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Abstract

:

This work reports the facile, controlled, and low-cost synthesis of a nickel oxide and polyaniline (PANI) nanocomposites-based electrode material for supercapacitor application. PANI-NiO nanocomposites with varying concentrations of NiO were synthesized via in-situ chemical oxidative polymerization of aniline. The XRD and FTIR support the interaction of PANI with NiO and the successful formation of the PANI-NiO-x nanocomposite. The SEM analysis showed that the NiO and PANI were mixed homogenously, in which the NiO nanomaterial was incorporated in porous PANI globular nanostructures. The multiple phases of the nanocomposite electrode material enhance the overall performance of the energy-storage behavior of the supercapacitor that was tested in 1 M H2SO4 using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS). Among the different nanocomposites, PANI-NiO-3 exhibit the specific capacitance of a 623 F g−1 at 1 A g−1 current density. Furthermore, the PANI-NiO-3 electrode retained 89.4% of its initial capacitance after 5000 cycles of GCD at a 20 A g−1 current density, indicating its significant cyclic stability. Such results suggest that PANI-NiO nanocomposite could be proposed as an appropriate electrode material for supercapacitor applications.
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1. Introduction


Due to the energy crisis, global warming, and less availability of non-renewable energy sources, researchers focus on providing low-cost, high-power, and environment-friendly energy sources [1,2]. Over the past few decades, intense research has been conducted to develop efficient energy-storage devices. Fuel cells, supercapacitors, and batteries are promising and sustainable energy-storage devices that have attracted huge research interest due to their high energy and power densities, long life cycles, and eco-friendliness [3,4]. Supercapacitors are among the most promising materials due to their long cycle life, moderate energy density, excellent reversibility, high power density, and ease of fabrication [5,6,7].



Supercapacitors can be divided into electric double-layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors (battery-type supercapacitors). EDLCs store energy physically by the adsorption or desorption of ions at the electrode/electrolyte interface and includes mainly activated carbon, graphene, and carbon nanotubes [8,9,10]. The hybrid-type supercapacitors utilize faradic and EDLC-type mechanisms to store charge [11,12]. Pseudocapacitors store energy by reversible fast-redox reactions from transitional metal oxides (TMOs), transitional metal hydroxides (TMHs), transitional metal sulfides (TMSs), transitional metal phosphides (TMPs), and conductive polymers [1,2,13,14,15]. The pseudocapacitor has attracted researchers in recent years due to its high energy density, power density, and significant cycle life [16,17]. Among various materials, TMOs are promising electrode materials for supercapacitors. In the last few decades, ruthenium oxide was considered the best electrode material for pseudocapacitor material, however its cost, abundance, and limited potential window restrict its application [16,18]. Researchers focused on other TMOs-based electrode materials with reversible faradic reactions and higher capacitance [15,19]. They possess large theoretical capacitance, simple preparation methods, and various oxidation states. However, TMOs alone cannot restrain their suitability as supercapacitor electrodes due to insufficient structural stability for a high current density and a long cycle life [19,20].



Conducting polymers (CPs) are also well-suited for supercapacitor applications due to their excellent optical and electronic properties [21]. PANI is a promising flexible electrode material for supercapacitor applications among various conducting polymers due to its low cost, fast kinetics, good electrical conductivity, and environmental stability [22,23]. The long-chain conjugated structure of polyaniline (PANI), along with the interconvertible benzenoid ring and quinoid structure by electron transfer process, is responsible for the high specific capacitance of PANI [24,25]. PANI can be synthesized from its aniline monomer either by chemical or electrochemical methods. However, PANI possesses inferior mechanical stability because of shrinking and swelling during the charge–discharge process, which results in a poor life cycle [21,26]. Therefore, the design and manufacture of metal-oxide nanocomposite with the electro-conductive polymer can provide additional pseudocapacitance and resolve the issues mentioned above.



Among various TMOs, NiO is a significant metal oxide with a cubic lattice structure; it is insulating in nature with very low conductivity at room temperature and is widely used in diverse fields, such as catalysis, supercapacitor, battery cathode, gas sensors, and electrochromic and magnetic materials [16,27,28]. The NiO nanoparticle is a p-type semiconductor with a bandgap of 3.51 eV [29]. Various methods have been reported for the synthesis of NiO nanoparticles, such as microemulsion [30], sol-gel [31], solvothermal [32], precipitation [33] and microwave methods [34], etc. NiO possesses excellent features, such as anodic electrochromism, better durability, electrochemical stability, large-spin optical density, and different manufacturing possibilities [33,35].



