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Abstract

:

Recently, many efforts have been made to reuse spent batteries in response to the growing demand for sustainable materials production. In parallel, supercapacitors have attracted significant attention for their use in addressing some of the limitations of conventional capacitors and batteries. In this context, this paper describes the preparation, characterization, and supercapacitive performance evaluation of carbon-graphite (CG) electrodes obtained from spent zinc–carbon batteries and modified with polypyrrole (PPY) and polyaniline (PANI). The parameters of PPY and PANI electropolymerization were optimized. CG/PPY, CG/PANI, and CG/PPY/PANI electrodes were obtained to compare their electrochemical responses. Cyclic voltammetry (CV), galvanostatic charge–discharge curves (GCDC), and electrochemical impedance spectroscopy (EIS) were used to evaluate the pseudocapacitive properties of the CG/PPY/PANI-modified electrode. The CG/PPY/PANI electrode showed a specific capacitance of 3416 mF cm−2 in a current density of 2 mA cm−2 and a retention capacity of 76% after 850 GCDC cycles. Thus, CG/PPY/PANI electrodes are shown to be good candidates for use in the development of energy storage devices. In addition, reused CG electrodes from spent batteries have other advantages like low cost, facile construction, and environmental friendliness.
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1. Introduction


The global demand for energy and portable electronic equipment has been increasing significantly in recent years. Currently, non-rechargeable batteries such as alkaline and zinc–carbon batteries are widely used for portable domestic household appliances due to their low cost. However, these batteries have a short useful life and need to be replaced frequently [1,2]. Efforts have been devoted to recycling spent batteries and developing efficient energy storage devices to reduce the negative environmental impact. Zinc–carbon batteries are a type of non-rechargeable battery composed of zinc coating as an anode and carbon graphite (CG) as a cathode. Lately, many methods for recycling batteries have been described in the literature, focusing on the metals present in these batteries; nonetheless, carbon rods also hold significant value for different applications. This component can be reused as an electrode for electrochemical devices. In addition, there are other advantages such as low cost, good mechanical rigidity, and environmental friendliness. Carbon-graphite electrodes are generally versatile because they can be easily modified using different methods, which quality leads to a wide variety of electrochemical applications [3,4]. In this line, Santos et al. developed a modified electrode via electrodeposition of cobalt hydroxide onto an expanded carbon-graphite electrode (CG) obtained from spent batteries. This electrode showed a capacity of 3.4 C cm−2 in an applied current density of 1.0 mA cm−2 and a capacity retention of 91% after 1400 cycles of GCDC [5].



Another challenge lies in developing more efficient and renewable energy storage devices aimed at providing greener and more sustainable energy solutions. In this context, electrochemical storage devices have been extensively researched due to the characteristics that make them suitable for such applications. Supercapacitors (SCs) exhibit desirable characteristics, including rapid charge/discharge rates, a prolonged cycle life, and high specific power and energy densities. Furthermore, they can be constructed using environmentally friendly materials, contributing to both sustainability and cost-effectiveness [6,7]. Supercapacitors can be classified as double-layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors that have a different charge storage mechanism. In EDLCs, the charge accumulation arises at the electrode/electrolyte interface. These SCs are based on carbonaceous materials, demonstrating better cycling stability and mechanical strength [8,9]. Pseudocapacitors store energy via fast redox reactions at the electroactive material and are usually based on metals oxides/hydroxides and conducting polymers, presenting high specific capacitance but limited performance [10]. Finally, hybrid electrodes combine the properties of these two categories, providing higher specific power and energy density [11,12].



In general, conducting polymers, such as polyaniline (PANI), polythiophene (PT), poly(3,4-ethylenedioxy thiophene) (PEDOT), poly(o-phenylenediamine), and polypyrrole (PPY), are attractive materials for the development of energy storage devices due to their high conductivity, controllable thickness, cost-effectiveness, and good affinity with other materials, such as carbon-based materials [13,14,15]. Regarding the application of conducting polymers in energy storage devices, PANI and PPY are the most promising conducting polymers, since both have high electrical conductivity, low cost, a reversible redox rate, facile synthesis, high electron mobility, and a fast doping/dedoping rate [16]. PANI stands out due to its high theoretical specific capacitance (~2000 F g−1), relatively easy synthesis, and superior electrochemical properties [17]. PPY, meanwhile, has a relatively high electronic conductivity (10−3–100 S cm−1) in addition to easy synthesis and fast charge transfer kinetics [18].



