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Abstract

:

Polypyrrole (PPy)-capped silver nanowire (Ag NW) nanomaterials (core–shell rod-shaped Ag NW@PPy) were synthesized using a one-port suspension polymerization technique. The thickness of the PPy layer on the 50 nm thickness/15 μm length Ag NW was effectively controlled to 10, 40, 50, and 60 nm. Thin films cast from one-dimensional conductive Ag NW@PPy formed a three-dimensional (3D) conductive porous network structure and provided excellent electrochemical performance. The 3D Ag NW@PPy network can significantly reduce the internal resistance of the electrode and maintain structural stability. As a result, a high specific capacitance of 625 F/g at a scan rate of 1 mV/s was obtained from the 3D porous Ag NW@PPy composite film. The cycling performance over a long period exceeding 10,000 cycles was also evaluated. We expect that our core–shell-structured Ag NW@PPy composites and their 3D porous structure network films can be applied as electrochemical materials for the design and manufacturing of supercapacitors and other energy storage devices.
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1. Introduction


To develop efficient energy storage systems such as supercapacitors and batteries, the design of electrode materials and the manufacturing of active materials emerge as essential requirements [1,2,3,4,5,6]. Materials with high power density, long lifecycle, and fast charge–discharge characteristics are key requirements for these energy storage devices. In particular, redox-active materials [7,8] comprising π-conjugated bonded polymers or inorganic oxides (such as ruthenium oxide) [9] have been mainly used as active materials in supercapacitors. In the case of inorganic oxides, the charge storage mechanism involves only the surface of the oxide particles because their capacity is limited by surface area, while redox-active polymers have the advantage of being designed to ensure that the entire volume of the polymer is involved in the charge storage process, and their capacities are much higher than those of oxide devices. Other advantages of redox-active polymers include low cost, high conductivity, chemical stability, and ease of designing nanostructures with large surface areas. However, the charge storage capacity and energy density of energy storage systems, especially supercapacitors, still require further improvement. Recently, polyaniline and polypyrrole (PPy), which are π-conjugated polymers, have been widely studied because they have excellent conductivity, are very stable in air, and are advantageous for manufacturing film-type cells or ultralight cells [7,8,9,10]. In particular, conductive carbon particles, carbon nanotubes, and graphene, which form a conductive network from a complex combined with a conductive polymer, and materials with electrochemically improved physical properties have emerged as subjects of greater interest [11,12,13,14,15,16]. In addition, effective properties can be utilized using nanosized metals or metal oxides, such as iron, manganese, cobalt, or vanadium oxide, and iron oxide as hybridization materials with π-conjugated polymers, which enhance ion diffusion throughout the material and ultimately oxidation [4,17].



Recently, carbon-based nanomaterials or their hybrid structures with metals have been attracting attention as electrode active materials for supercapacitor applications. These nanomaterials are reported to have a very high surface area, control over the porous structure, excellent electrical conductivity, chemical inertness, and excellent electrochemical properties [18,19,20]. However, although carbon-based materials have been very successful in supercapacitor applications, the achieved energy densities are still low, below 10 Wh/kg. In particular, in the case of conductive polymers, higher energy densities can be achieved, but they are known to be vulnerable to long-term stability [21]. In particular, in this study, because the one-dimensional PPy-Ag NW hybrid nanomaterial is networked and based on a porous structure with a 3D film structure, it can have the following superior structural characteristics [21]: (a) an optimized average pore size (micro–meso pores) for superior charge storage and efficient transport of electrolyte ions for improving energy density and maintaining superior power densities, respectively, (b) a large number of adsorption and active sites which can be expanded for pseudo-capacitive charge storage, (c) improved surface chemistry to enhance electrolyte wettability for good power capabilities, and (d) a stable and highly conductive platform for long-term stabilities.