Qi et al. synthesized PANI-NiO composites by in-situ polymerization in the presence of HCl as a dopant [36]. Sambharkar et al. prepared NiO nanoparticles and incorporated them into a polyaniline matrix during the in-situ chemical oxidative polymerization of aniline with different molar ratios of aniline: NiO (12:1, 6:1, and 3:1) at 5 °C using (NH4)2S2O8 as an oxidant in an aqueous solution of sodium dodecyl benzene sulfonic acid as a surfactant and dopant under an N2 atmosphere [37]. Wu et al. prepared a novel nano-nickel oxide-coated graphene/polyaniline composite and found its specific capacitance value to be about 1409 F g−1 [38]. Singu et al. synthesized a polyaniline nickel-oxide nanocomposite by in-situ oxidative polymerization and used it for supercapacitor applications. Such a nanocomposite possesses high specific capacitance up to 514 F g−1 at a scan rate of 1 mV s−1 [39].



In this study, a PANI-NiO nanocomposite was prepared by doping nickel oxide in polyaniline by the in-situ oxidative polymerization of aniline and it was used as an active material to prepare electrodes for high-performance supercapacitors. The main objective of this research is to study the specific capacitance and the chemical stability of nickel- oxide-doped polyaniline nanocomposites i.e., PANI-NiO-x. In brief, the as-prepared PANI-NiO-3 has a high capacitance of 623 F g−1 at a current density of 1 A g−1 and a good cycle life with a capacitance retention of over 92.5% after 5000 cycles. Moreover, it can retain 55.9% specific capacitance (Csp) of its initial capacitance value even at 10 A g−1, showing its efficient ability as an electrode material with a higher electrochemical performance.




2. Experimental Section


Materials and characterization techniques are presented in Sections S1.1 and S1.2 of the supplementary file.



2.1. Synthesis of Nickel Hydroxide


A total of 5.9 g of nickel chloride hexahydrate (NiCl3.6H2O) and 0.58 g of SDS were dissolved in 200 mL of double-distilled water and then the solution was stirred for 1 h. Subsequently, 20 mL of 30% ammonia solution was added to the above solution under constant stirring. The resulting mixture was refluxed for 4 h and allowed to reach room temperature. The green precipitation of nickel hydroxide was observed which was separated under vacuum filtration with the help of Whatman filter paper (No. 2) and washed with distilled water repeatedly. The resulting powder was dried at 75 °C for 12 h.




2.2. Conversion of Nickel Hydroxide into Nickel Oxide (NiO)


The previously synthesized powder of nickel hydroxide was calcined in a muffle furnace in the presence of air at 500 °C for 3 h. Hence, the obtained NiO was used in the subsequent steps.




2.3. Synthesis of Polyaniline—Nickel Oxide Nanocomposite (PANI-NiO Nanocomposite)


Different proportions of the NiO (0.1, 0.2, 0.3, 0.5 g) were added to 50 mL of 0.22 M aniline in 1 M H2SO4 solution with constant stirring. To the mixture, 50 mL of 0.24 M ammonium persulfate (APS) solution was added from the burette dropwise (3 drops per second). The reaction mixture was stirred for 24 h at room temperature. After completion of the reaction, the mixture was poured into 250 mL of acetone to obtain the precipitation of the PANI-NiO. The precipitate was collected in Whatman filter paper and washed with distilled water and acetone several times until the filtrate became colorless. The resulting powder sample was dried in air for 12 h and then at 75 °C for 24 h in the oven. Similarly, the PANI was synthesized without adding the NiO. The dried salt samples were kept in an airtight borosil glass bottle for further purposes.