In this regard, Budi et al. fabricated a composite polyaniline/polypyrrole-modified electrode via the electrodeposition method. The authors observed a very porous film of polyaniline and polypyrrole, while their composite formed a dense film with a relatively flat surface morphology. The electrode modified with only polyaniline presented a better charge transfer ability when compared to polyaniline and the composite; however, the electrode modified with the composite delivered a specific capacitance of 530.96 F g−1 [19]. Dubal et al. demonstrated a novel approach to the preparation of a layered polyaniline/polypyrrole nanocomposite using a simple oxidative chemical polymerization. The modified electrode presented an excellent electrochemical performance, including high specific capacitance (737 F g−1) and a very good, stable cycle life (84% after 2000 cycles) [20]. Kandulna et al. modified an electrode with a ternary nanocomposite composed of polypyrrole/polyaniline/zinc oxide. It was observed that an aggregated nanoflake structure formed due to the formation of zinc oxide nanofillers in the surface of the polypyrrole/polyaniline composite. The GCDC showed a relatively high discharge time (~2600 s) and a specific capacitance of 643.75 F g−1 in an applied current of 0.2 A g−1 [16].



Given the aforementioned points, this study aims to elucidate the development of a modified electrode through the electropolymerization of polypyrrole and polyaniline on carbon-graphite electrodes obtained from spent batteries and the characterization of its electrochemical properties, particularly in terms of its supercapacitive properties.




2. Materials and Methods


All reagents were analytical grade. Aniline (ANI) (Aldrich) and pyrrole (PY) (Aldrich) were distilled under low pressure before use and stored in the refrigerator. Distilled water was used to prepare all solutions. Carbon-graphite (CG) electrodes with a geometric area of 0.126 cm2 and a length of 4.5 cm were obtained from spent Leclanché batteries. The samples of batteries came from a collection point of spent batteries. Before use, CG electrodes were cleaned by washing them in chloroform, ethyl alcohol, and distilled water. After that, a commercial epoxy resin was used to isolate the CG active surface area. Finally, the extremities of the CG electrodes were mechanically polished using sandpaper (grit 1200 and 2000 µm).



All the electrochemical experiments were performed in an Potentiostat/Gavanostat Autolab PGSTAT 30. The CG electrodes were expanded under potentiostatic conditions by applying +2.0 V vs. Ag/AgCl/Cl−sat for 750 s in a 0.5 mol L−1 H2SO4 solution, as described previously in the literature [5]. Then, the electropolymerization of PY under potentiostatic conditions was performed in a 0.5 mol L−1 PY and 0.1 mol L−1 LiClO4 solution, obtaining in this way a CG/PPY electrode at several galvanostatic charges and applied potentials. After this, the electropolymerization of PANI on the CG/PPY electrode was also carried out under potentiostatic conditions in a 0.5 mol L−1 ANI and 0.5 mol L−1 H2SO4 solution, producing a CG/PPY/PANI electrode while also varying the electrochemical charge and the applied potential (Figure 1).



The CG/PPY, CG/PANI, and CG/PPY/PANI electrodes were characterized using field emission scanning electron microscopy (FE-SEM) (TESCAN MIRA model VEGA3 operated at 15 kV combined with energy dispersive spectroscopy (EDS) and elemental mapping), Raman spectroscopy (BRUKER Senterra) and Fourier Transform Infrared spectroscopy (FTIR) (Shimadzu IR Prestige 21 spectrophotometer). Raman measurements were carried out in the range from 200 to 2500 cm−1 at 3.5 mW of power using a green laser with a wavelength of 532 nm. FTIR measurements were carried out in the range from 4000 to 400 cm−1 using a reflectance mode with 4 cm−1 resolution. X-ray diffraction (XRD) (Rigaku Ultima IV) measurements were performed using the radiation of Cu Kα with a wavelength of 1.54 Å collecting in a continuous scanning mode in a 2θ range from 10 to 80°.



A three-electrode cell configuration with the modified electrode (CG/PPY or CG/PPY/PANI) as the working electrode, a Pt wire as a counter electrode, and an Ag/AgCl/Cl−sat electrode as the reference was used in the electrochemical measurements. Cyclic voltammetry (CV), galvanostatic charge and discharge curves (GCDC), and electrochemical impedance spectroscopy (EIS) measurements were performed. All electrochemical characterizations were carried out in a 0.1 mol L−1 LiClO4 solution. EIS was performed using open circuit potential (OCP), with an applied ac potential of 0.01 V in a frequency range from 10 kHz to 10 mHz. NOVA 2.0 software was used to control the CV, GCDC, and EIS experiments. All results shown herein are the representative ones.