In this study, we successfully synthesized nitrate-doped PPy-capped silver nanowire (Ag NW) nanorod-shaped architectures (Ag NW@PPy) using a simple suspension polymerization method and observed high-performance supercapacitor properties with cycling stability. The Ag NWs surrounded by nitrate-doped PPy formed one-dimensional (1D) structures with the structural characteristics of a core–shell structure. More importantly, the Ag NWs were first hybridized with a pseudomaterial (PPy) and then assembled into electrodes, and the two materials were tightly bonded in a core–shell structure. The core–shell structure was characterized by a coaxial conductive PPy layer as the outer shell and a highly conductive Ag NW core on the inside. PPy was chosen because it has high electrical conductivity and can enable rapid redox reactions and stable storage/charge processes, and Ag NWs with excellent conductivity were used to improve the capacitance [22,23,24]. However, the incorporation of Ag NWs into the PPy-capped structure resulted in improved electrical conductivity, and the Ag NWs acted as efficient conductive pathways, facilitating rapid charge transfer and reducing the internal resistance. The core–shell design of Ag NWs wrapped by PPy provides a high aspect ratio, and this elongated geometry enhances the surface area available for charge storage, leading to increased capacitance. Here, the Ag NW@PPy nanocomposite is a 1D core–shell-structured heterojunction material that is a hybrid of Ag NW with excellent electrical conductivity and conductive PPy. Well-defined heterojunction interfaces can enhance charge transfer, improve electron mobility, and promote redox reactions. Chen et al. [25] reported that metal additives such as plasmonic Ag can exhibit high electrochemical performance in heterojunction nanostructures.



In summary, supercapacitors using these core–shell Ag NW@PPy nanostructures can achieve remarkable performance in terms of electrical conductivity and capacitance. We obtained high specific capacitances of 625 F/g at a scan rate of 1 mV/s from the Ag NW@10 nm PPy samples and evaluated the cycling performance of 3D porous Ag NW@PPy composite films over 10,000 cycles. We also expect that these 3D porous Ag NW@PPy structure network films can be applied as electrochemical materials for the design and manufacturing of supercapacitors and other energy storage devices.




2. Materials and Methods


2.1. Synthesis of Core–Shell Ag NW@PPy Nanorods


Pyrrole monomer (Py; ≥99%), silver nitrate (AgNO3; 99.8%), hydroxypropyl methyl cellulose (HPMC; 99.8%), polyvinylidene fluoride (PVDF), and N-methyl-2-pyrrolidone (NMP; 98%) were purchased from Sigma-Aldrich (St. Louis, MI, USA). All reagents were used without further purification. The Ag NWs were synthesized according to the polyol method, as described in a previous paper [26]. Synthesis of the core–shell rod-shaped Ag NW@PPy nanohybrid materials was performed using a simple one-port suspension polymerization technique, as shown in Scheme 1. Briefly, Ag NWs (0.5 wt%, 1 mL aqueous solution) were first dispersed in a mixed water/ethanol solution (1:5 ratio v/v, 30 mL) with 1 wt% HPMC dispersed in it. Then, 0.25 g of pyrrole monomer was added and stirred at 0 °C for 30 min. Finally, 0.63 g of AgNO3, which is both a dopant and an oxidizing agent, was added to the mixture and reacted at 0 °C for 12 h to complete the synthesis of the final solution. The reaction products were purified using a 0.2 µm PTFE filter, washed thrice with deionized water and ethanol, and dried in an oven at 100 °C.




2.2. Electrochemical Performance Evaluation and Measurement


First, the purified Ag NW@PPy powder was mixed with activated carbon (super P), SWCNT, and PVDF binder in a ratio of 7:1.5:0.5:1 under NMP solvent conditions, and a slurry was formed using a ball mill (450 rpm, 2 h). The resulting slurry was uniformly coated onto an Al foil substrate (test cell with three electrodes) with a thickness of approximately 15 µm and dried in a vacuum oven at 60 °C for more than 12 h to produce an electrode plate. Then, the working electrodes were constructed by pressing the Ag NW@PPy/super P/SWCNT/PVDF composite onto an Al foil surface with an area of 0.3 cm2. To fabricate the cell, a porous polypropylene membrane was used as the separator, and a liquid electrolyte containing LiPF6 dissolved in an ethylene carbonate complex solvent at a concentration of 1.15 M was used as the electrolyte. Finally, electrochemical properties, including cyclic voltammetry (CV) curves and galvanostatic charge/discharge (GCD) characteristics, were measured using a potentiostat/galvanostat autolab electrochemical workstation in a three-electrode configuration. All experiments were performed at room temperature. Pt wires and Ag/AgCl (3 M, KOH) were used as the counter electrodes and reference electrode, respectively. CV and GCD measurements were performed using a multichannel potentiostat/galvanostat system. The specific capacitance of the fabricated electrode was calculated from GCD curves. The morphology, microstructure, and electronic absorption of the core–shell Ag NW@PPy nanorods were investigated via scanning electron microscopy (SEM; JSM-633F, Jeol), Fourier-transform (FT) Raman spectroscopy (Renishaw InVia Microscope, UK), and standard four-probe measurement (Loresta, Mitsubishi Chemical), respectively.





