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HIGHLIGHTS 

• C–Fe/PANI/Ni-GF was synthesized on nickel graphene foam by pyrolysis of the Fe-PANI  
  mixture. 
 
• The symmetric device was fabricated using C–Fe/PANI/Ni-GF electrode. 
 
• The symmetric device exhibited high energy density and good long-term stability. 
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ABSTRACT 

The carbonized iron-polyaniline/nickel graphene foam (C-Fe/PANI/Ni-GF) electrode was 

prepared by pasting a mixture of iron-polyaniline (Fe/PANI) on nickel graphene foam (Ni-GF) 

and carbonized under the nitrogen. For electrochemical characterization, the as-prepared 

electrode material was evaluated in both three and two-electrode (i.e. symmetric) cell 

configurations using 1 M NaNO3 electrolyte. The symmetric device exhibited a maximum 

energy density of 68.0 W h kg-1 and power density of 718.2 W kg-1, at a specific current of 

1.0 A g-1 and the maximum potential of 1.7 V. The device further displayed long-term cycling 

stability with capacity retention of 91% over 10 000 galvanostatic charge-discharge cycles at 5 A 

g-1. The stability of the device was also tested using the voltage holding and self-discharge 

approach whereby a slow-discharging process was observed, which suggests the practical 

application of the device.  
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GRAPHICAL ABSTRACT 

 

1. INTRODUCTION 

Recently, there has been a demand for high-power performance, long cycle life, and enhanced 

safety energy-storage systems. In the view of the demands for energy-storage systems, 

supercapacitors (SCs) have received great attention due to their properties/electrochemical 

performance. SCs are high-power performance devices, and an extent of extensive research on 

SCs has been focusing on improving the energy density of SCs. In SCs, charges can be stored 

using three different mechanisms, viz., electric double-layer capacitors (EDLCs), 

pseudocapacitors or redox SCs and hybrid capacitors [1–3]. Asymmetric (hybrid) capacitors 

have been explored to increase the operating potential window to improve the energy density of 

the SCs [1–3]. Nowadays, ionic liquid electrolytes have been considered to provide the 

alternative improvement on SCs (high operating potential window) since they have a wider 

electrochemical stability window [4]. The main focus is also on developing hybrid SCs using the 

pseudocapacitive electrodes and battery‐electrode materials since they exhibit high capacitance 

[5][6]. Therefore, both the high operating potential window and high capacitance of the 

pseudocapacitive electrodes and battery‐electrode material significantly increase the energy 

density of the SCs while maintaining high power density. In addition, the development of the 

nanostructured materials has been explored to improve the rate capability of the battery‐electrode 

materials. 

In recent reports, conducting polymers are considered as pseudocapacitive materials suitable for 

the next generation of SCs [7–10]. Among these conducting polymers, polyaniline (PANI) has 

attractive properties, for instance, the morphological diversity, good redox reversibility, low cost, 

and simple synthesis [11]. The conducting polymers have a wide range of tunable properties 

since their conductivity is linked with the molecular structure, the level of doping and the 
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ordering of molecular packing [12–14]. It has been shown that PANI containing iron achieves 

high electrocatalytic and electrochemical performance with long-cycling stability [15–17]. Iron 

cations easily adsorb onto PANI due to functional groups of PANI which acts as active sites [18–

21]. Available reports also show that the electrical conductivity of PANI can be enhanced by 

carbon nanotubes through π‒π interactions [22,23]. However, compared to graphene the mass 

production of carbon nanotubes has a higher production cost hence graphene is preferred. 

Moreover, graphene has attracted great attention due to its remarkable properties, for instance, a 

high specific surface area, high electrical conductivity, and chemical stability [24–29]. 

Polymer/graphene interactions (nanocomposites) are expected to exhibit excellent 

electrochemical performance owing to a stronger π‒π conjugation interactions and graphene 

properties. In fact, Yu et al. [30] have reported a remarkably high capacitance value of 1341 F g-1 

for a PANI/3D graphene framework in an acidic electrolyte. Wang et al. [31], have demonstrated 

that the PANI/graphene nanocomposites show much better capacitance performance than that of 

individual PANI and the synergy effect of PANI and graphene greatly improves the retention life 

of the composite material. The key factors determining the electrochemical performances of the 

PANI/graphene nanocomposites, such as morphologies, synthesis methods, and synthesis 

conditions are detailed in the review titled: Polyaniline/graphene nanocomposites towards high-

performance supercapacitors by Huang et al. [32]. 

