining the conductive “emeraldine salt” form. The 

presence of sulfur (S) and carbon fragments due to residual xanthate compounds (C₂H₅OCS₂⁻) 

indicates their preservation in the gel phase and their participation in the final polymer structure. 

Xanthates probably form metal-organic complexes with Cu²⁺, Ni²⁺ and Fe³⁺ ions, which remain stable 

after polymerization and act as internal pseudocapacitive centers in the composite. These hybrid 

complexes contribute to the increase in overall capacitance through fast and reversible surface redox 

reactions, which builds on the basic charge-storage mechanism characteristic of polyaniline. 

Polymerization not only “seals” the gel in a conductive polymer shell, but also preserves key 

functional groups from the waste environment, leading to the formation of a composite electrode 

with improved electrochemical activity and stability. 
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Figure 4. SEM-EDS images of the PANI-MX composite. 

Table 2. Map Sum EDS spectrum of of the PANI-MX. 

Map Sum Spectrum 

Element Signal Type Line Wt% Wt% Sigma Atomic % 

C EDS K series 82.96 0.10 90.74 

O EDS K series 5.95 0.08 4.88 

Na EDS K series 0.10 0.01 0.06 

Mg EDS K series 0.10 0.01 0.05 

Al EDS K series 0.57 0.01 0.28 

Si EDS K series 2.17 0.01 1.02 

Cl EDS K series 7.52 0.03 2.79 

K EDS K series 0.34 0.01 0.11 

Fe EDS K series 0.29 0.01 0.07 

Total   100.00  100.00 

2.2. Electrochemical Results 

Electrochemical evaluations, including cyclic voltammetry (CV), galvanostatic charge–discharge 

(GCD) measurements at 20 °C, and long-term cycling tests, were conducted on assembled 

asymmetric supercapacitor cells incorporating the synthesized material as the negative electrode. For 

comparison, symmetric supercapacitor cells using YP-50F activated carbon electrodes were tested 

under identical GCD conditions. 

The results of the GCD measurements are shown in Figure 5a, illustrating the specific discharge 

capacitance as a function of current load in the range of 60 to 1000 mA g⁻¹. Among the configurations 

tested, the asymmetric YP-50F/PANI-metal xanthate cell showed higher performance. In this 

configuration, the polyaniline-metal xanthate composite enhances the pseudo-capacitance via 

synergistic Faraday redox reactions, while the activated carbon electrode contributes to the electrical 

double-layer capacitance due to its large surface area. This combination results in significantly 

improved electrochemical behavior. Furthermore, the presence of multiple metal cations in the 

wastewater likely facilitates the formation of a variety of metal-xanthate complexes, which further 

improve redox kinetics, electrical conductivity and overall capacitance. The coexistence of Faraday 
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and non-Faraday processes in the asymmetric configuration contributes to the observed synergistic 

enhancement of charge storage efficiency. 

The voltage profile of the asymmetric device (Figure 5b) displays characteristic features of a 

hybrid system and confirms the presence of low internal resistance (iR360= 0.102V and iR1000=0.253V). 

This can be attributed to the homogeneous composition of the electrode and the fast surface redox 

kinetics at the negative electrode. 

 

 

Figure 5. (a) Specific discharge capacitance as a function of current load for asymmetric and symmetric 

supercapacitors. (b) Voltage profiles of the asymmetric supercapacitor at 360 and 1000 mA g⁻¹. 

The cyclic voltammetry (CV) profiles of the asymmetric YP-50F // PANI-MX cell remain nearly 

rectangular even at scan rates as low as 10 mVs-¹ (Figure 6), indicating excellent capacitive behavior 

and efficient charge storage kinetics [53]. In contrast, symmetric supercapacitor cells, although 

demonstrating good reproducibility of discharge capacitance values, exhibit limited overall charge 

storage capacitance, likely due to limited ionic diffusion and the lack of additional faradaic processes 

[54]. 
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Figure 6. CV curves of asymmetric supercapacitors at 10 mVs-1 before and after GCD. 

Figure 7 shows the capacitance retention of the asymmetric supercapacitor assembled with a 

composite of polyaniline and nickel xanthate as the negative electrode and activated carbon as the 

positive electrode. The long-term cycle stability was evaluated at a high current load of 1000 mAg-¹. 

