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    Abstract


    Polyaniline (PANI) and Prussian Blue (PB) composite was firstly fabricated by in-situ chemical polymerization. The morphology and composition of the PANI-PB nanocomposite was characterized Scanning Electron Microscopy (SEM) and Fourier-Transform Infrared Spectroscopy (FTIR). The results indicated that the PANI was well coated on the PB nanoparticles. The PANI-PB composite exhibits excellent electrochemical performance with a specific capacitance of 218.4 F g-1 at a current density of 5 A g-1. Furthermore, PANI-PB nanocomposite shows good stability, which can retain a specific capacitance of 94.2% after 2000 cycles. The good electrochemical performance of the PANI-PB electrode demonstrates that it is suitable for practical applications.
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    Introduction


    In recent years, energy-storage device research has attached extensive attentions, encouraged by the urgent need of green energy sources. As an development of classic capacitors, supercapacitors, are one of the most promising technologies for future energy storage applications, from memory portable device to electric cars [1-4]. As a matter of fact, the supercapacitor is considered a promising alternative to batteries in the future. According the charge storage mechanisms, supercapacitors can be divided in two categories, including Electric Double-Layer Capacitors (EDLCs) and pseudocapacitors. Specifically, an EDLC stores energy through a non-Faradaic process. In this way, charges are stored electro statically at the electrodes' interfaces. While pseudocapacitors can storage the energy in a Faradaic process, the charge storage is accomplished by electron transfer through changes in the oxidation state of the electrode material. A Faradaic redox reaction depends on reactant ions, and the reaction site density can provide an energy density that is 10-100 times that of a non-Faradaic process [4,5]. Therefore, supercapacitors based on Faradaic processes have generated considerable interest among researchers in recent years. Conducting polymers, transition metal compounds are commonly used materials for pseudocapacitors [3,6-10].


    Prussian Blue (PB) is a mixed-valence iron cyanide complex with a repeating unit of potassium or sodium ferrous ferricyanide hexahydrate, which has been considered as the most promising electrode materials for pseudocapacitors because of their excellent electrochemical behavior, good reversibility, and low cost [3,4]. However, PB is unstable in alkali solution. Though it has high specific capacitance, the poor cycling properties limits its applications in supercapacitors. On the other hand, conducting polymer has good stability and high capacitance. Therefore, we hypothesis that the conducting polymer protected PB composite may potentially improve the stability of PB.


    In this study, a simple chemical method was explored to prepare PANI-PB composite. The PANI-PB system exhibited a fine synergy between the PB and PANI, with the obtained nanocomposite demonstrating a high specific capacitance and good stability.


    Materials and Methods


    Preparation of PANI-PB composites


    All the chemicals are analytical grade and used as received, except for aniline, which was distilled at reduced pressure before use. PANI-PB was prepared by in-situ chemical polymerization. Typically, 50 mL of a mixed solution of 0.02 mol L-1 FeCl3, 0.02 mol L-1 K3Fe[CN]6, and 0.1 mol L-1 HCl was added drop wise to 50 mL of a 0.1 mol L-1 aniline solution under vigorous stirring. The suspension was stirred for 12 h. The resulting solid was filtered and rinsed thoroughly with water and then ethanol. Then the sample was left to dry in a vacuum oven at 60 ℃ for 24 h. For comparison, PB and PANI were prepared with the identical conditions. Fourier-Transform Infrared (FTIR) spectra of all the samples were recorded using a Nicolet 6700 spectrometer (USA). Scanning Electron Microscopy (SEM; Quanta 200, FEI, USA) and transmission electron microscopy (TEM; JEM2010, JEOL, Japan) were used to characterize the morphology and surface composition of the samples.


    Electrochemical tests


    The working electrodes for the electrochemical capacitors were prepared by mixing 50 mg of the synthesized samples with 30 mg of carbon black and 20 mg of polyvinylidene fluoride as the binder to form slurries. Next, 100 μL of ethanol was added to the mixtures. The slurries were coated onto nickel foam current collectors using a blade. The active material of the electrode was 50 mg. The content of PB was roughly calculated to be 64% in the composite from the starting materials. The resulting electrodes were dried at 60 ℃ for 6 h. Conventional three electrode system was set up to study the electrochemical performance of the PANI-PB electrode. A platinum electrode and a saturated calomel electrode were used as the counter and reference electrodes, respectively. The electrolyte was a 6 M KCl solution. Cyclic Voltammetry (CV) and Galvanostatic Charge-Discharge (GCD) measurements were performed using an IM6e electrochemical workstation (Zahner-Elektrik, Kronach, Germany). The specific capacitances of the electrodes were calculated using established equations [2]. All the experiments were performed at room temperature.


    Results and Discussion


    Characterization of the catalysts


    Figure 1 shows the SEM and TEM images of the prepared PANI-PB samples. The SEM image in Figure 1a shows that PB was aggregated nanoparticles. The morphology of PANI was composed uniform nanosphere. The diameter of the PANI particles is about 50 nm (Figure 2b). After doped with PB during the polymerization process, the separated PB nanoparticles were coated the PANI film (Figure 2c). The TEM image of PANI-PB further confirmed the PB nanoparticles were coated by PANI film (Figure 2d). Generally, the preparation of PB nanoparticles doped composite materials are complicated, which restrained their application in electrochemial device. In this work, the PANI-PB nanocomposite was synthesized in a facile way. FeCl3 was enlisted as an effective oxidant for polyaniline, which offers a good conductivity and high synthesis rate. At the same time, the PB nanopartilce were formed.