This study reports on a high-performance symmetric supercapacitor based on the carbonized 

iron-polyaniline/nickel graphene foam electrode; prepared as shown in Scheme 1. The symmetric 

supercapacitor device was fabricated using 1 M NaNO3 aqueous electrolyte. The C-Fe/PANI/Ni-

GF symmetric device showed good electrochemical performance with a high energy density of 

68.0 W h kg-1 and power density of 718.2 W kg-1, at a specific current of 1.0 A g-1; and excellent 

stability for both cycling and voltage holding stability test. The self-discharge approach was also 

used to test the stability of the device which showed a slow self-discharge process. 

2. EXPERIMENTAL 

2.1. Carbonization of an iron-polyaniline mixture on nickel graphene foam 

The Fe-PANI mixture was synthesized as reported in our recent work [17]. Briefly, a 0.4 g of 

PANI and 0.2 g of iron nitrate nonahydrate (Fe(NO3)3∙9H2O) were dissolved in a 50 mL of 

ethanol and dispersed until the Fe-PANI slurry was formed. The slurry was pasted on graphene 
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supported by nickel foam and carbonized at 850 °C (ramp rate of 10 °C min-1) for 2 h under 

nitrogen. After carbonization, the difference in the micrograph of the Ni-GF and that of Fe-PANI 

mixture on Ni-GF (C-Fe/PANI/Ni-GF) confirms a successful synthesis of the electrode which is 

expected to have strong metal-polymer/graphene interactions (see scheme 1). The as-prepared 

electrode material was used for both negative and positive electrode, respectively. For 

electrochemical characterization in three-electrode configuration, the Fe-PANI slurry was pasted 

on both sides of Ni-GF and after carbonization, the active material of the electrode had a mass of 

2 mg. For the symmetric device fabrication, the slurry was only pasted on one side of Ni-GF and 

after carbonization; the electrode materials had masses of 1.5 mg (negative electrode) and 1.7 mg 

(positive electrode). 

 

Scheme 1. The synthesis route for carbonized iron-polyaniline/nickel graphene foam electrode. 

The Ni-GF was grown using atmospheric pressure chemical vapour deposition (AP-CVD). 

Graphene growth was carried out for 10 minutes at 1000 °C using a mixture of gasses, Ar: H2: 

CH4 with flow rates of 300: 200: 10 sccm, respectively. All the reagents used were purchased 

from Sigma Aldrich and a 3D scaffold template of polycrystalline nickel foam (Ni-F) from 

Alantum.  

2.2. Morphological, composition and structural characterization  

The C-Fe/PANI/Ni-GF material was characterized using scanning electron microscopy (SEM, 

Zeiss Ultra Plus 55 field emission scanning electron microscope), energy-dispersive X-ray 

spectrometer (EDS), high-resolution transmission electron microscopy (HR-TEM), X-ray 
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diffractometer (XRD, XPERTPRO diffractometer (PANalytical BV, Netherlands) and Raman 

spectroscopy. The HR-TEM analysis was carried out in a high-resolution transmission electron 

microscopy JEOL 2100 (from Tokyo Japan) equipped with LaB6 filament, a Gartan U1000 

camera of 2028 х 2028 pixels and was operated at 200 kV. The HR-TEM scanning transmission 

electron microscopy and the energy dispersive X-ray (STEM-EDX) were used for elemental 

distribution analysis. WITec alpha300 RAS+ confocal Raman microscope was used for Raman 

analysis/imaging. The analysis was carried out using a 532 nm laser and laser power of 5 mW. 

Raman image scans were acquired over 30 × 30 µm2 area with 100 points per line and 100 lines 

per image using an integration time of 5 s. WITec project plus version software was used for 

Raman data processing.  

2.3. Electrochemical characterization 

A Biologic VMP-300 potentiostat (Knoxville TN 37,930, USA) was used for the electrochemical 

characterization. For three-electrode configuration, the measurements were carried out using 

three different neutral aqueous electrolytes, i.e. 1 M NaNO3, NaSO4 and LiSO4 electrolyte. 

