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Abstract

:

A novel flexible supercapacitor device was developed from a polyethylene terephthalate substrate, reused from beverage bottles, and a conductive ink based on carbon black (CB) and cellulose acetate (CA). The weight composition of the conductive ink was evaluated to determine the best mass percentage ratio between CB and CA in terms of capacitive behavior. The evaluation was performed by using different electrochemical techniques: cyclic voltammetry, obtaining the highest capacitance value for the device with the 66.7/33.3 wt% CB/CA in a basic H2SO4 solution, reaching 135.64 F g−1. The device was applied in potentiostatic charge/discharge measurements, achieving values of 2.45 Wh kg−1 for specific energy and around 1000 W kg−1 for specific power. Therefore, corroborated with electrochemical impedance spectroscopy assays, the relatively low-price proposed device presented a suitable performance for application as supercapacitors, being manufactured from reused materials, contributing to the energy storage field enhancement.
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1. Introduction


The energy issue has been one of the great discussions around the world due to the depletion of fossil fuels, which has attracted the search for new sources of energy conversion and storage. This issue arises from the constant demand for fast, economically efficient, and ecologically correct technological devices, to meet the world’s growing population’s desire for frequent information [1,2,3]. In such industry, electrochemical energy conversion systems function as key technologies, allowing the management of renewable energy while diminishing the pollution caused by other sources, such as the greenhouse effect [2]. Common batteries are widely researched, discussed, and employed, especially in electric or hybrid vehicles [2,4,5]. On the other hand, they have some lifetime and power issues, such as low power density, requiring a longer charge and/or discharge time, and capacitors can operate at short charge-discharge times (<0.1 s) resulting in low production and maintenance costs. As demonstrated by Libich et al. [1], electrochemical capacitors, also known as supercapacitors, present high energy densities, close to that of batteries, while also bringing the higher power densities of pure metal capacitors. Moreover, they have been gaining prominence due to relatively low-cost, renewable materials usage, and high-efficiency energy storage capability [6,7,8]. It is also known that even at high discharge rates, their efficiency and reversibility exceed 90% [9,10], further suggesting that supercapacitors could be ideal for renewable energy storage.



Hence, technological development has opened new applications and, in this scenario, flexible supercapacitors have attracted great interest in the industry. This class of materials meets the technological requirements for advances in the field of wearable, compact, and portable electronics, such as flexible displays on phones, health tracking devices, computers, televisions, electronic textiles, artificial electronic skin, and distributed sensors [11,12,13,14,15]. Furthermore, the key challenge for the conception of the commercial supercapacitors is the development of devices with excellent mechanical flexibility and adjustable dimensions along with decreasing production costs [16,17].



In this context, various carbon materials have been applied as electrode materials for electric double-layer capacitors, and among them, carbon black (CB) stands out due to the structure of the graphitic domains in the concentric particles, ensuring adequate electrical conduction, combined with the porosity of the carbonaceous material, having the capacity to store energy in the form of electrical charges [18,19,20].



In addition, CB can form stable dispersions of polymeric matrices [21], which is applied for the fabrication of 2D-printed electrodes, using a technology known as screen-printing [22,23]. This technology consists of the application of a conductive ink over a screen, delimiting the form of the desired electrodes on the surface of an inert substrate. This conductive ink is conventionally made by the dispersion of electrically conductive particles on a polymeric matrix, and, among renewable options, cellulose acetate (CA) could be an interesting choice as it is a biodegradable polymer of biological sources, synthesized from cellulose with relatively low production cost [24,25,26]. The literature also presents screen-printed systems as possible disposable materials [27,28,29], due to their reduced production cost, when compared to conventional electrodes. This, however, also demands an ecofriendly inert substrate, such as reusable beverage bottles (polyethylene terephthalate, PET) [27] and sandpaper [30]; or recyclable materials, such as paper [31], waterproof paper [32], fiberboard [33], and polyvinyl chloride [34]. The selection of electrode materials directly affects the electrochemical performance, physical properties, and further applications of the device. Therefore, the development of flexible supercapacitors is very important for different technologies, making essential the search for cheaper and renewable materials, with optimal operational parameters. In this work, we propose the development of a disposable and flexible supercapacitor, using the screen-printing technique, with a conductive and lab-made ink of CB and CA, deposited over a PET substrate, presenting and discussing its behaviors, characteristics, and efficiencies in different pH media.