3. Results and Discussion


Core–shell rod-shaped Ag NW@PPy nanomaterials were successfully synthesized using a simple suspension polymerization technique, as shown in Scheme 1. In this study, Ag NWs were dispersed in an aqueous solution (0.1 wt%) and mixed with pyrrole monomer to create pseudomaterials, and Ag NW@PPy was prepared via suspension polymerization. As a result, a 1D Ag NW@PPy with a core–shell structure was created, in which a thin layer composed of conductive PPy chains was assembled as an active material on the surface of the Ag NW, as shown in Figure 1. Structurally, during polyol synthesis, the 1D Ag NWs were thinly capped with a polymeric surfactant containing CO groups on the surface so that they could chemically bond with the NH groups present in the conductive PPy chains [26]. The thickness of the PPy layer was controlled by the amount of pyrrole monomer added during suspension polymerization (Scheme 1). Here, PPy refers to conductive PPy doped with nitrate, and it was grown as a thin layer through the polymerization process of pyrrole monomer on the outer surface of 50 nm thick Ag NW. At this time, PPy was interconnected to the Ag surface through charge–charge interaction. In fact, it was observed that the critical order and electrical conductivity of PPy hybridized with Ag NW were improved, and the band gap energy resulting from the π-π* transition of the conjugated PPy chain was also reduced. In fact, as PPy was chemically linked with Ag NW, it was observed that the relative intensity of the C–C/C=C and C–H/C–N stretching modes due to the pyrrole ring of PPy increased with the combination of Ag NW. Specifically, PPy, a π-conjugated polymer, is the redox material and is used as the main active material in supercapacitors. Following the procedure in Scheme 1, 1D Ag NW with a thickness of 50 nm and a length of 15 µm were used, and the PPy layers polymerized to them were 10 nm (sample 1, Ag NW@10 nm PPy), 40 nm (sample 2, Ag NW@40 nm PPy), 50 nm (sample 3, Ag NW@50 nm PPy), and 60 nm (sample 4, Ag NW@60 nm PPy). In rod-shaped Ag NW@PPy, PPy has been shown to significantly improve the electrical conductivity by more easily transferring electrons to the metallic Ag NW and expanding the electron transport path. However, a 1D material consisting of a highly conductive Ag NW core and a high-capacity PPy shell can exhibit properties that can improve the electrochemical performance of supercapacitor devices by improving the charge transport ability and reducing the overall electrical resistance.



Figure 1(I,II) show the SEM images and diameter distributions of two samples of the synthesized Ag NW@PPy nanocomposites. The SEM images of the Ag NW@PPy nanocomposites show a well-defined core–shell structure, with the Ag NWs impregnated into PPy in the form of single coaxial nanorods. Their structures exhibited 1D morphologies with a length of approximately 15 µm and average diameters of 70 nm (Figure 1(I), sample 1) and 130 nm (Figure 1(II), sample 2). The Ag NW@PPy nanocomposites were surrounded by PPy layers of approximately 10 nm (sample 1) and 40 nm (sample 2) on the outer surface of the Ag NWs, with a diameter of 50 nm and a length of 15 µm.



Figure 2(I) shows the Raman data measured for the structural analysis of sample 1 and 2. Through Raman spectroscopic analysis, we were able to clearly prove the molecular structure of PPy doped with nitrate (NO3−) surrounding the outer side of the Ag NWs. The Ag NW@PPy nanorods were prepared by suspension polymerization on the Ag NW surface through a facile redox reaction between the pyrrole monomer and silver nitrate. During the redox reaction, the pyrrole monomer and silver nitrate acted as the reducing agent and dopant, respectively. The pyrrole monomer bound to the Ag NW surface polymerized with the dopant (nitrate) to form a thin layer on the Ag NW, and trace silver particles were generated and adsorbed on the PPy polymer surface. As a result, a Ag NW@PPy with a core–shell structure surrounded by nitrate-doped PPy on the Ag NW surface was formed. Figure 2(I-a) shows the Raman data obtained from pure PPy nanoparticles, and Figure 2(I-b,I-c) show the data obtained from samples 1 and 2, respectively, which were surrounded by PPy with thicknesses of 10 and 40 nm (Ag NW@10 nm PPy and Ag NW@40 nm PPy), respectively. In the Raman spectrum of the obtained Ag NW@PPy, the peaks at 1590–1594, 1409, 1319, 1043, 970, and 931 cm−1 are attributed to the C–C/C=C and C–H/C–N stretching bands due to the quinoid structure of the pyrrole ring, the C–N stretching of the pyrrole ring, the stretching of the positively charged C–NH+ group, and the C–H out-of-plane pyrrole ring. In particular, the Raman spectrum of PPy is dominated by a band at approximately 1319 cm−1, which is assigned to the positively charged C–NH+ stretching mode of the pyrrole ring generated by doping. In the figure, the C–C/C=C and C–H/C–N stretching modes due to the pyrrole ring in the range of 1319–1594 cm−1 show an increasing trend in their relative intensity in the Ag NW@PPy. In addition, their relative intensity increases with blue shift, proportional to the PPy thickness.