Cyclic voltammetry (CV) at scan rates of 5 to 100 mV s-1 and galvanostatic charge-discharge 

(GCD) were carried out for positive and negative electrode in the potential range of 0.0 to 0.7 V 

vs. Ag/AgCl and -1.0 to 0.0 V vs. Ag/AgCl. The electrochemical impedance spectroscopy (EIS) 

analysis was obtained using an open circuit over 10 mHz to 100 kHz. For two-electrode 

measurements, the symmetric device was fabricated using 1 M NaNO3 aqueous electrolyte. 

3. RESULTS AND DISCUSSION 

3.1 Morphological, composition and structural characterization  

The morphologies of the Ni-GF and C-Fe/PANI/Ni-GF samples were examined using SEM, as 

shown in figure 1(a) and 1(b), respectively. From the SEM images, the Ni-GF displays wrinkles 

and ripples of as-grown graphene [33]. The C-Fe/PANI/Ni-GF sample comprises of 

agglomerated nanograins; this is also shown in high magnification image in figure 1(c). The 

elemental composition of the C-Fe/PANI/Ni-GF was obtained using EDS and the maps are 

displayed in figure 1(d). Figure 1(d) shows the EDS maps of Ni, C, Fe, N, S, and O. Figure 1(e) 

shows the secondary electron beam image with an overlay combined image of the EDS maps of 

evaluated elements. These maps suggest that Fe cations are distributed homogeneously on the 
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PANI matrix in the C-Fe/PANI/Ni-GF electrode material. Figure 1(f) displays the average EDS 

spectrum which shows Fe, S, O, N, C, and Ni. A high content of Ni result from the Ni-GF 

substrate. The presence of S in the sample is from PANI synthesis, ammonium persulphate in 

particular, which degraded during pyrolysis. In addition, O and N are typically found in PANI. 

The XRD pattern obtained from the carbonized Fe/PANI (Figure S1), shows the diffraction 

peaks which matches Fe3C, FeS, Fe and (002) graphitic plane. 

 

Figure 1. (a) SEM image of the Ni-GF and (b) C-Fe/PANI/Ni-GF. (c) The high magnification image of the C-

Fe/PANI/Ni-GF. (d) The EDS maps of Ni, C, Fe, N, S, and O, and (e) the corresponding secondary electron beam 

image with an overlay combined image of the EDS maps of evaluated elements. (f) An average EDS spectrum. 

Figure 2(a) and 2(b)-(c) show high-resolution TEM images of the as-synthesized C-Fe/PANI 

(without Ni foam) and C-Fe/PANI/Ni-GF, respectively. From these figures, C-Fe/PANI shows 

Fe cations attributed to Fe3C, FeS and Fe anchored on PANI which has a sheet-like morphology. 

On the other hand, C-Fe/PANI/Ni-GF shows Fe/PANI on graphene foam (GF) which is grown 

on Ni substrate. In figure 2(c), GF shows a thickness of about 5 nm corresponding to few-layer 
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graphene. Furthermore, a scanning transmission electron microscopy along with energy 

dispersive X-ray maps are displayed in figure 2(d) and 2(e)-(j), respectively. The energy 

dispersive X-ray maps of the as-synthesized C-Fe/PANI/Ni-GF sample display the main 

elements of the sample (C, N, O, S, Fe and Ni) as seen from the EDS maps in figure 1.  

 

Figure 2. High-resolution TEM images: (a) As-synthesized C-Fe/PANI (without Ni foam), (b) and (c) C-

Fe/PANI/Ni-GF. (d) Scanning transmission electron microscopy image and (e)-(j) the corresponding energy 

dispersive X-ray maps of C, N, O, S, Fe and Ni obtained from the as-synthesized C-Fe/PANI/Ni-GF sample. 

Before pasting a slurry of Fe/PANI on the Ni-GF (see scheme 1), a Ni-GF was analyzed using 

Raman spectroscopy to investigate the quality and the number of graphene layers in the as-grown 

graphene. Figure 3(a-c) shows the Raman data of graphene on Ni foam. The main features of the 

Raman spectrum of graphene are the G-band (~1590 cm−1), the 2D-band (~2690 cm−1) and the 