As shown, the device exhibits excellent durability, retaining 90.1% of its original capacity after 10,000 

charge and discharge cycles, along with a high Coulombic efficiency of 98%. This indicates that the 

PANI-metal xanthate composite retains its structural integrity and stable interfacial contact with the 

activated carbon electrode during continuous operation [55]. The stable cyclability is also confirmed 

by the CV curves (Figure 6), which show minimal changes after 10,000 cycles, confirming the stable 

electrochemical activity and efficient charge storage behavior. 

 

Figure 7. Long-term test of asymmetric and symmetric supercapacitor at 1000 mAg-1. 

The electrochemical performance of the studied materials was further evaluated using Ragone 

plots, with a comparison to the symmetric cell shown in Figure 8. The data indicate that the 

asymmetric configuration achieves a specific energy density of 35 Wh kg⁻¹ at a power density of 100 
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W kg⁻¹ and maintains a relatively high value of 32 Wh kg⁻¹ even at 1200 W kg⁻¹. In contrast, the YP-

50F/YP-50F symmetric supercapacitor exhibits a lower energy density under the same conditions. 

 

Figure 8. Ragone plot of asymmetric and symmetric supercapacitors. 

Asymmetric and symmetric cells were evaluated in the same voltage range, which provided a 

direct and reliable comparison of their electrochemical characteristics. The improved energy and 

power performance of the asymmetric configuration was attributed to the synergistic interaction 

between the PANI-metal xanthate (PANI-MX) electrode, synthesized from flotation by-products, and 

the YP-50F activated carbon electrode. In this configuration, the PANI-MX electrode undergoes 

Faraday redox reactions, contributing significant pseudocapacitance beyond the electrical double 

layer mechanism that dominates in symmetric cells. It is important to note here that the presence of 

multiple metal cations in the effluent allows the formation of diverse metal-xanthate complexes that 

enhance redox kinetics, conductivity, and overall capacitance. This compositional diversity offers a 

high degree of adaptability, improving the flexibility and overall efficiency of the asymmetric 

supercapacitor. 

3. Conclusions 

This study demonstrates a sustainable and efficient approach for the using of flotation 

wastewater through the synthesis of a functional metal-xanthate gel, which serves as a key 

component in high-performance polymer nanocomposite electrodes for supercapacitor applications. 

The gel, formed via the interaction of nickel powder with metal- and reagent-rich flotation effluents, 

incorporates nickel hydroxides, xanthate-metal complexes, and silicate residues into a structurally 

and chemically diverse matrix. Upon integration into a polyaniline network via oxidative 

polymerization, the resulting nanocomposite exhibited a porous morphology, enhanced 

conductivity, and a stable crystalline-amorphous phase structure. Structural characterization by 

SEM, EDS, and XRD confirmed the presence of electrochemically active phases such as 

Ni(OH)₂/NiOOH and supporting components including KAlCl₄ and SiO₂, all retained after 

polymerization. Electrochemical evaluation revealed superior performance of the asymmetric 

supercapacitor configuration, where the PANI-metal xanthate composite electrode delivered high 

specific capacitance, excellent cycling stability, and significantly improved energy and power 

densities compared to symmetric counterparts. These enhancements were attributed to the 

pseudocapacitive redox activity of the gel-derived components and their synergistic interaction with 

activated carbon. 
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The potential of flotation waste-derived gels as effective reduction-active precursors for energy 

materials, contributing to both environmental remediation and enhanced electrochemical 

functionality, has been successfully demonstrated. This work highlights a practical path towards 

circular economy strategies in materials science, where industrial by-products are transformed into 

valuable resources for next-generation energy technologies. 

4. Materials and Methods 

4.1. Materials and Reagents 

The gel was synthesized by dispersing 0.07 g Nickel, powder, Sigma-Aldrich®  (M-Clarity™ 

quality level = MQ200) into the 70 ml flotation wastewater under continuous stirring at room 

temperature for 48 hours. Following this process, the intermediate gel-like phase was allowed to 

settle and was then separated. The resulting gel 16 ml. contained nickel hydroxides, xanthate 

complexes, and embedded metal ions originating from wastewater. The mechanism of gel formation 

is shown in Figure 9. 