Figure 2(II) shows the energy dispersive X-ray spectroscopy (EDX) spectra of sample 2. These are the EDX data measured to analyze the composition of each atom constituting the Ag NW@PPy nanorods. The mass percentage of the Ag atoms was specifically estimated and compared with the contents of other components. In addition, the ratio of nitrogen to oxygen atoms newly created by doping was estimated. Based on the analysis, the weight contents of the major atoms such as C, O, N, and Ag were 25.17%, 6.63%, 29.16%, and 39.07%, respectively. Particularly notable was the 6.63% of oxygen atoms, as they do not exist in PPy molecules, and nitrogen atoms were confirmed to be present in excess. These were interpreted as originating from the dopant (nitrate).



The synthesized Ag NW@PPy powder was mixed with super P, SWCNT, and PVDF binder in an NMP solvent to prepare a slurry, and the composited slurry materials were coated on a Cu foil. Under the three-electrode system, Pt and Ag/AgCl were used as the counter and reference electrodes, respectively. CV curves were first observed in 1 m KOH at scan rates between 1 and 50 mV/s, as shown in Figure 3, Figure 4 and Figure 5. The Ag NW@PPy nanorod materials were evaluated under various conditions to confirm their applicability and charge/discharge characteristics as electrochemical supercapacitors. The experiments were particularly focused on evaluating the effect of the PPy layer thickness difference on the capacitance of the Ag NW@PPy nanorods. Figure 3 shows the CV properties of the four synthesized Ag NW@PPy nanorod samples (Ag NW@10 nm PPy, Ag NW@40 nm PPy, Ag NW@50 nm PPy, and Ag NW@60 nm PPy) and pure PPy (as a reference). Measurements were made in the range of –0.5 to +0.5 V at a scan rate of 1 mV/s, and the capacitance was observed according to changes in the thickness of the PPy layer. The CV curves derived from all samples showed not only distinct pseudo-capacitive behavior but also well-defined differences, which were attributed to oxidation and reductions. Two distinct peaks were measured at 0.20–0.32 V and 0.02–0.10 V, which were attributed to oxidation and reduction reactions, respectively [27,28]. As shown in Figure 3, when the Ag NW was complexed with PPy, their redox potential greatly improved by more than five times that of pure PPy, which was interpreted as the effect of Ag contained in Ag NW@PPy. This indicates that Ag NW@PPy has higher electrical conductivity than pure PPy, allowing for greater current flow. In addition, when 1D Ag NW@PPy was coated on Al foil, the film morphology formed a 3D porous structure with a large surface area. Moreover, the porous form of this 3D structure could provide a larger surface area for interaction with electrolyte ions in the cell. Therefore, it can be proven that Ag NW@PPy with a 1D structure will store more charges than pure PPy. The inset in Figure 3 shows an enlarged version of the CV curve of pure PPy. However, in Ag NW@PPy, when the PPy thickness was greater than 60 nm, there were few peaks due to the redox reaction of Ag.



Figure 4 shows the CV curves of the Ag NW@PPy nanorods obtained at scan rates of 1, 10, and 50 mV/s. As shown in the figure, as the scan rate increased, the area of the CV peak tended to increase significantly. In addition, the anodic (oxidation) peak tended to shift to higher voltages, whereas the cathodic (reduction) peak tended to shift to lower voltages. In all Ag NW@PPy samples, the redox response of Ag was confirmed even at high scan rates. In contrast, in pure PPy, it was confirmed that only the ion transfer reaction occurred on the surface. In addition, when the PPy thickness was increased to 60 nm, the flowing current density tended to decrease significantly, and the redox reaction of Ag decreased sharply. However, the main advantage of the Ag NW@PPy nanocomposites is that the charge transfer between the Ag NW in the core part and the PPy shell layer occurs efficiently. Electrolyte ions moved between the large openings of the 3D microporous structure of the nanocomposites, and these nanocomposites exhibited excellent electrochemical performance. The CV results of the Ag NW@PPy nanocomposite devices with different PPy shell thicknesses showed that as the PPy layer thickness increased, the current density flowing through the device decreased and the redox potential by Ag decreased significantly.