2.4. Electrochemical Measurements


Various electrochemical properties, such as cyclic voltammetry (CV), charge–discharge cycle (GCD), and electrochemical impedance spectroscopy (EIS) of different samples were recorded by Hokuto Denko Ha-151 Potentiostat/Galvanostat, Japan. The electrochemical measurements were performed using a three-electrode system with a saturated calomel electrode as a reference electrode, as-prepared material as a working electrode, and platinum as a counter electrode in 1 M H2SO4 solutions as an electrolyte. The CV tests were obtained for various samples of composite electrodes at a scan rate of 10 m Vs−1 in the potential range of −0.2 V to 1 V. The GCD tests were performed at a current density of 2 A g−1 in the potential window ranging from 0.0 V to 1.0 V in the 3-electrode system. The different working electrodes (of different samples) were prepared by coating the active materials onto a nickel mesh of 0.5 cm × 0.5 cm dimensions. A few drops of NMP were poured into the mixture of active materials PVDF binder, and carbon black in the ratio 80:10:10 wt%, then grounded to produce a slurry in a mortar. The slurry was sonicated to make it homogeneous, drop-cast onto nickel mess and pressed hard on both sides; Cu-tape was used for the electrical connection. Then, it was allowed to dry in the oven for 18 h at 70 °C. The specific capacitance values from the GCD curves were calculated using Equation (1) [40]:


  S p e c i f i c   C a p a c i t a n c e    (   C  s      )  =   2 I × ∫ V   d t   m ×    (  ∆ V  )   2     



(1)




where  I  is the current (A),   ∫ V   d t   is the integrated area under the discharge curve,  m  is the mass of the active electrode materials (g), S is the area of the working electrode (in our case, we fixed the area as 1 cm2),     and   ∆ V   is the working potential window (V). The coulombic efficiency was calculated by using Equation (2) [41]:


  C o u l o m b i c   e f f i c i e n c y    ( η )  =    t d     t c    × 100 %  



(2)




where,    t d    and    t c    are the discharge and charge times in second (s), respectively.





3. Results and Discussion


3.1. Synthesis, Morphology, and Structural Characterization


A simple chemical oxidation technique is used to synthesize PANI, and NiO powder is prepared from nickel hydroxide by using the calcination process. The electrode material PANI-NiO nanocomposite was prepared by a chemical treatment method, followed by a co-precipitation method. The schematic representation of the facile preparation of the PANI-NiO-x nanocomposites is shown in Figure 1. The surface morphology and interaction between PANI and NiO were examined by using a scanning electron microscopy (SEM) analysis, as shown in Figure 2. The SEM image of pure PANI and NiO only is shown in Figure 2a,c with the related energy dispersive X-ray analysis (EDX) in Figure 2b,d, respectively. Figure 2a shows the irregular nanostructures of PANI and Figure 2c shows that the NiO is present in spherical form. The SEM images of the PANI-NiO-3 with the corresponding EDX images are presented in Figure 2e,f, respectively. Similarly, the SEM images and related EDX images of PANI-NiO-1, PANI-NiO-2, PANI-NiO-4, and PANI-NiO-5 are shown in Figure S1. The SEM images of the PANI-NiO-x nanocomposites show that the NiO nanospheres were incorporated into PANI during the in-situ oxidative polymerization of aniline into polyaniline.



In redox supercapacitors, fiber morphology and porous structure are desired features of electrode materials as they can provide a large surface area and enable effective and rapid access to the electrolyte, enabling the provision of high-specific capacitance and a fast charge/discharge rate [42]. Figure S1a,c,e,g in Supplementary Materials shows that the uniform morphology of the PANI-NiO nanocomposites is changed to extended interfaces with a much finer internal structure due to the agglomerating tendency of nanoparticles, as well as the formation of clusters or agglomerates which decrease the interfacial interaction between the PANI matrix and NiO, resulting in the decrease-specific capacitance values [43,44].



The EDX pattern of PANI in Figure 2b consists of strong peaks corresponding to carbon, oxygen, and nitrogen which confirms PANI formation. The EDX pattern of NiO in Figure 2d shows strong peaks corresponding to nickel and oxygen which confirms the formation of NiO. The EDX pattern of the PANI-NiO-x nanocomposites is shown in Figure 2f and Figure S1b,d,f,h revealing the presence of NiO and PANI, which indicate the successful formation of PANI-NiO-x nanocomposite. The nitrogen peak is absent in the EDX pattern of nanocomposites which confirms that NiO was doped in PANI. Some impurities at 1.9 KeV are observed due to sulfur. The presence of the element sulfur indicates the presence of the SO3H group, which might have come from a sodium lauryl sulfate (SLS) surfactant/oxidant.