3. Results and Discussion


As previously reported, the CG electrode expansion provides an increase in the electroactive surface area, which improves ionic access to the electroactive sites and the available area for charge storage [5]. In this work, we use the expanded CG electrode as a substrate for a new energy storage device based on conducting polymers. The XRD pattern of the expanded graphite is shown in Figure S1. The peaks corresponding to the (101), (004), and (110) planes of carbon graphite can be readily observed in the XRD pattern [21]. Additionally, the (002) plane of the aromatic layer exhibits a peak at 26.41°, while a small peak emerges around 42.36° related to the reflection in the (100) plane of the aromatic layer [21]. Notably, the interlayer spacing d002 for the expanded graphite was calculated as 0.3464 nm, slightly exceeding the standard graphite interlayer spacing of 0.3354 nm, a consequence of the expansion process [22].



Initially, the expanded CG electrode was submitted to pyrrole electropolymerization by applying +1.0 V vs. Ag/AgCl/Cl−sat until different galvanostatic charges were achieved to obtain the CG/PPY-modified electrodes. Figure 2a shows the voltammetric behavior of a CG/PPY-modified electrode with a quasi-rectangular shape, with the presence of PPY redox peaks indicating pseudocapacitive properties. The current intensity was increased in the materials synthesized using higher galvanostatic charges until reaching the charge of 0.75 C. At higher values, it is probable that the polymeric layer is thick enough to hamper ionic intercalation during the redox process. The galvanostatic charge–discharge curves (GCDC) are in agreement with the CV results (Figure 2a), showing an increase in the discharge time with the galvanostatic charge and presenting the maximum value for the modified electrode at 0.75 C. In Figure S2 (Supporting Information), the reader can find the GCDC of the non-expanded and expanded CG electrodes.



To evaluate the GCDC as a function of the galvanostatic charge used to obtain the CG/PPY electrodes, the specific capacitance (Csp) was calculated according to the following equation [23]:


    C   s p   =   I · t   ∆ E · A    



(1)




where I represents the applied current (A), t the discharge time (s), ΔE the discharge potential range (V), and A the geometrical area (cm2). In this way, the following specific capacitances were found for galvanostatic charges of 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90 C: 235, 320, 374, 564, 824, and 821 mF·cm−2, respectively (Figure 2b). The calculated values for non-expanded and expanded CG electrodes were 1.50 and 9.55 mF·cm−2, respectively. Thus, the charge of 0.75 C was chosen as the optimum value to obtain the CG/PPY-modified electrode. Furthermore, the applied potential for the electrochemical synthesis of PPY was studied in the range of +0.8 to +1.2 V. According to the literature, pyrrole electropolymerization can be carried out at different potential values. The CV curves for CG/PPY obtained at different potentials showed similar intensities of current (Figure 2c), indicating that the electrodes had almost the same amount of electroactive material. As shown in Figure 2d, the GCDC exhibited similar charge–discharge times for the +1.0 and +1.2 V applied potentials, with respective Csp values of 824 and 804 mF cm−2. Therefore, the CG/PPY-modified electrode obtained using an applied potential of +1.0 V and a galvanostatic charge of 0.75 C was chosen to proceed with the experiments.



The next step was to study PANI electropolymerization on CG/PPY to obtain the CG/PPY/PANI-modified electrodes. Figure 3a shows that the CV response of PANI, synthesized using electropolymerization at an applied potential of +0.7 V to produce CG/PPY/PANI-modified electrodes, exhibited an increment in the current intensity until reaching the galvanostatic charge of 3 C. However, the GCDC showed a higher discharge time for the CG/PPY/PANI electrode with PANI electropolymerized using a galvanostatic charge of 3 C (Figure 3b). The Csp values calculated were 1417, 1992, 2886, and 2838 mF cm−2 for 1, 2, 3, and 3.25 C, respectively. Considering these results, the galvanostatic charge of 3 C was chosen for the electropolymerization of PANI based on the GCDC response of the CG/PPY/PANI-modified electrode.