2. Materials and Methods


2.1. Reagents and Solutions


All chemicals used in this work were purchased from Sigma-Aldrich (Taufkirchen city, Bavaria state, Germany) and/or Fluka (Muskegon, MI, USA), with analytical grade. In addition, all aqueous solutions used for electrochemical characterizations, including the supporting electrolytes, sulfuric acid (H2SO4), potassium hydroxide (KOH), and sodium sulfate (Na2SO4), were prepared by an ultrapure water system Synergy® (type 1) from Merck Millipore, Merck Group (Burlington, MA, USA), with resistivity > 18 MΩ cm. For ink preparation, VULCAN® XC-72 powder was provided by CABOT (Boston city, Massachusetts state, USA), and substrates were obtained by reusing different beverage bottles.




2.2. Apparatus


The CB-based electrodes were prepared and assembled with the aid of Silhouette Studio 4.4® (Silhouette, Brazil) software, used to elaborate the capacitor mask design, and command the Silhouette Cameo 3® cutting machine, Silhouette (São Paulo city, São Paulo state, Brazil). For the ink preparation, a magnetic stirrer and heater (Biomixer AM-10), and an ultrasonic bath purchased from Cristófoli (Campo Mourão, Paraná state, Brazil) were used.



The electrochemical characterizations were performed in a Potentiostat/Galvanostat (Metrohm, Autolab/PGSTAT204) with an expansion module for Electrochemical Impedance Spectroscopy (EIS) FRA32M performance. Managed by NOVA software 2.1.4 version (Utrecht, The Netherlands) at the open circuit potential (OCP) with sine wave type, 10 mV amplitude, in the frequency range of 0.1–10 MHz. Morphological characterizations were conducted using SEM (Scanning Electronic Microscope) images obtained in a Vega-3 LMU Tescan electronic microscope, in 5.0 kV voltage acceleration and 50 P low vacuum mode. The electrochemical impedance spectroscopy (EIS) data were obtained in three different 1.0 mol L−1 electrolytes: H2SO4, KOH, and Na2SO4. The data was obtained with the following parameters: applied potential corresponding to the OCP of each system, obtained after 300 s stabilization, being −26 mV for H2SO4 and −56 mV for KOH; potential amplitude of 10 mV, sine waves type throughout all analysis, and 10 frequency increments per decade, in the range of 1.0 × 105 to 1.0 × 10−2 Hz.




2.3. Production of the Ink and Manufacture of the Disposable Electrodes


To guarantee optimal ink formulation and material dispersion, two solvent solutions were prepared, with a mixture of N, N-Dimethylformamide (DMF), and acetone (ACE) of distinct volume %. The solvent to best disperse CA had a 52.5/47.5% ratio, while the solvent that better dispersed CB presented a ratio of 42.4/57.6%. The CA dispersion was prepared by adding 250 mg of the acetate in the mentioned solvent, and subsequently stirring it for 10 min at room temperature. Meanwhile, the CB dispersion was produced by adding a desired amount of CB to the corresponding DMF/ACE mixture and placing it in an ultrasonic bath, for 30 min, to enhance homogenization. Finally, these two dispersions were mixed in different proportions, following another ultrasonic bath for 30 min. After, the final dispersion was magnetically stirred for 10 min, finishing the conductive ink. The final CB:CA proportions are presented in Table 1.



To assemble the electrode systems, the polyethylene terephthalate (PET) substrates, obtained by reusing beverage bottles, were cut, properly washed, and polished to enhance ink adhesion. After, adhesive paper sheets were cut with the cutting machine with a proper design, based on the three-electrodes system. These adhesive masks were attached to the PET surface, and the ink was applied over them. After 10 min of drying, a second ink layer was produced, and it was left to dry at 19 °C. After the paper masks were removed and the system was ready to use. Figure 1 illustrates the whole process.