The XRD and FTIR of the PANI, NiO, and PANI-NiO-3 is presented in the Figure 3. XRD patterns of all samples were characterized in the range of 2θ throughout 10–80° to examine the crystal structure and composition of the as-prepared electrode materials. The XRD patterns of PANI-NiO-1, PANI-NiO-2, PANI-NiO-4, and PANI-NiO-5 nanocomposites are shown in Figure S2a.



The XRD pattern and crystalline structure of NiO suggest the successful preparation of the NiO. The XRD spectra of NiO show the diffraction peaks centered at about 2θ values of 37.3, 43.3, 62.8, 75.3, and 79.3°, corresponding to lattice plane (111), (200), (220), (311), and (222), related to the cubic nickel oxide, respectively. All the peaks are in good agreement with PDF card no. 71-1179 of NiO [45]. The XRD spectra of the PANI-NiO-3 composite that are shown in Figure 3a exhibited a diffraction peak that is constituted by a mixture of PANI and NiO peaks. In the PANI-NiO-3 composite, there are some reduced peaks indicated by asterisks at around the 2θ (~25.91° and ~16.9°), showing the presence of PANI with the respective peaks of NiO, according to PDF card no. 71-1179 of NiO. PANI diffraction peak intensities are reduced in the nanocomposite, implying that PANI is present in the form of nanocomposites with NiO. Observing the characteristic peaks of pristine NiO in composite and broadening and weakening the intensity of NiO peaks suggests the reduction in the crystallinity of NiO in the nanocomposite. All these observations revealed that NiO was homogeneously doped with PANI, and PANI-NiO-x nanocomposites were successfully formed. The reduction in crystallinity of NiO and improved amorphous phase of PANI are certainly beneficial for electrochemical performance by improving the surface area, increasing the number of redox active sites, and shortening the charge transport path for the electrochemical reactions [37].



The Fourier transform infrared (FTIR) spectra of the as-prepared samples are shown in the range of 4000–400 cm−1 (Figure 3b and Figure S3). The FTIR spectrum of PANI shows a characteristic absorption band at 1660 cm−1 due to the C=N stretching vibration of the quinoid ring. The bands at 1560 and 1431 cm−1 are characteristics of the C=C stretching vibration of the quinoid ring and benzenoid ring, respectively. The bands at 3253–3451 cm−1 are attributed to the N–H stretching of aromatic amine, whereas the band at about 788 cm−1 shows a N–H wag of the secondary amines (one hydrogen and two aromatic groups). The bands at about 1227, 1309, and 1383 cm−1 are assigned to the out-of-plane bending of C–H [46]. The band at 1007 cm−1 is assigned to the in-plane bending vibration of aromatic C–H, which was formed during the protonation of the PANI chain. The band at 1072 cm−1 is assigned to be a quinoid ring-NH+-benzenoid ring (Q=NH+–B) stretching vibration, a characteristic band for emeraldine salt, attributed to the doping of PANI with H+ [25,47]. The above bands indicate the formation of the conductive emeraldine-salt form of PANI and are presented in Figure S3a. The FTIR spectrum of the NiO nanoparticles in the range of 4000–400 cm−1 is shown in Figure S3b. The FTIR spectrum of the NiO nanoparticles shows the characteristic absorption band of Ni–O stretching vibration at 445 cm−1. The peaks at 3285, 2950, 1602, and 1037 cm−1 are attributed to the stretching vibration of the different groups on the NiO [48].