D-band (disorder-induced band, 1350 cm−1) [34–36]. In figure 3(a), the overlay image of the 

cluster analysis on the optical microscope image of the sample and the corresponding cluster 

average spectra (Figure 3(b)) reveals that the as-grown graphene has significant fractions of 

monolayer, bilayer and few-layer graphene (i.e. << 10 monolayers). Certainly, figure 3(b) shows 

the typical Raman spectrum of monolayer, bilayer and few-layer graphene with 2D-to-G peaks 
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intensity ratios of >2, ~1 and <0.6, respectively. In addition, the 2D peaks Full Width at Half 

Maximum (FWHM) for monolayer, bilayer and few-layer graphene are 30, 50 and 72 cm-1, 

respectively, which demonstrate the characteristics of monolayer, bilayer and few-layer 

graphene. Briefly, the cluster analysis of the acquired Raman image data set automatically finds 

similar spectra in an image spectrum data set and creates the cluster distribution maps and the 

corresponding cluster average spectra. Furthermore, figure 3(c) shows the mapping of the D-to-G 

peaks intensities ratio. The map shows an average value of approximately zero confirming the 

zero intensity of the D-band in the Raman spectra which demonstrates high-quality graphene 

foam.  

Figure 3(d-g) shows the Raman data of the C-Fe/PANI/Ni-GF. In figure 3(d), the overlay image 

of the cluster analysis on the optical microscope image and the corresponding cluster average 

spectra (Figure 3(e)) display typical Raman spectra of PANI (blue line) and graphene (green and 

pink line). From the overlay image in figure 3(d), the small areas of graphene suggest that the 

coating of the PANI on Ni-GF is not completely uniform across the substrate and that could be 

due to the porous nature of the Ni foam. Moreover, in figure 3(e), the D band (which is due to 

the functional groups of PANI [20,21]) in the spectra of graphene confirms the 

interaction/incorporation of the PANI functional groups in the graphene lattice. This is further 

confirmed by mapping of the D-to-G peaks intensities ratio, as shown in figure 3(f), which 

displays an average value of ~0.8. This confirms a high intensity of the D-band in the Raman 

spectra of the C-Fe/PANI/Ni-GF. 

The Raman peaks in the range of 100 to 700 cm-1 are due to Fe–PANI, as shown in figure 3(g) 

and table 1. It is worth mentioning that the phases in figure 3(g) have X-ray diffraction peaks 

matching Inorganic Crystal Structure Database (ICSD) cards (α-S8 ICSD #27261, α-FeOOH 

ICSD #77327, γ-FeOOH ICSD #93948, Fe2O3  ICSD #64599 and Fe3O4 ICSD #35000) which 

overlap with the diffraction peaks of the phases shown in the XRD data in figure S1.  
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Figure 3. (a-c) Raman data of as-grown graphene on Ni foam (Ni-GF): (a) The optical microscope image 

with an overlay image of cluster analysis, and (b) the corresponding cluster average spectra (each 

spectrum-color correspond to the image area of the same color in (a)). (c) Mapping of the D-to-G peaks 

intensities ratio. (d-g) Raman data of C-Fe/PANI/Ni-GF: (d) The optical microscope image with an 

overlay image of cluster analysis, and (e) the corresponding cluster average spectra (each spectrum-color 

correspond to the image area of the same color in (d)). (f) Mapping of the D-to-G peaks intensities ratio. 

(g) The cluster average spectrum of the Fe-PANI range in (e).  
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Table 1. Raman peak positions of the Fe-PANI range in figure 3(g) of the C-Fe/PANI/Ni-GF and the 
corresponding phases. 

Peak positions 
(cm-1) 

Phases Ref. 

153 α-S8  [37] 
191 FeS [38] 
205 FeS [38][39] 
223 Fe3C / α-S8 [40][39] 
265 FeS [38][39] 
290 Fe3C / FeS [40][39] 
310 α-FeOOH [41] 
360 Fe3C / γ-FeOOH [40][39] 
471 α-S8  [37] 
540 γ-FeOOH [39] 
603 Fe3C [40] 
680 γ-Fe2O3/Fe3O4 [41][42] 

 

In figure 4(a), the C 1s XPS core level spectrum of the C-Fe/PANI/Ni-GF shows different carbon 

compounds at  284.5 (C=C), 285.3 (C–C), 286.5 (C–OH/C–N), 287.6 (C–O–C) and 288.9 eV 

(C=O) attributed to the functional groups of PANI [43,44]. On the other hand, compared to the 