3. Results


3.1. Electrochemical and Morphological Characterizations


To understand the CB/CA ink capacitive behavior, different characterization procedures should be investigated. Therefore, the first electrochemical study performed was a profile determining the cyclic voltammetry (CV) technique, aiming to analyze and compare the four different ink formulations, based on each specific capacitance (SC) response at different electrolytes: an acid (H2SO4), a saline (Na2SO4), and a basic (KOH) media, with respective 1.0 mol L−1 concentration. Properties such as active surface area, porosity, and conductivity are crucial points in the development of electrochemical capacitors, and this is directly influenced by the amount of carbonaceous material used [35]. Thus, the voltammetric profiles in Figure 2A–C, obtained with different CB/CA compositions, demonstrate that, majorly, the capacitive current is predominant, even though a few electrodes presented redox interactions, limiting their use as capacitive devices. This highly capacitive behavior indicates that the materials perform energy storage through an expansion in the electrical double layer, storing charges directly on the double-layer [36]. This class of devices is commonly called an expanded double-layer capacitor (EDLC) [37,38].



This characteristic profile observed is possibly caused by the presence of discrete pores, typical of carbonaceous materials, where the carbon atoms of the CB are compacted at the edges of the channel [39]. In Figure 2, the voltammograms demonstrate an approximately rectangular voltammetric profile, a characteristic near-ideal capacitor behavior, which is justified by diffusion processes. Additionally, this study shows that the variation in current flowing through the circuit increases linearly with the CB concentration, indicating that the larger amounts of CB enhance the capacitive behavior. Probably, this functions to increase the number of active sites, due to the higher atomic density, contributing to the double layer formation process [38]. It is also interesting to highlight the presence of anodic and cathodic peaks in Figure 2C, mainly for the 60.0/40.0 and 50.0/50.0 % (w/w). These phenomena have been attributed to the result of electroactive surface functional groups redox reactions, such as phenols, ketones, and carboxylic structures [40,41]. This process could generate pseudocapacitance, but with uncertain benefits, as the self-discharge rate of such groups is higher than the overall surface [40,42]. Herewith, the ink containing the highest quantity of CB (66.7/33.3%, w/w) was chosen to continue this work.



Thus, with the previous charge data acquisition used for the CV technique, the resultant charge data influence, at each electrolyte, with different scan rates (ν), guided by SC values would be estimated by the Equation (1):


  S C =   Δ Q   m × Δ V    



(1)




where SC is expressed in (F g−1); ΔQ is the charge variation in terms of C s−1; m is the electrode mass, which was estimated at around 0.134 mg for the chosen formulation; and ΔV is the working potential used, represented in V. Therefore, the resultant SC values vs. different ν (mV s−1) are shown in Figure 2D, for each electrolyte. The resultant dispersion, in general, presented a capacitance decrease with the increase in ν. This was expected behavior, especially because of the velocity of surface formation processes, including surface resistance, double-layer thickness, and charge diffusion as well, which are all processes in progress during data collection. It is important to highlight, however, that the CB/CA electrode demonstrated a more stable SC vs. ν curve in the acidic electrolyte, with a decrease of only 75%, when compared to the other media (93% for KOH and 87% for Na2SO4).



The EIS technique configures a very important tool for mapping processes in the electrode interface, which may include redox reactions, adsorption, and forced mass transfer processes. It responds with the function of the relation between frequency and a given potential, in contrast with the most used electroanalytical methods. This technique is useful for electrochemical devices, especially energy storage systems, such as batteries, capacitors, and supercapacitors, especially as they need more comprehensive information about resistivity and charge transfer of electrode materials.



In this study (Figure 3A), it was observed that the acidic profile presents a low-frequency region almost in parallel to the imaginary axis, which characterizes an ideal capacitive behavior due to minimal material resistance effects being observed in lower frequencies. This could imply that the double-layer ion transport has ceased, achieving equilibrium, and only dielectric behavior is being observed [43,44]. This behavior is described by a [R(RQ)C] equivalent circuit. For the KOH medium, the electrode shows a profile containing deviations from ideal capacitor behavior, especially by the formation of two semicircles, probably caused by proper material hybrid capacitive/resistive behavior, better described with the [R(RQ)([RW]C)] equivalent circuit. The first semi-circle is, potentially, due to the device geometry [43], while the second could originate from the surface redox reactions, as presented in Figure 2B. The literature proposes a few explanations for such reactions: the device could be functionalized by the basic electrolyte, adsorbing hydroxyl ions [45], or promoting rise to pseudocapacitance by oxygen-involved redox processes [46].