The comparative FTIR spectra of the PANI-NiO-3, PANI, and NiO are shown in Figure 3b. The peaks at the PANI-NiO-3 are slightly positively shifted due to the formation of the nanocomposite and changes in the morphology and size of the particles. Similar absorption bands of PANI and NiO have been observed in PANI-NiO-x nanocomposites with a slight shift. Such a slight shift is the result of the interaction between PANI chains and NiO. The peak corresponding to Q=NH+–B is shifted from 1072 cm−1 to lower wavenumber 1055 cm−1 and the peak corresponding to –NH stretching at 3253 cm−1 broadens due to NiO doping. The N–H stretching peak at 3253 cm−1 is shifted to a lower intensity and is broad, revealing a strong interaction of NiO and PANI by the formation of hydrogen bonding between the N–H proton of PANI and the oxygen atom of NiO [49]. The characteristic peak of Ni–O vibration at 445 cm−1 is shifted to 485 cm−1, which reveals a strong interaction between NiO and PANI at the interface of the PANI polymer-chain matrix. Additionally, the FTIR spectra of PANI-NiO-1, PANI-NiO-2, PANI-NiO-4, and PANI-NiO-5 are shown in Figure S2b. The doping of PANI with a different wt% of NiO shows the decrease in band intensities at several frequency regions. The decrease in the intensity, shifting, and broadening of peaking in the PANI-NiO composites indicates a successful transformation of the PANI to PANI-NiO-x nanocomposites. Noise covering an area between 2000 and 2400 cm−1 may be due to moist water that was contained in the samples.



For the examination of bandgap alteration, Ultraviolet (UV)-visible spectra of all samples were acquired at room temperature using a UV-visible spectrophotometer in the wavelength range of 300 to 900 nm. The UV-visible spectra of PANI, NiO, and PANI-NiO-x composites are shown in Figure S4. The bandgap energy (Eg) can be calculated by using the following Tauc Equation (3) [50]:


(αhν)n = A(hν − Eg)



(3)




where α, h, ν, and A are absorption coefficients, Planck’s constant, light frequency, and a constant, respectively, and the value on n is 2.



The UV-visible spectra and corresponding Tauc plot of PANI-NiO-3 are presented in Figure 4a,b. Similarly, all the UV-visible spectra and corresponding Tauc plots of NiO, PANI, PANI-NiO-1, PANI-NiO-2, PANI-NiO-4, and PANI-NiO-5 are presented in Figure S4a,b, respectively. The UV-visible absorption spectra for NiO showed a strong absorption peak at 350 nm which is a characteristic peak for nickel oxide nanoparticles. PANI shows two absorption band curves: one location peak is about 370 nm and the other is about 600 nm. The first band is assigned as π-π* transition of the benzenoid rings into quinoid rings (π-polaron transition) [51]. After combining with NiO to form composites, these absorption bands of π-π* transition shifted to a higher wavelength. The reason behind the shifting of the peak of the quinoid ring transition to a higher wavelength is that NiO in a nanocomposite narrows the energy gap of the quinoid ring transition, thus simplifying the transition of electrons. The absorption bands of π-π* transition shifted to a lower wavelength, which may be due to interactions between the PANI and NiO in the composite. The bandgap energy values that are obtained for NiO, PANI, PANI-NiO-1, PANI-NiO-2, PANI-NiO-3, and PANI-NiO-4. PANI-NiO-5 are 2.7, 3.48, 2.45, 2.46, 2.76, 2.84, and 2.9 eV, respectively. This result reveals that the bandgap of PANI decreased with NiO doping. The doping of NiO allowed shallow states in the bandgap due to the high doping density. Thus, the doping of NiO generates some energy levels in the bandgap that allow the transition of lower energy, resulting in a decrease in bandgap energy. Moreover, the increase in bandgap energy with an increase in the weight of NiO is due to a change in the electron density of nickel oxide-doped polyaniline [39].




3.2. Energy Storage Performances in the 3-Electrode System


The CV, GCD, and EIS tests were used to investigate the electrochemical behavior of the PANI-NiO-x nanocomposite in the 3-electrode system with 1 M H2SO4 aqueous solution as an electrolyte. The comparative CV of PANI, NiO, and PANI-NiO-x nanocomposites at a scan rate of 10 mV s−1 in the potential window of −0.2 to 1.0 V are shown in Figure 5a. The CV curve of NiO contains a peak at 0.25 due to the oxidation of Ni2+ to Ni3+ and a peak at 0.2 due to the reduction of Ni3+ to Ni2+. The presence of redox peaks signifies the pseudocapacitive nature of NiO, distinctly different from the electric double-layer capacitance with a rectangular CV shape. The redox behavior of NiO allows for rapid faradic charge storage. The CV of PANI shows two pairs of clear redox peaks that conform to the pseudocapacitive behavior of PANI. These redox peaks reveal the redox transition between leucoemeraldine and protonated emeraldine salt, and between emeraldine and pernigraniline. The oxidization peak at about 0.18 V is due to the transformation of leucoemeraldine to conductive emeraldine salt form. The oxidization peak at 0.42 V corresponds to the transformation of the emeraldine oxidation state to a fully oxidized pernigraniline state. The reduction peaks at 0.03 V and 0.25 V are due to the transformation of the leucoemeraldine and emeraldine base, respectively. Additionally, the CV performance of the NiO-doped PANI nanocomposites (PANI-NiO-3) at various scan rates within a potential window of −0.2 V to 1.0 V are shown in Figure 5d.