    
      Figure 1: SEM images of a) PB; b) PANI; c) PANI-PB; TEM image of d) PANI-PB. View Figure 1

    


    To investigate the chemical composition of the PANI-PB nanocomposite, the FTIR spectroscopy was recorded. Figure 2 shows the FTIR spectra of PB, PANI and the PANI-PB nanocomposite. It can be seen that pure PB shows a strong peak at 2090 cm-1, which is ascribed to the stretching absorption band of the CN group in the Fe2+-CN-Fe3+. This band can also be observed in the PANI-PB spectrum. In addition, the absorption bands near 3415 and 1610 cm-1, attributable to the O-H stretching and H-O-H bending modes, respectively, indicate the presence of interstitial water in the samples. For the spectrum of PANI, the peaks at 1483 cm-1 can be assigned to the C = C stretching vibration of quinoid [5]. This peak of PANI can also be found in the composite of PANI-PB. These results confirm that the PANI-PB composite was successfully synthesized.


    
      Figure 2: FTIR spectra of PB, PANI, and PANI-PB. View Figure 2

    


    To access the electrochemical performance of the composite, Cyclic Voltammetries (CVs) were performed in 6.0 M KNO3 solution. Figure 3 shows the CV curves of the PB, and PANI-PB at the scan rate of 10 mV/s. It can be seen that the PANI-PB electrode displayed obvious symmetric redox peaks, indicating a good reversibility of the electrochemical reaction. A pair of redox peakswas observed at around 0.2 V, which is assigned to the redox process of the Fe2+/Fe3+ couple coordinated via nitrogen atoms from C-N group [11]. Besides the redox peak from the PB, the CVof PANI-PB electrode increases significantly, indicating that synergistic effect bewteen the PB and PANI. The high CV current indicates the high conductivity and low internal resistance for PANI-PB composite as electrode materials.


    
      Figure 3: CV curves of PB and PANI-PB in 6.0 M KNO3 solution View Figure 3

    


    Figure 4 compares the GCD curves for the different electrodes at a current density of 5 A g-1. The specific capacitances were calculated as 35.6, 85.2, and 218.4 F g-1 for the PB, PANI, and PANI-PB electrodes, respectively. The symmetric GCD curves of the PANI electrode are linear with constant slopes for the total range of potentials. For the PB and PANI-PB electrodes, two obviously different sections appear in the discharge curves, including a fast potential drop followed by a slow potential decay; the former is attributed to the internal resistance of the electrode and the latter represents the capacitive features of the pseudocapacitive electrode [7,9,12]. The nonlinear curve shapes of the PB and PANI-PB electrodes are typical pseudocapacitance behavior. Compared with the PB electrode, the PANI-PB electrode has lower internal resistance and higher pseudocapacitance. The specific capacitance of the PANI-PB is about 6 times larger than that of PB electrode.


    
      Figure 4: GCD curves for the PB, PANI, and PANI-PB composite electrodes at 5 A g-1. View Figure 4

    


    Figure 5 shows the GCD curves of PANI-PB composite at different current densities of 5, 10, 15, 20, and 25 A g-1. The triangular shapes of the GCD curves indicate good reversibility and capacitive performance during charging/discharging. The PANI-PB composite preserves 56.7% of its initial specific capacitance value as the current density is increased from 5 to 25 A g-1, indicating its good high-rate capability.


    
      Figure 5: Charge/discharge curves for the PANI-PB electrode at current densities of 5-25 A g-1. View Figure 5

    


    Cycling stability is an important factor for the supercapacitors. To investigate the stability of the PANI-PB electrode, the PANI-PB hybrid electrode was cycled at 5 A g-1 over 2000 cycles. Figure 6 shows the plots of the resulting normalized capacitance retention of the electrode as a function of the cycle number. The PANI-PB electrode demonstrated a good long-term cycling stability, retaining 94.2% of its initial capacitance after 2000 cycles, which indicates its excellent cycling stability and high degree of reversibility in repetitive charge/discharge cycling. The results suggest that PANI may possibly stabilize the PB particles by keeping them mechanically surface-bound. Such strong structural integrity would suppress the dissolution and agglomeration of the active materials during the cycling tests.


    
      Figure 6: Capacity retention of the PANI-PB electrode over 2000 cycles at a current density of 5 A g-1. View Figure 6

    


    Conclusions


    PANI-PB nanocomposites were successfully prepared as supercapacitor electrode materials and subsequently demonstrated excellent supercapacitor performance. The resultant supercapacitor exhibits good pseudocapacitance behaviors. It demonstrates excellent cyclic stability, with 94.2% capacitance retention for up to 2000 cycles, and provides a maximum specific capacitance of 218.4 F g-1 at a current density of 5 A g-1. Therefore, we believe that this hybrid supercapacitor based on the PANI-PB nanocomposite holds the potential to be applied in the areas such as supercapacitor, battery, catalysis and capacitive mixing technique.
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