Each system was then evaluated for its behavior against the OCP values used in EIS, and the profiles are presented in Figure 3B. As can be noted, both presented characteristic voltammograms with the only capacitive current generation. It could also be highlighted that the acidic system is considered a more rectangular shape than the basic one, implying a higher energy storage capability. By increasing the number of cycles in CV to 100, the capacitance retention of each system was evaluated against previously obtained data (100%). In alkaline solution (Figure 3C), the device rapidly presented an increase in capacitive current, equivalent to 130%, but quickly dropped to around 65%. The device then linearly increased the retention to 74% after all scans. This behavior implies a non-stable surface. In acidic solutions (Figure 3D), the retentions started at around 80%, increasing to 84% after all cycles, suggesting higher stability. This data also corroborates the use of acidic electrolytes to properly employ the proposed device as a supercapacitor.



Morphological characterizations were required to better understand the proposed material and confirm its electrochemical behavior. Therefore, SEM was carried out for the optimal 66.7/33.3% (w/w) CB/CA ink without CB (Figure 4A–C), without CA (Figure 4D–F), and in its complete form (Figure 4G–I). In the images without CB (only CA), it is possible to observe a roughish polymeric structure, with small, intertwined wing-like structures. For the ink without CA (only CB), purely carbonaceous structures can be observed, with high roughness and flake-like formation. Additionally, this sample presented a high cracking rate, as can be observed in Figure 4D right side, probably due to the electrostatic interaction between CB agglomerates being destroyed as the solvents are eliminated. In the last sample, it is possible to observe the roughness of the whole surface, with pores distributed throughout the film structure, corroborating with the data discussed previously. Additionally, the carbonaceous structure of CB is still observed, and without cracks, proving a homogeneous distribution of CB in CA. This active distribution of amorphous carbon can be associated with the overall material conductivity.




3.2. Potentiostatic Charge/Discharge Evaluation


Charge and discharge tests were carried out by performing a potentiostatic charge/discharge technique (PCD). These tests are extremely important for a more complex analysis of the behavior of the device in an applied situation, by inserting the material under charging and discharging phenomena, at distinct current density (CD) values, through time. Thus, it is expected to observe profiles with a triangular shape, that results from the device’s double-layer charge/discharge response. This process depends on the charge movement rate through each material gram. As such, this behavior is principally affected by resistance and diffusion layer processes in the electrolyte/electrode interface.



Therefore, the CD values were selected randomly for the PCD procedure and the chosen values were 0.5, 1.0, 2.0, 3.0, and 4.0 A g−1, and their resulting profiles for the CB ink are presented in Figure 5. In Figure 5A, the charge and discharge relationship at H2SO4 presented the discussed triangular profile, as expected for a capacitor. Nonetheless, plotline inclination suggested a smooth charge transition. This type of profile indicates a closer relationship with supercapacitor behavior, which conventionally shows relatively high energy and power densities with smooth rate transitions.



Hereupon, profiles for Na2SO4 presented in Figure 5B also demonstrated the triangular tendency through CD rising, but started to show some alterations in shape resolution, probably due to process alterations at the double layer, like a pseudocapacitance rising phenomenon [47]. This tendency is accentuated at KOH profiles (Figure 5C), especially at discharge lines, where its definition intensifies the pseudocapacitance growth hypothesis, added to a possible decrease in activity, due to the higher pH, since water-based electrolytes were used [48,49]. Table 2 shows the calculated rate capacitance for each of the aforementioned systems, in which the alkaline performance starts as the highest, but is diminished to ~4% of its initial value. In saline solution the observed behavior is similar, while in H2SO4 only a third of the initial rate capacitance is observed to be lost with the increase in current density, further demonstrating higher stability for the device in such media. With these data, it is possible to conclude that the charge and discharge time increases with saline and alkaline solutions, while the acidic electrolyte seems to have more attractive features for this supercapacitor, including a flatter profile and lower PCD time.