The applied potential for PANI electrochemical synthesis was studied in the range of +0.7 to +0.9 V. The CVs obtained for CG/PPY/PANI are shown in Figure 3c. Similar current intensities can be observed for PANI electropolymerized at these potentials. Nevertheless, the GCDC (Figure 3d) showed different charge–discharge times. Csp values of 2886, 3416, and 2459 mF cm−2 were obtained for CG/PPY/PANI, with PANI electrochemically synthesized at applied potentials of 0.7, 0.8, and 0.9 V, respectively. The CG/PPY/PANI-modified electrode presents better GCDC performance when obtained at +0.8 V. Thus, based on these results, the optimized conditions to obtain CG/PPY/PANI-modified electrodes were determined as follows: E = +1.0 V and q = 0.75 C for PPY, and E = 0.8 V and q = 3.0 C for PANI electropolymerization.



To evaluate the electrochemical performance of the modified electrode, the electrochemical behaviors of CG/PPY, CG/PANI, and CG/PPY/PANI were compared. The CV results shown in Figure 4a highlight a notably higher current for CG/PPY/PANI compared to CG/PPY and similar current intensities between the CG/PANI and CG/PPY/PANI electrodes. However, the GCDC results evidence a higher discharge time for the CG/PPY/PANI-modified electrode when compared to the other electrodes (Figure 4b). This leads to an increment in the Csp values, which were calculated as 613, 1216, and 1417 mF cm−2 for the CG/PPY-, CG/PANI-, and CG/PPY/PANI-modified electrodes, respectively, as presented in Figure 4c. Considering the behavior present in the CV (a quasi-rectangular profile) and the GCDC (a quasi-triangular profile) responses of the modified electrodes, it can be assumed that the redox reactions are occurring at the surface of the electrode followed by an intercalation process [24]. The enhancement of the supercapacitive properties in the presence of PANI highlights the potential for using the combination of both polymers in the construction of an energy storage device.



The material morphologies were evaluated via field emission scanning electron microscopy (FE-SEM), as can be seen in Figure 5. All the samples showed a similar globular morphology characteristic of conducting polymers [25]. The surface of the CG/PANI electrode (Figure 5a) shows more heterogeneity than the CG/PPY electrode, with an evident number of globular structures (Figure 5b). The SEM image of the CG/PPY/PANI electrode (Figure 5c) also shows agglomerated globules at the surface, indicating the presence of PANI.



Figure 6 shows the FTIR spectra obtained for the CG/PPY-, CG/PANI-, and CG/PPY/PANI-modified electrodes. In the CG/PPY spectra, the vibration of the pyrrole ring was observed at 1595 cm−1 and the C–N stretching appeared at 1256 cm−1. The bands at 1003 and 868 cm−1 were attributed to out-of-plane C–H bending vibrations [26]. The CG/PANI spectra also revealed =C–H in-plane deformation at 1371 cm−1 and =C–H out-of-plane vibrations at 962 and 854 cm−1. The band related to C–N stretching vibration appeared at 1204 cm−1 [27]. The FTIR spectrum of CG/PPY/PANI presented all the prominent features of PPY and PANI, revealing the existence of both polymers in the modified electrode. The bands at 1516 and 1210 cm−1 were ascribed to the vibration of the pyrrole ring and C–N stretching, respectively. The in-plane =C–H bending was observed at 1367 cm−1 and out-of-plane =C–H vibrations appeared at 860 and 903 cm−1.



In Figure 7a, Raman spectra of CG/PPY, CG/PANI, and CG/PPY/PANI are shown. The characteristic carbonaceous D and G bands are observed at 1338 and 1607 cm−1, respectively, in the CG/PANI and CG/PPY/PANI spectra. In the CG/PPY electrode spectra, the D band appears at 1350 cm−1 and the G band at 1573 cm−1. The intensity ratios (ID/IG) for CG/PPY, CG/PANI, and CG/PPY/PANI were calculated as 1.04, 0.98, and 1.15. These values reflect the relative disorder in carbonaceous structures. The increased intensities for the CG/PPY/PANI electrode suggest a higher disorder in this material [5]. The Raman spectra of CG/PANI and CG/PPY/PANI show the band attributed to C=N quinoid structures at 1497 and 1503 cm−1, respectively. This suggests a conductive, polaronic structure of PANI [28]. An out-of-plane C–H deformation of quinoid form was observed at 923 cm−1 for CG/PPY and a benzoid ring vibration at 967 cm−1 [29]. The C-H bending of the PANI benzoid structure was observed at 1170 cm−1 for CG/PANI and CG/PPY/PANI [30].