The CV curve of NiO-doped PANI with different weights of NiO exhibits a clear oxidation and reduction peak which confirms the pseudocapacitive behavior of PANI-NiO composites. The NiO doping leads to a shift in both the oxidation peaks and reduction peaks of PANI. The doping of NiO results in the shifting of PANI’s oxidation peaks to a higher potential, and its reduction peak to a lower potential. PANI-NiO-1 exhibits a higher redox current than PANI. The redox peaks are shifted to 0.21 V and 0.69 V, corresponding to anodic sweep, and at 0.19 V and −0.1 V, corresponding to cathodic sweep for PANI-NiO-5, and it exhibits a higher redox current than PANI. The increase in the concentration of doped NiO from 0.1 gm to 0.5 gm on PANI leads to a further shift in the oxidation peaks to a lower potential, and in the reduction peak to a higher potential. This is the synergetic effect of the combined contributions from both NiO and PANI. From the CV curves, it is noted that the increase in area under the curve with an increase in the concentration of NiO reaches the maximum for PANI-NiO-3, and with further increases in NiO concentrations beyond PANI-NiO-3, the area has significantly reduced. Among the composites, PANI-NiO-3 has a larger voltammetry output current which is responsible for higher specific capacitance (Csp).



The GCD is the most widely used method to evaluate the electrochemical capacitance of materials under controlled current conditions. In this method, a constant current is applied to the working electrode and the resulting potential is measured against a reference electrode as a function of time. The GCD curves for different composite materials at a current density of 1 A g−1 are shown in Figure 5b. Thus, the calculated Csp of the composite samples according to the charge–discharge curves are shown in Table 1 and are also presented in Figure 5c in the form of a bar diagram.



The PANI-NiO-x nanocomposites exhibited higher specific capacitance than PANI and NiO. The NiO material played a major role in providing high specific capacitance due to the fast-redox reactions. At the same time, the PANI material, covering the surface of NiO material, acted in a supporting role by optimizing pore structures and boosting mass transfer processes, which helped the redox reactions of NiO to proceed quickly and completely. Furthermore, the PANI material could shape the surface of the NiO electrode and elaborately introduce porous structures over it [39]. In other words, the PANI material might not store charges on its own but it did improve the capability of the NiO material. Each component synergistically serves a specific purpose. Due to these synergistic effects, this composite can offer many more advantages than one pure electrode material [40]. The study reveals that as the amount of NiO is increased from 0.1 gm to 0.3 gm in PANI, the specific capacitance starts to decrease. As shown in Figure 5e, the specific capacitance for sample PANI-NiO-3 was found to be a maximum of 623 F g−1 at 1 A g−1 due to the synergistic effect of PANI and NiO. Similarly, the sample PANI-NiO-3 has a specific capacitance of 591, 528, 445, and 348 F g−1 at current densities of 3, 5, 7, and 10 A g−1, respectively (as presented in Figure 5f). The PANI-NiO-3 sample has a rate capability of 55.9% capacitance retention, even when the current density was increased ten-fold. The observed charge–discharge curve of NiO does not show straight lines, indicating faradic capacitance based on redox reaction. The sudden drop in voltage that was observed during discharge could be explained by an ohmic loss due to internal resistance (IR), also known as the ESR of the electrode. The ESR of NiO is high, due to which deviation in linearity is low, and as a result, it has low specific capacitance. Its specific capacitance is found to be 165 F g−1 at a current density of 1 A g−1. A charge–discharge experiment at 20 A g−1 was also used to investigate the cycle life of PANI-NiO-3 nanocomposite electrode materials. The first and last 10 GCD curves during the 5000-cycles stability test are presented in Figure 5g. Even after 5000 cycles, the material retains 89.4% capacitance and 89.6% coulombic efficiency of its initial value, demonstrating that it has a remarkable life cycle with significant coulombic efficiency, as shown in Figure 5i.