The charge storage properties of Ag NW@PPy were observed through GCD curves at various scan rates. The data measured at scan rates of 5, 10, and 15 mA/cm2 are shown in Figure 5. Figure 5 also shows the GCD characteristics and cycling test results of three Ag NW@PPy nanorod samples and a pure PPy reference sample. GCD measurements were performed in 1 m KOH electrolyte. Figure 5(I) shows the GCD characteristics obtained from the Ag NW@10 nm PPy sample. The charge and discharge curves are approximately symmetric and exhibit stable discharge/discharge capacitance. The discharge time was observed to be approximately 50 s at a 5 mA/cm2 scan rate, and stable charge/discharge characteristics were maintained for five cycles. On the contrary, at a scan rate of 15 mA/cm2, the discharge time was slower (to over 100 s). In addition, as the scan rate increased to 10 mA/cm2 and 15 mA/cm2, the discharge capacitance value decreased relatively significantly, as shown in Figure 5. According to the Butler–Volmer equation [23], the lower the current density, the lower the side reaction and the shorter the discharge time. Figure 5(II, III) show the GCD curves obtained from the Ag NW@40 nm PPy and Ag NW@60 nm PPy samples, respectively. As can be seen in the figure, Ag NW@40 nm PPy and Ag NW@60 nm PPy exhibit more reduced discharge capacity at all scan rates compared to Ag NW@10 nm PPy. However, the discharge capacitance of Ag NW@PPy tended to reduce as the thickness of the PPy layer increased, and the smallest result was obtained for Ag NW@60 nm PPy. In addition, in Ag NW@60 nm PPy, the influence of Ag oxidation/reduction was greatly reduced, and more stable GCD curves were obtained. Nevertheless, all values obtained from Ag NW@PPy were higher than those obtained from pure PPy. As a result of the cycling test, the most stable results were obtained at scan rate of 10 mA/cm2.



On the basis of the GCD data analysis, the specific capacitance (F/g) according to the scan rate was calculated, as shown in Figure 6. As shown in Figure 6a, for the Ag NW@10 nm PPy sample, the specific capacitances were 625, 372, 325, and 152 F/g at scan rates of 1, 5, 50, and 100 mV/s, respectively. For the Ag NW@60 nm PPy sample (Figure 6d), the specific capacitances tended to decrease sharply to 165, 120, 80, and 75 F/g, respectively, which were higher than those of the pure PPy sample (Figure 6e). The specific capacitance decreased as the scan rate increased because the diffusion of electrolyte ions inside the PPy layer became more difficult when the scan rate was fast and, as a result, the capacitance of the cell decreased. In any case, the Ag NW@PPy cells showed improved specific capacitances compared to the pure PPy cell and, in particular, the specific capacitance appeared to be greatly affected by the thickness of the PPy layer. This indicates that the 3D porous Ag NW@PPy layer with a higher protonation level and better electrical conductivity is more suitable for the adsorption/desorption of electrolyte ions.



Figure 7 shows the results of the cycling performance evaluation of the discharge capacitance of the Ag NW@PPy composite samples measured at a scan rate of 5 mA/cm2. We evaluated the cycling performance of the 3D porous Ag NW@PPy composites over a long period of time (over 10,000 cycles) as an important key parameter for supercapacitor performance. The Ag NW@PPy composite samples with PPy thicknesses of 50 nm or less initially showed high irreversible discharge capacitance, but after 2000 cycles, the decrease in discharge capacitance tended to become smaller and stabilized. On the contrary, in the case of the Ag NW@60 nm PPy composite, a slight change in discharge capacitance and stabilized characteristics were observed overall, except for the initial slight irreversible discharge capacitance, as shown in Figure 7d. In any case, it has been proven that the discharge capacitances obtained from all of the Ag NW@PPy composite samples are higher than those of pure PPy (Figure 7e). In particular, although the reasons for the superior cycling stability of Ag NW@60 nm PPy have not yet been fully proven, we propose two important factors that may contribute to the enhancement of cycling stability when the thickness of the PPy layer is greater than 60 nm: (1) in the core–shell structure, a thicker surface layer composed of PPy can reduce the charge resistance and shorten the diffusion path of ions across the surface, and (2) the well-polymerized PPy nanostructures on the core–shell surface provide enhanced mechanical strength to the nanohybrid structure, which can maintain long-term reversible reactions while maintaining the stability of the electrode.