Electrochemical characterization of the CG/PPY/PANI electrode was carried out using GCDC and EIS measurements. Figure 7b shows the GCDC performance at different current densities for the CG/PPY/PANI-modified electrode. One can observe a decrease in the discharge time with the current density. This behavior occurs because, in high current densities, there is not enough time for the ions to intercalate into the polymeric matrix to reach an active site, resulting in a lower charge accumulation, which is reflected in the discharge time [31]. The following Csp values were calculated using Equation 1 and are presented in Table 1.



The capacitance retention was evaluated for CG/PPY, CG/PANI, and CG/PPY/PANI electrodes across 850 GCDC cycles at a current density of 10 mA cm−2 (Figure 7c). The CG/PPY revealed lower retention capacitance, which gradually declined to 44% of initial Csp. The CG/PANI and CG/PPY/PANI electrodes showed similar capacitance retention curves, with a sharp decrease over 200 cycles followed by an almost constant value, resulting in CSP values of 67% and 76%, respectively. As studied by Hryniewicz et al., the decline in the specific capacitance of pseudocapacitive materials derived from PPY is attributed to morphological changes during GCDC. This is a result of the swelling and shrinkage of the polymeric matrix induced by consecutive oxidation and reduction processes [32]. This effect leads to an increase in the charge transfer resistance (Rct), also observed in other works [33,34]. The heightened Rct contributes to ineffective electrolyte ion diffusion within the polymeric matrix during the redox process and consequently leads to a reduction in specific capacitance. However, when PANI is present, this initial decline in capacitance is less abrupt, consistent with findings from other studies [35].



Figure 7d presents the Raman spectrum of the CG/PPY/PANI electrode before and after the cycling experiment. A shift in the G band was observed from 1607 cm−1 (as-synthesized materials) to 1567 cm−1 (after the capacitance retention study). However, the D band did not shift after the experiment, remaining at 1338 cm−1. The intensity ratio (ID/IG) changed from 1.15 to 1.22 after the cycling process. These results might suggest an exposure of the CG electrode during the cycles and an increase in the disorder of the carbonaceous structures [36]. Furthermore, the disappearance of the band at 1170 cm−1 (attributed to the C-H bending of benzoid PANI) and the appearance of a band at approximately 948 cm−1—potentially arising from an overlap between the PPY bands at 967 cm−1 and 923 cm−1—in the post-cycling spectrum suggest a morphological degradation of the PANI film, promoting a better exposure of the PPY structure.



The FE-SEM images of the CG/PPY/PANI electrode before and after 850 GCDC cycles are shown in Figure 8. Changes in the material surface can be observed after the cycling experiment, mainly in the morphology homogeneity. This behavior was observed before for PPY nanotubes synthesized in stainless steel mesh electrodes and might be the reason for the capacitance loss during the cycles [32]. Herein, the appearance of pores at the electrode surface and the formation of agglomerated globular structures can be observed. Figure 8b shows globular structures characteristic of conducting polymers, indicating that PANI and PPY remain at the electrode surface after 850 cycles but with slightly different morphologies.



Table 2 shows the response of the modified electrode developed in this work in contrast to different electrodes found in the literature, including Csp and retention capacitance. The CG/PPY/PANI electrode developed in this work has a comparable capacitance retention with electrodes previously described in the literature; however, it is difficult to compare the specific capacitances due to differences in normalization. Here, the capacitance values were normalized using the geometric area to obtain the Csp values.



The findings of this work suggest that the utilization of expanded graphite derived from spent batteries, when modified with PPY and PANI, holds significant promise for application in supercapacitors. This not only contributes to the development of new environmentally friendly devices but also presents an opportunity for the production of high-performance energy delivery systems, offering high specific capacitances and long cycle life.