 

Figure 9. Mechanism of gel synthesis from flotation wastewater. 

The obtained gel was integrated into a polyaniline matrix via oxidative polymerization of aniline 

(0.2 M) using ammonium persulfate (0.25 M) as the oxidizing agent in 1 M hydrochloric acid (HCl), 

at ambient conditions Figure 10. 

 

Figure 10. Oxidative polymerization whit MX gel. 
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The resulting nanocomposite exhibited a compact, porous morphology and favorable adhesion 

characteristics (Figure 11) 

   
(a) (b) (c) 

Figure 11. (a) The synthesized gel separating the two fractions of flotation wastewater (b) Oxidative 

polymerization whit MX gel c) PANI-MX. 

4.2. Gel and Nanocomposite Synthesis 

The structural properties of the synthesized material were analyzed using X-ray diffraction 

(XRD) with a Philips ADP15 diffractometer, operating with Cu-Kα radiation (λ = 1.54178 Å). Scans 

were performed at a steady rate of 0.02° per second, covering a 2θ range from 4° to 80°. The results 

were interpreted using the PDF 2—2022 database from the International Centre for Diffraction Data 

(ICDD). 

To further examine the morphology, structure, and elemental composition of the synthesized 

material, scanning electron microscopy (SEM) coupled with Energy Dispersive Spectroscopy (EDS) 

was employed. These analyses were carried out using a JEOL JSM 6390 microscope (JEOL, Tokyo, 

Japan), fitted with an INCA Oxford EDS detector (Oxford Instruments, London, UK). 

4.3. Electrode Preparation, Cell Assembly, and Electrochemical Characterization 

The negative electrode was fabricated using the polyaniline electrode containing the synthesized 

gel from wastewater. The positive electrode consisted of a composite made from YP-50F activated 

carbon (Kuraray GmbH), acetylene black, and polytetrafluoroethylene (PTFE) binder. The mixture 

was uniformly coated onto a nickel foam substrate with an active surface area of 0.64 cm². The 

electrodes were dried under vacuum at 120 °C and then pressed at 2 MPa to ensure mechanical 

stability. 

The electrodes were assembled into a Swagelok-type two-electrode coin cell in an asymmetric 

configuration, using Viledon®  membrane as the separator and 6 M KOH as the electrolyte. For 

comparison purposes, symmetric cells consisting of two identical YP-50F-based electrodes were also 

prepared and evaluated under identical conditions. Electrochemical measurements of the 

supercapacitors were conducted using cyclic voltammetry (CV) at a scan rate of 10 mV·s⁻¹ in the 

voltage range of 0.05–1.2 V, both before and after long-term cycling. A Multi PalmSens system (Model 

4, The Netherlands) was employed for the CV measurements. Galvanostatic charge-discharge (GCD) 

tests were performed using an Arbin Instrument System BT-2000 within the same voltage range 

(0.05–1.2 V). The GCD protocol included sequential current loads ranging from 60 to 1000 mA·g⁻¹, 

with 30 cycles per step. For long-term cycling, the cells were subjected to 10,000 charge-discharge 

cycles at a constant current of 1000 mA·g⁻¹. 

The specific capacitance (Cs), derived from the cyclic voltammetry data, was calculated using 

the following equation: 
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where I is the current, dV/dt is the voltage scan rate, and m is the mass of the active carbon 

material. 

𝐶𝑠 =
4𝐼

𝑑𝑉
𝑑𝑡

𝑚
 

(1) 

The following equation was used to calculate the specific capacitance from the charge/discharge 

curves: 

where I (A), Δt (s), m (g) and ΔV (V) indicate discharge current, discharge time, mass of active 

material, and voltage window respectively. 

C = 
4𝐼𝛥𝑡

𝑚𝑑𝑉
 (2) 

On the basis of the specific discharge capacitance, the energy density (E) and power density (P) 

is calculated using Equations (3) and (4): 

E= 
𝐶𝛥𝑉2

7.2
 (3) 

P = 
𝐸

𝑡
 (4) 
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