3.3. Energy and Power Density Calculations


Energy and power density values present a relevant form to cross and compare data between different energy storage devices, especially through the Ragone plot (Figure 5D), which are composed of specific power (SP) and specific energy (SE) magnitudes. Therefore, the Ragone graphic was plotted by utilizing two equations, one for the device-specific energy (SE, Equation (2))


  S E =   I ×    Δ  V × Δ t   2 × m    



(2)




where SPe is expressed in Wh Kg−1; I the PCDs discharge current in A; Δt the discharge time in seconds (s); m the working electrode mass g; ΔV is voltage variation through the discharge process in V; and the other is for its specific power (SP, Equation (3)):


  S P =   I ×    Δ  V   2 × m    



(3)




where SPw is in terms of W Kg−1. The graphic obtained by plotting SP vs. SE presents a comparison of the electrode performance in different media, and shows a very interesting behavior between the two axes, especially for the acidic medium, which get closer to a storage device behavior, with high SP per SE.



To better understand the SC behavior of the device, obtained by PCD, the SC values were converted with a different SC formula, which considers the proper time data obtained by PCD assays, expressed by Equation (4):


  S C =   I × Δ t   m × Δ V    



(4)




where SC is the PCD SC in terms of F g−1; I is the applied current in terms of A; Δt is the discharge time (s); m is the work electrode mass (g); and ΔV is the voltage variation through the discharge process in V. Herewith, the SC calculated values were plotted against the previously chosen CD values, for each electrolyte studied, as can be seen in Figure 5E.



At low CD values, the saline and alkaline electrolytes presented higher SC values than the acidic ones. Although, with the CD increase, this tendency decays and, in general, the acidic medium presented more stability throughout the SC variation. This behavior shows an interesting feature that justifies a supercapacitor-like performance, in sulfuric acid, especially because of its flat and stable PCD profile.



Figure 5F shows the device efficiency plot in the function of the selected different current densities, calculated by Equation (5):


  n =   D t   C t    



(5)




where n is the estimated efficiency in percentage (%); Dt is the PCD discharge time in seconds (s); and Ct, the PCDs charge time, also in seconds. This plot shows the device efficiency at the selected electrolyte. This is an important indicator to corroborate device performance over a range of current densities. Unlike before, the device presents more stable efficiencies in acidic and alkaline media, but with a considerably higher value for the first one. This further justifies the previous hypothesis about this device super capacitive behavior. Whereas, saline medium showed a more linear behavior with the previous tests, presenting certain instabilities under the studied current densities, compromising the device in optimized supercapacitor applications.




3.4. Flexibility Study


Flexibility is, as discussed previously, an important attribute for capacitors and supercapacitors, enabling the production of different and adaptable technologies. To evaluate it, tests were carried out by twisting the electrode and subsequently collecting its response with CV at 50 mV s−1, with a torsion interval of 20 torsions, for a total of 200. This process was repeated twice, with different configurations for data obtention, one with the device still twisted and the other with the device laid flat, to better understand the effect of such strain in the ink. The voltammograms were recorded in 1.0 mol L−1 H2SO4 solution, from −0.5 to 0.5 V, and the data was collected at 0.0 V for all torsions. As can be seen in Figure 6A,B, both obtained profiles presented stable profiles across all cycles, with little difference between the curved and the flat electrode system, as can be noted in Figure 6C. As the PET substrate has a geometrically curved shape, due to the circumference of beverage bottles, the forced flattering of electrodes puts the ink under increased stress, diminishing the current obtained. Besides that, the electrode shows considerable stability under mechanical stress, effectively working as a flexible device.



Similar supercapacitors were chosen for comparison with the values of specific capacitance, power, and energy, which are comparable to the literature (Table 3). The data collected suggests the interesting performance of the developed device in terms of specific energy and capacitance, implying its use as an energy storage device. The majority of the selected works describe different capacitor, micro-capacitor, and supercapacitor systems, usually utilizing relatively higher-cost materials with complex processes such as vapor-liquid-solid chemical vapor deposition [50], and hydrogel synthesis [51]. On the other hand, the proposed work used a simple synthesis method, while still employing relatively low-cost and ecologically friendly materials.