4. Conclusions


In this work, a CG/PPY/PANI-modified electrode was constructed using a CG electrode from spent, cylindrical zinc–carbon batteries. The parameters for electrode modification were optimized by evaluating their pseudocapacitive properties, and the best performance was obtained for the CG modified with PPY and PANI synthesized under potentiostatic conditions by applying 1.0 V until reaching the electropolymerized charge of 0.75 C for PPY and 0.8 V and 3.0 C for PANI electropolymerization. The CG/PPY/PANI electrode showed a Csp of 3416 mF cm−2 (j = 2 mA cm−2), and it was properly characterized using scanning electron microscopy, FTIR, and Raman spectroscopy techniques. Raman and FTIR measurements of the optimized electrode showed the main bands of PPY and PANI, indicating the presence of both conducting polymers at the electrode surface. Moreover, galvanostatic charge–discharge curves showed that the CG/PPY/PANI electrode maintained 76% of the initial Csp after 850 cycles, which is higher than the capacitance retention obtained for the CG/PPY and CG/PANI electrodes. Raman and FE-SEM measurements of the modified electrode after 850 charge–discharge cycles demonstrated some surface modifications; however, the images confirmed that the conducting polymers remained at the electrode surface. Overall, the results demonstrate the fabrication of a material based on PPY and PANI with high specific capacitance and good capacitance retention, unveiling the potential of using spent batteries for the construction of environmentally friendly energy storage devices.
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Figure 1. Representation of the synthesis of PPY and PANI onto expanded graphite electrodes from spent batteries. 
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Figure 2. (a) CV and (b) GCDC for CG/PPY-modified electrodes obtained via electropolymerization at +1.0 V and different galvanostatic charge values; (c) CV and (d) GCDC for CG/PPY-modified electrodes obtained via electropolymerization with q = 750 mC and different applied potentials. Supporting electrolyte: 0.1 mol L−1 LiClO4. RE: Ag/AgCl/Cl−sat. CE: Platina. Scan rate of 5 mV s−1. j = 1 mA cm−2. 
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Figure 3. (a) CV and (b) GCDC for CG/PPY/PANI-modified electrodes obtained via electropolymerization at +0.7 V and at different galvanostatic charge values; (c) CV and (d) GCDC for CG/PPY/PANI-modified electrodes obtained via electropolymerization with q = 3 C and different applied potentials. Supporting electrolyte: 0.1 mol L−1 LiClO4. RE: Ag/AgCl/Cl−sat. CE: Platina. Scan rate of 5 mV s−1. j = 2 mA cm−2. 
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Figure 4. (a) CV, (b) GCDC, and (c) Csp for CG/PPY-, CG/PANI-, and CG/PPY/PANI-modified electrodes. Supporting electrolyte: 0.1 mol L−1 LiClO4. RE: Ag/AgCl/Cl−sat. CE: Platina. Scan rate of 5 mV s−1. j = 2 mA cm−2. 
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Figure 5. Representative FE-SEM images from (a) CG/PPY, (b) CG/PANI, and (c) CG/PPY/PANI electrodes. 
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Figure 6. FTIR spectra from the CG/PPY-, CG/PANI-, and CG/PPY/PANI-modified electrodes. 
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Figure 7. (a) Raman spectra for the CG/PPY, CG/PANI, and CG/PPY/PANI electrodes; (b) the GCDC of the CG/PPY/PANI-modified electrodes at different current densities; (c) the capacitance retention of the CG/PPY, CG/PANI, and CG/PPY/PANI electrodes; (d) Raman spectra for the CG/PPY/PANI electrode after 1 cycle and 850 cycles of GCDC. 
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Figure 8. Representative FE-SEM images from (a) CG/PPY/PANI electrode before and (b) CG/PPY/PANI electrode after 850 consecutive cycles. 
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Table 1. Specific capacitances obtained for CG/PPY/PANI electrode at different current densities.
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	Current Density/mA cm−2
	Specific Capacitance/mF cm−2





	1
	3431



	2
	3416



	3
	2998



	4
	2792



	5
	2608



	7
	2320



	10
	1968










 





Table 2. Performance comparison of some modified electrodes reported in the literature.
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	Electrodes
	Csp
	j
	Retention Capacitance
	Reference





	CG/PPY/PANI
	3416 mF cm−2
	2.0 mA cm−2
	76% (850 cycles)
	This work



	PAn-PPy-Grt-Sp a
	55.4 mF cm−2
	0.3 mA cm−2
	80% (3000 cycles)
	[37]



	PPy@PANI/NHGR film electrode
	1348 mF cm−2
	1.0 mA cm−2
	73.7% (7000 cycles)
	[38]



	PANI-PPY/PET fabric conductive composite
	1046 mF cm−2
	2.0 mA cm−2
	54.2% (1000 cycles)
	[39]



	PANI-PPY
	723 F g−1
	5.0 mA cm−2
	84% (2000 cycles)
	[20]



	PPY/PANI
	348 F g−1
	1.0 A g−1
	51.6% (100 cycles)
	[27]



	PPY/PANI/TiN b
	288.4 F g−1
	1.0 A g−1
	78% (200 cycles)
	[40]



	PPY-PANI-ZnO
	436.14 F g−1
	0.2 A g−1
	90.3% (2000 cycles)
	[16]







a PAn-PPy-Grt-Sp—Polyaniline assembled on a polypyrrole layer and deposited on graphite pencil traces in sandpaper. b TiN—titanium nitride.
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