The Ag NW@PPy nanocomposite is a 1D core–shell-structured heterojunction material that is a hybrid of Ag NW with excellent electrical conductivity and conductive PPy. In particular, in the case of the Ag NW@PPy nanocomposite, the heterojunction interface between Ag NW and PPy is chemically linked by charge–charge interaction, which can improve charge separation and promote electron transfer, contributing to improved electrochemical performance. It acts as a bridge for efficient electron transfer between Ag NWs and PPy. Here, Ag NWs serve to enhance electrochemical activity by enhancing ion and electron transport. But, as shown in the figure, when the PPy is capped thinly with a thickness of 50 nm or less, the discharge capacity is reduced at the beginning of the cycle test. As a result of XRD analysis, it was confirmed that this was because part of the Ag NW surface was oxidized to AgO as the acidic electrolyte was adsorbed and penetrated into the PPy layer. In particular, after the cycle test, new peaks (202) and (132), which were not detected in Ag NW, were detected, and it was confirmed that these were caused by AgO generated via the oxidation of Ag.




4. Conclusions


Core–shell rod-shaped Ag NW@PPy nanomaterials were successfully synthesized using a simple suspension polymerization technique. Pseudomaterial layers (PPy) with controlled thickness and shell sequence were coated uniformly throughout the Ag NWs. The PPy layer on the Ag NW surface was effectively controlled by reaction conditions. The synergistic effect of each component (PPy and Ag NWs) in addition to the porous network structure composed of 1D conductive Ag NW@PPy provided excellent electrochemical performance. The 3D Ag NW@PPy network can significantly reduce the internal resistance of the electrode and maintain structural stability. As a result, we obtained high specific capacitances of 625 and 165 F/g at a scan rate of 1 mV/s for the Ag NW@10 nm PPy and Ag NW@60 nm PPy samples, respectively. We also evaluated the cycling performance of the 3D porous Ag NW@PPy composites over a long period (over 10,000 cycles) as an important key parameter for supercapacitor performance. We expect that our core–shell-structured Ag NW@PPy composites and their 3D porous structure network films can be applied as electrochemical materials for the design and manufacturing of supercapacitors and other energy storage devices.







Author Contributions


H.-K.K., Y.-S.K. and K.-H.P. participated in the experiment design, carried out the synthesis of materials, tested the supercapacitor, and helped to draft the manuscript. Y.-H.J. supported experimentation and data analysis. J.-Y.K. wrote the paper and supervised the work as a project manager. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (Ministry of science and ICT: MIST) (2021R1F1A1105389111).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Dai, L.; Chang, D.W.; Baek, J.B.; Lu, W. Carbon nanomaterials for advanced energy conversion and storage. Small 2012, 8, 1130–1166. [Google Scholar] [CrossRef]

	



He, Y.; Chen, W.; Gao, C.; Zhou, J.; Li, X.; Xie, E. An overview of carbon materials for flexible electrochemical capacitors. Nanoscale 2013, 5, 8799–8820. [Google Scholar] [CrossRef]

	



Liu, B.; Soares, P.; Checkles, C.; Zhao, Y.; Yu, G. Three-dimensional hierarchical ternary nanostructures for high-performance Li-ion battery anodes. Nano Lett. 2013, 13, 3414–3419. [Google Scholar] [CrossRef]

	



Li, P. Core-double-shell, carbon nanotube@polypyrrole @MnO2 sponge as freestanding, compressible supercapacitor electrode. ACS Appl. Mater. Interfaces 2014, 6, 5228–5234. [Google Scholar] [CrossRef]

	



Yuksel, R.; Alpugan, E.; Unalan, H.E. Coaxial silver nanowire/polypyrrole nanocomposite supercapacitors. Org. Electron. 2018, 52, 272–280. [Google Scholar] [CrossRef]

	



Liu, C.; Li, F.; Ma, L.P.; Cheng, H.M. Advanced materials for energy storage. Adv. Mater. 2010, 22, E28–E62. [Google Scholar] [CrossRef]

	



Rudge, A.; Davey, J.; Raistrick, I.; Gottesfeld, S.; Ferraris, J.P. Conducting polymers as active materials in electrochemical capacitors. J. Power Sources 1994, 47, 89–107. [Google Scholar] [CrossRef]

	



Arbizzani, C.; Mastragostino, M.; Meneghello, L. Polymer-based redox supercapacitors: A comparative study. Electrochim. Acta 1996, 41, 21–26. [Google Scholar] [CrossRef]

	



Shukla, A.K.; Sampath, S.; Vijayamohanan, K. Electrochemical supercapacitors: Energy storage beyond batteries. Curr. Sci. 2000, 79, 1656–1661. [Google Scholar]