C-Fe/PANI/Ni-GF, the C 1s spectrum of the Ni-GF (Figure 4(b)) shows a predominant narrow 

peak of sp2 C=C bond and relatively low-intensity peaks of the oxide components which could be 

due to surface-adsorbed CO2 and O2, and the π−π∗ electrons transition [45–47]; and this shows a 

form of high-quality graphene. Nonetheless, in the C-Fe/PANI/Ni-GF, the C 1s spectrum of the 

Ni-GF would be similar to that of the C-Fe/PANI/Ni-GF due to the interaction between the 

Fe/PANI and graphene foam during pyrolysis which is energetically favourable owing to the 

unpaired π-electron in graphene and the high electronegativity of oxygen present in PANI. The 

Fe 2p XPS core level spectrum of the C-Fe/PANI/Ni-GF (Figure 4(c)) shows fitted Fe 2p3/2 

binding energy peaks at 706.5 and 708.1eV attributed to  Fe0 (metallic Fe)/ Fe2+ and Fe3+ ions, 

respectively [48]. In figure 4(d), the N 1s core level spectrum shows characteristic nitrogen–

carbon bond-related peaks which appears at 398.6 eV (pyridinic N), 400.2 eV (pyrrolic N), and 

401.5 eV (graphitic N). A pyridinic N peak has the contribution of N–iron peak (399.3 eV) since 

the two peaks overlap [49]. The S 2p XPS core level spectrum shows peaks in the range of 160 –

 65 eV attributed to the S2- ions (160.7 and 161.9 eV fitted peaks of the S 2p3/2 and S 2p1/2 levels, 

respectively), S–C and/or S–S bonds (fitted peak at 163.3 eV of the S 2p3/2 level). S 2p1/2 fitted 

peak confirms a characteristic FeS bond-related peak which appears at 161.9 eV and in the S 
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2p3/2 peak, S–C, S–S and S–S/S–C bonds have characteristic peaks at 163.2, 163.8, and 164.8 eV 

respectively [50].  

 

Figure 4. The XPS core level spectra: (a) C 1s of the C-Fe/PANI/Ni-GF and (b) Ni-GF; (c) Fe 2p, (d) N 1s, and (e) 

S 2p of the C-Fe/PANI/Ni-GF electrode material. 
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3.2 Electrochemical characterization 

The as-prepared electrodes (C-Fe/PANI/Ni-GF) were evaluated as negative and positive 

electrodes using 1 M NaNO3, NaSO4 and LiSO4 electrolyte in the three-electrode system, as 

shown in figure 5(a) and 5(b). The CV curves of the as-prepared electrode in both negative and 

positive potential window show pseudocapacitive behavior without obvious redox peaks. From 

figure 5, 1 M NaNO3 electrolyte is the best electrolyte since it gives high current response 

compared to that of 1 M NaSO4 and 1 M LiSO4 electrolyte. This could be due to the small 

hydrated ion size of Na+ (0.359 nm) and high ionic conductivity of 50.11 S cm2 mol-1 compared 

to the Li+ which has ion size of 0.381 nm and ionic conductivity of 38.69 S cm2 mol-1 [51,52]. 

On the other hand, The accumulation of NO3
- ions on the positive electrode might be higher than 

that of SO4
2- ions since it has small hydrated ion size of 0.335 nm compared to 0.379 nm of the 

SO4
2- ions [52]. It worth mentioning that the negative electrodes in 1 M NaSO4 and 1 M LiSO4 

electrolyte could not reach a potential of 1.0 V vs. Ag/AgCl as the electrode in 1 M NaNO3 

electrolyte.  

 

 

Figure 5. (a) and (b) Cyclic voltammetry curves of the as-prepared electrode at the scan rate of 50 mV s-1 in 

different aqueous electrolytes. 
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Based on the observation from figure 5, 1 M NaNO3 electrolyte showed the best performance 

compared to the other electrolytes it was used for further electrochemical evaluation. The as-

prepared electrode was further evaluated in the three electrode configuration using 1 M NaNO3 

electrolyte, as shown in figure S2(a-d). For as-prepared electrode the specific capacitance, CS, 

was calculated for both positive and negative electrode (Figure S2(e)), from the GCD 

curves [3,53,54]:                        

Vm
tIC

∆
∆

=S                                                                     (1) 

where I/m is the specific current (A/g), m is the mass of the electrode material (g), Δt is the 

discharge time (s), and ΔV  is the maximum potential. 