The EIS analytical technique was used to further elaborate the electrochemical properties of PANI-NiO-3 nanocomposite electrode materials, displayed in Figure 5h. A nearly vertical line is observed, indicating the electrode material’s pseudo-capacitive behavior and the diffusion behavior of the electrolyte. Furthermore, at high frequencies, the nanocomposite electrode materials have an almost semi-circle appearance (as shown in the inset figure in Figure 5h), illustrating the lower-charge transfer resistance (Rct). The charge transfer resistance (Rct) and inherent resistance (Rs) of the PANI-NiO-3 before the stability test were found to be 0.34 and 2.73 Ω, respectively. The charge transfer resistance (Rct) and solution resistance (Rs) of composite materials PANI-NiO-3 after the stability test were found to be 0.81 and 3.46 Ω, respectively. The small changes in the resistance values of electrode materials after a cyclic stability test (5000 cycles) demonstrate the remarkable efficiency of the as-prepared electrode materials with high stability. The observed electrochemical behavior of as-prepared electrode material inspires the practical application of supercapacitors for energy storage applications.





4. Conclusions


PANI-NiO nanocomposites were successfully synthesized by in-situ aqueous oxidative polymerization of aniline in the presence of the different amounts of NiO using ammonium persulphate as an oxidant in the H2SO4 solution. NiO nanoparticles are incorporated in porous PANI nanostructures for the preparation of homogenous nanocomposites of PANI-NiO-x. The PANI-NiO-x exhibited improved electrochemical performance, such as high specific capacitance (623 F g−1 at 1 A g−1) and long-term cycle stability with an excellent rate capability. This study demonstrated that PANI-NiO-3s can be promising electrode materials for supercapacitors application. This finding could also pave the way for the development of low-energy, low-cost PANI-NiO-3 nanocomposite-electrode material preparation techniques.
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Figure 1. Schematic representation of the preparation of the PANI-NiO-x nanocomposites. 
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Figure 2. (a) SEM image of PANI, (b) EDX analysis of PANI, (c) SEM image of NiO, (d) EDX analysis of NiO, (e) SEM image of PANI-NiO-3, and (f) EDX analysis of PANI-NiO-3. 
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Figure 3. (a) XRD pattern of PANI, NiO, and PANI-NiO-3, and (b) FTIR spectra of PANI, NiO and PANI-NiO-3. 
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Figure 4. (a) UV-visible spectra, and (b) corresponding Tauc-plot of PANI-NiO-3. 
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Figure 5. (a) CV curves of PANI, NiO, PANI-NiO-1, PANI-NiO-2, PANI-NiO-3, PANI-NiO-4, and PANI-NiO-5 at a scan rate of 5 mV s−1; (b) GCD curves of PANI, NiO, PANI-NiO-1, PANI-NiO-2, PANI-NiO-3, PANI-NiO-4, and PANI-NiO-5 at 1 A g−1; (c) comparative study of specific capacitance of PANI, NiO, PANI-NiO-1, PANI-NiO-2, PANI-NiO-3, PANI-NiO-4, and PANI-NiO-5 at 1 A g−1; (d) C V curves of PANI-NiO-3 at various scan rates; (e) GCD curves of PANI-NiO-3 at various current densities; (f) plot of specific capacitance vs. current densities of PANI-NiO-3; (g) stability test of PANI-NiO-3 at a current density of 20 A g−1; (h) EIS plot of PANI-NiO-3 before and after stability test; (i) charge/discharging cycle number changes specific capacitance and Coulombic efficiency of PANI-NiO-3 at 20 A g−1 current densities. 
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Table 1. Specific capacitance (Cs) of different nano and composite materials at a current density of 1 A g−1.






Table 1. Specific capacitance (Cs) of different nano and composite materials at a current density of 1 A g−1.





	Electrode Materials
	PANI
	NiO
	PANI-NiO-1
	PANI-NiO-2
	PANI-NiO-3
	PANI-NiO-4
	PANI-NiO-5





	Specific capacitance (F g−1)
	205
	165
	265
	407
	623
	537
	514
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