	



Ryu, K.S.; Kim, K.M.; Kang, S.G.; Joo, J.; Chang, S.H. Comparison of lithium/polyaniline secondary batteries with different dopants of HCl and lithium ionic salts. J. Power Sources 2000, 88, 197–201. [Google Scholar] [CrossRef]

	



Shi, Y. Nanostructured conductive polypyrrole hydrogels as high-performance, flexible supercapacitor electrodes. J. Mater. Chem. A 2014, 2, 6086–6091. [Google Scholar] [CrossRef]

	



Huang, Y. Nanostructured polypyrrole as a flexible electrode material of supercapacitor. Nano Energy 2016, 22, 422–438. [Google Scholar] [CrossRef]

	



Wu, Z.; Zhou, G.; Yin, L.; Ren, W.; Li, F.; Cheng, H. Graphene/metal oxide composite electrode materials for energy storage. Nano Energy 2012, 1, 107–131. [Google Scholar] [CrossRef]

	



Bahloul, A. Polypyrrole-covered MnO2 as electrode material for supercapacitor. J. Power Sources 2013, 240, 267–272. [Google Scholar] [CrossRef]

	



Mao, L.; Zhang, K.; Chan, H.S.O.; Wu, J. Nanostructured MnO2/graphene composites for of supercapacitor electrodes. J. Mater. Chem. 2012, 22, 1845–1851. [Google Scholar] [CrossRef]

	



Fan, Z.S.; Kaneti, Y.V.; Chowdhury, S.; Wang, X.; Karim, M.R.; Alnaser, I.A.; Zhang, F.-B. Weak base-modulated synthesis of bundle-like carbon superstructures from metal-organic framework for high-performance supercapacitors. Chem. Eng. J. 2023, 462, 142094. [Google Scholar] [CrossRef]

	



Yu, Z.N.; Tetard, L.; Zhai, L.; Thomas, J. Supercapacitor electrode materials: Nanostructures from 0 to 3 dimensions. Energy Environ. Sci. 2015, 8, 702–730. [Google Scholar] [CrossRef]

	



Olabi, A.G.; Abbas, Q.; Abdelkareem, M.A.; Alami, A.H.; Mirzaeian, M.; Sayed, E.T. Carbon-Based Materials for Supercapacitors: Recent Progress, Challenges and Barriers. Batteries 2023, 9, 19. [Google Scholar] [CrossRef]

	



Wang, R.; Li, X.; Nie, Z.; Zhao, Y.; Wang, H. Metal/metal oxide nanoparticles-composited porous carbon for high-performance supercapacitors. J. Energy Storage 2021, 38, 102479. [Google Scholar] [CrossRef]

	



Ruiz-Montoya, J.G.; Quispe-Garrido, L.V.; Gómez, J.C.; Baena-Moncada, A.M.; Gonçalves, J.M. Recent progress in and prospects for supercapacitor materials based on metal oxide or hydroxide/biomass-derived carbon composites. Sustain. Energy Fuels 2021, 5, 5332–5365. [Google Scholar] [CrossRef]

	



Kumar, R.; Joanni, E.; Sahoo, S.; Shim, J.-J.; Kian, T.W.; Matsuda, A.; Singh, R.K. An overview of recent progress in nanostructured carbon-based supercapacitor electrodes: From zero to bi-dimensional materials. Carbon 2022, 193, 298–338. [Google Scholar] [CrossRef]

	



Wu, S.X.; Hui, K.S.; Hui, K.N. One-demensional core-shell architecture composed of silver nanowire@hierarchical nikel-aluminum layer double hydroxide nanosheet as advanced electrode materials for pseudocapacitor. J. Phys. Chem. C 2015, 119, 23358–23365. [Google Scholar] [CrossRef]

	



Yuksel, R.; Coskun, S.; Unalan, H.E. Coaxial silver nanowire network core molybdenum oxide shell supercapacitor electrodes. Electrochim. Acta 2016, 193, 39–44. [Google Scholar] [CrossRef]

	



Yuksel, R.; Coskun, S.; Gunbas, G.; Cirpan, A.; Toppare, L.; Unalan, H.E. Silver nanowire/conducting polymer nanocomposite electrochromic supercapacitor electrodes. J. Electrochem. Soc. 2017, 164, A721–A727. [Google Scholar] [CrossRef]

	