4. Conclusions


The production of a flexible supercapacitor electrode was demonstrated in this paper, using a polyethylene terephthalate (PET) substrate. The mass quantity of CA and carbon black was tested in different aqueous media to optimize the capacitance response. The device is potentially disposable as it is obtained from eco-friendly and relatively low-cost materials, compared to others employed in electrochemical capacitors development. The optimal composition was achieved with 66.7/33.3 wt% CB/CA, and its storage mechanism is predominantly by the electrical double layer, as evidenced by cyclic voltammetry, presenting an outstanding capacitive behavior on acidic media, demonstrating the absence of redox reactions in this condition. In the PCD technique, the device presented more defined charge/discharge graphics, leading to more capacitive behaviors in both acidic and basic solutions. In these conditions, specific power of 1000 W Kg−1 in the acidic medium was obtained. Through the EIS technique, it was possible to observe a highly capacitive behavior in acidic media and a hybrid capacitive/resistive profile in the basic electrolyte. The device also presented 84% capacitance retention after 100 cycles and is quite stable after 200 torsions. All these data suggest that the device is indeed optimal in lower pH systems, but some energy storage can still be obtained in higher pH electrolytes. The proposed device also demonstrated interesting charge-storage capacity and cyclic stability, especially in acidic solutions, affirming its path as an alternative environmentally friendly supercapacitor with simple fabrication.
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Figure 1. Experimental procedure representation: (1) elaboration of the CB and CA base dispersions; (2) ink preparation; (3) electrode assembly with screen printing technique over PET substrates; (4) finalized capacitor electrode ready for (5) electrochemical analyses. 
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Figure 2. Cyclic voltammograms of different CB/CA formulations: 33.3/66.7 (black), 50.0/50.0 (red), 60.0/40.0 (blue), and 66.7/33.3% (pink); in (A) 1.0 mol L−1 H2SO4, (B) 1.0 mol L−1 KOH, and (C) 1.0 mol L−1 Na2SO4; ν = 10 mV s−1 (D) SC vs. scan rate plots for 66.7/33.3% CB/CA at equimolar 1.0 mol L−1 H2SO4 (▲); Na2SO4 (●) and KOH (■) solutions. 
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Figure 3. (A) Nyquist diagrams for H2SO4 (■) and KOH (●). (B) Cyclic voltammograms obtained in OCP by 66.7/33.3% CB/CA electrode, in equimolar 1.0 mol L−1 H2SO4 (▬) and KOH (▬); ν = 10 mV s−1. Capacitance retention dispersion plots of 100 cycles in (C) 1.0 mol L−1 KOH and (D) 1.0 mol L−1 H2SO4. 
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Figure 4. SEM images of the 66.67% CB/CA ink without CB (A–C), without CA (D–F) and the complete ink (G–I) at (A,D,G) 500×, (B,E,H) 1000×, and (C,F,I) 2000× magnification. 
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Figure 5. E vs. t plots of CB/CA PCD profiles in 1.0 mol L−1 (A) H2SO4, (B) Na2SO4, (C) KOH, at different CD values: 0.5, 1.0, 2.0, 3.0, and 4.0 A g−1. (D) SP vs. SE (Ragone plots) for CB/CA in different and equimolar 1.0 mol L−1 electrolytes: H2SO4 (▲), Na2SO4 (●), and KOH (■). (E) Dispersion plot of PCDs SC vs. different current densities (0.5, 1.0, 2.0, 3.0, and 4.0 A g−1) for CB/CA in different and equimolar 1.0 mol L−1 electrolytes: H2SO4 (▲), Na2SO4 (●), and KOH (■). (F) Capacitor efficiency, in equimolar 1.0 mol L−1 H2SO4 (▲), Na2SO4 (●), and KOH (■), for CB/CA devices. 
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Figure 6. Cyclic voltammograms of the flexibility study on the (A) curved device and (B) flat device, in 1.0 mol L−1 H2SO4; ν = 50 mV s−1. (C) I vs. the number of torsions dispersion plots for (▲) curved and (●) flat electrodes. Data was collected at 0.0 V. 
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Table 1. CB/CA proportions at the different prepared inks.
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	Formulation Nº
	CB (mg)
	CA (mg)
	CB/CA (wt%/wt%)