Li, S.; Cai, M.; Liu, Y.; Wang, C.; Lv, K.; Chen, X. S-Scheme photocatalyst TaON/Bi2WO6 nanofibers with oxygen vacancies for efficient abatement of antibiotics and Cr (VI): Intermediate eco-toxicity analysis and mechanistic insights. Chin. J. Catal. 2022, 43, 2652–2664. [Google Scholar] [CrossRef]

	



Lee, E.J.; Chang, M.W.; Kim, Y.S.; Kim, J.Y. High-pressure polyol synthesis of ultrathin silver nanowires: Electrical and optical properties. APL Mater. 2013, 1, 042118. [Google Scholar] [CrossRef]

	



Conway, B.E. Electrochemical Supercapacitors: Scientific Fundamentals and Technological Applications; Springer Science Business Media: Berlin, Germany, 2023; ISBN 9781475730586. [Google Scholar]

	



Brousse, T.; Bélanger, D.; Long, J.W. To be or not to be pseudocapacitor. J. Electrochem. Soc. 2015, 162, A5185–A5189. [Google Scholar] [CrossRef]








[image: Materials 17 01962 sch001] 





Scheme 1. Illustrative representation of the synthesis process of the core–shell-structured Ag NW@PPy nanorods and their scanning electron microscopy (SEM) image. 
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Figure 1. SEM morphologies of the core–shell rod-shaped nanocomposites (Ag NW@PPy). (I) Ag NW@PPy nanocomposite surrounded by a PPy layer of approximately 10 nm (sample 1) on the outer surface of the Ag NWs with a diameter of 50 nm and a length of 15 µm and (I-a) its diameter distribution. (II) Ag NW@PPy nanocomposite surrounded by a PPy layer of approximately 40 nm (sample 2) and (II-a) its diameter distribution. 
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Figure 2. (I) FT Raman spectra of the Ag NW@PPy nanorods (samples 1 and 2): (a) pure PPy particles, (b) Ag NWs with PPy capped to a thickness of 10 nm (Ag NW@10 nm PPy), and (c) Ag NWs with PPy capped to a thickness of 40 nm (Ag NW@40 nm PPy). (II) EDX spectra of sample 2. 






Figure 2. (I) FT Raman spectra of the Ag NW@PPy nanorods (samples 1 and 2): (a) pure PPy particles, (b) Ag NWs with PPy capped to a thickness of 10 nm (Ag NW@10 nm PPy), and (c) Ag NWs with PPy capped to a thickness of 40 nm (Ag NW@40 nm PPy). (II) EDX spectra of sample 2.



[image: Materials 17 01962 g002]







[image: Materials 17 01962 g003] 





Figure 3. CV curves of the Ag NW@PPy nanorods with a molecular weight of 2 mg/electrode at a scan rate of 1 mV/s in 1 m KOH: (a) Ag NW@10 nm PPy (blue), (b) Ag NW@40 nm PPy (red), (c) Ag NW@50 nm PPy (yellow), (d) Ag NW@60 nm PPy (green), and (e) pure PPy (black, as a reference). 
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Figure 4. CV curves of the Ag NW@PPy nanorods obtained at scan rates of 1 mV/s (black), 10 mV/s (red), and 50 mV/s (blue): (I) Ag NW@10 nm PPy, (II) Ag NW@40 nm PPy, (III) Ag NW@60 nm PPy, and (IV) pure PPy. 
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Figure 5. GCD characteristics of the Ag NW@PPy nanorod supercapacitor cells measured at scan rates of 5, 10, and 15 mA/cm2: (I) Ag NW@10 nm PPy, (II) Ag NW@40 nm PPy, (III) Ag NW@60 nm PPy, and (IV) pure PPy. 






Figure 5. GCD characteristics of the Ag NW@PPy nanorod supercapacitor cells measured at scan rates of 5, 10, and 15 mA/cm2: (I) Ag NW@10 nm PPy, (II) Ag NW@40 nm PPy, (III) Ag NW@60 nm PPy, and (IV) pure PPy.



[image: Materials 17 01962 g005]







[image: Materials 17 01962 g006] 





Figure 6. Change in specific capacitance (F/g) according to the scan rate: (a) Ag NW@10 nm PPy, (b) Ag NW@40 nm PPy, (c) Ag NW@50 nm PPy, (d) Ag NW@60 nm PPy, and (e) pure PPy sample. 
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Figure 7. Cycling performance of the discharge capacitance measured at a scan rate of 5 mA/cm2 and 25 °C: (a) Ag NW@10 nm PPy, (b) Ag NW@40 nm PPy, (c) Ag NW@50 nm PPy, (d) Ag NW@60 nm PPy, and (e) pure PPy sample. 
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