	1
	125
	250
	33.3/66.7



	2
	250
	250
	50.0/50.0



	3
	375
	250
	60.0/40.0



	4
	500
	250
	66.7/33.3
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Table 2. Rate capacitance obtained by CB/CA in different 1.0 mol L−1 electrolytes and current densities.
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Electrolyte

	
Rate Capacitance (F g−1)




	
0.5 A g−1

	
1.0 A g−1

	
2.0 A g−1

	
3.0 A g−1

	
4.0 A g−1






	
H2SO4

	
30.01

	
28.23

	
24.38

	
24.13

	
20.7




	
KOH

	
100.6

	
64.85

	
15.70

	
8.280

	
4.242




	
Na2SO4

	
55.79

	
25.29

	
13.10

	
4.172

	
2.590
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Table 3. Comparison between this work and others present in literature for supercapacitor characteristics.
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Types of Cell

	
Composition

	
Specific Capacitance

	
Specific Power

	
Specific Energy

	
Works






	
Three electrodes

	
Highly doped silicon nanowires

	
46 µF cm−2

	
1.6 mF cm−2

	
Not specified

	
[50]




	
Two electrodes

	
N-doped Graphene/PANI hydrogel

	
584.7 mF cm−2

	
− 0.5 mW cm−2

	
~0.1 mWh cm−2

	
[51]




	
Two electrodes

	
PANI-N/CNT

	
341.0 F g−1

	
40.0 W kg−1

	
11.5 Wh kg−1

	
[52]




	
Two electrodes

	
ACTIVATED CARBON-PTFE

	
2.1 mF cm−2

	
Non-specified

	
Non-specified

	
[23]




	
Two electrodes

	
PANI-MLG

	
110 mF cm−2

	
0.15 mW cm−2

	
~0.01 mWh cm−2

	
[6]




	
Two electrodes

	
PANI/cellulose/Ag

	
310.9 F g−1

	
238.2 W kg−1

	
0.7 Wh kg−1

	
[13]




	
Two electrodes

	
PANI-MLG

	
451.0 F g−1

	
3610.0 W kg−1

	
17.0 Wh kg−1

	
[6]




	
Three electrodes

	
Vanadium nitride and nickel oxide thin film

	
1.85 mF cm−2

	
28 mW cm−2

	
0.7 μWh cm−2

	
[53]




	
Two electrodes

	
IPCN-alkaline carbon metal

	
200 F g−1

	
Non-specified

	
Non-specified

	
[54]




	
Three electrodes

	
Carbon black-cellulose acetate

	
313.53 F g−1

	
455.691W kg−1

	
5.84 Wh kg−1

	
This work




	
168.05 mF cm−2

	
0.24437 mW cm−2

	
0.00313 mWh cm−2

	
This work








Highly doped silicon nanowires: silicon nanowire-based electrodes for micro-capacitor applications, elaborated with highly n and p type doping in silicon nanowires grown with the gold catalyst in chemical vapor deposition (CVD) reactor. N-doped Graphene/PANI hydrogel: N-type doped PANI hydrogel/graphene oxide (GO) composite electrode synthesized by hydrothermal process, for flexible supercapacitor assemble. PANI-N/CNT: electrode based on activated carbon nanoparticles doped with nitrogen, obtained from PANI nanoparticles pyrolysis for capacitor application. ACTIVATED CARBON-PTFE: Ink-jet printed electrode with an ink formulation obtained by mixing activated carbon powder, polytetrafluoroethylene (PTFE) polymer, ethylene glycol, and surfactant. Subsequently printing over a silicon substrate for micro-capacitor applications. PANI-MLG: PANI modified multilayer graphene electrodes. IPCN-alkaline carbon metal: interconnected porous carbon nanosheets with controllable pore size.
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