From figure S2(e) it can be seen that in the positive potential window, the as-prepared electrode 

exhibited the high specific capacitance of 69.0 F g-1 at a specific current of 1 A g-1  and in the 

negative potential window it exhibits 139.9 F g-1. For the as-prepared electrode, a symmetric 

supercapacitor device (scheme in figure 6(a)) was fabricated using 1 M NaNO3 electrolyte; and 

the charge balance was done using equation S1 (supporting information). From the three-

electrode measurements (Figure 6(b)), the as-prepared electrode in negative and positive 

potential window reaches -1.0 and 0.7 V vs. Ag/AgCl, respectively. Consequently, the 

symmetric device was able to reach the maximum potential of 1.7 V (Figure 6(c)). It can be seen 

from the CV curves of the device (Figure 6(c)) that it has a pseudocapacitive behavior; and these 

curves do not change with the increase in scan rate, which suggests that the device is stable. The 

GCD curves of the device shown in figure 6(d) at different specific currents in the range of 1 to 

5 A g-1 which illustrates the pseudocapacitive behavior agreeing with the CV (Figure 6(c)). 

Moreover, because of the pseudocapacitive nature of the device, the specific capacity (QS) of the 

device (Figure 6(e)) was calculated using equation 2 [3,53–56]: 

                 6.3S
t

m
IQ 





=             (2) 

where I/m is the specific current (A/g), m is the mass of the electrode material (g), and t is the 

discharge time (s). 
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At a low specific current of 1 A g-1 the device exhibits a high specific capacity of 94.6 mA h g-1 

which drops to 31.7 mA h g-1 at a high specific current of 5 A g-1; such drop could be due to the 

limited time that ions have to access the surface of the electrode at high specific currents [57], 

and that could be due to the redox reactions (from the oxide phases present in the electrode) 

which limit the accessibility of the electrolyte ions. In addition, the observed drop in specific 

capacity values may be due to the increasing electronic field within the cell setup increased by an 

increase in the current density at a high cell potential window. 

 

Figure 6. (a) Scheme of the fabricated device. (b) CV curves of the as-prepared electrode from the three-electrode 

measurements at 5 mV s-1. (c) and (d) CV and GCD curves of the fabricated device, respectively. (e) Specific 

capacity versus specific current for the device. 
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The energy density, Ed and the power density, Pd were calculated using the GCD curves, as 

shown in figure 7(a), using equation 3 and 4, respectively: 

6.3

)(
)kghW( 1

d
∫







=−

dttV

m
IE                                       (3)

 

t
EP

∆
=− d1

d
6.3)kgW(                                                       (4) 

where I/m is the specific current (A/g), ∫ dttV )(
 
is the integral under the discharge curve and Δt 

is the discharge time (s).  

The fabricated device displayed a maximum energy density of 68.0 W h kg-1 and power density 

of 718.2 W kg-1, at a specific current of 1.0 A g-1. At a high power density of 3843.0 W kg-1, the 

energy density remained as high as 24.4 W h kg-1 at 5.0 A g-1. Figure 7(b) shows the energy 

densities of the C-Fe/PANI (from our previous work [17]) and C-Fe/PANI/Ni-GF symmetric 

devices in the specific current range of 1.0 to 5.0 A g-1. From the figure, the C-Fe/PANI/Ni-GF 

device shows higher energy density values compared to C-Fe/PANI device. Additionally, table 2 

and the Ragone plot (Figure S3) also show that the energy and power densities for C-

Fe/PANI/Ni-GF device are superior to those reported in the literature on PANI based symmetric 

devices. A high-performance of the C-Fe/PANI/Ni-GF device could be attributed to the synergy 

between Fe/PANI and graphene foam. Although the Ni-GF is well-recognized to possess high 

electrical conductivity compared to Ni foam, a high energy density exhibited by C-Fe/PANI/Ni-

GF compared to C-Fe/PANI is mainly due to the synergistic effect of PANI and graphene and 

the contribution of the iron-composite layer. This is also reported in the literature that the 

PANI/graphene nanocomposites show much better capacitance performance than that of 

individual PANI and the synergy effect of PANI and graphene greatly improves the retention life 

of the composite material [30,31]. Also, studies have shown that iron-containing PANI, achieve 

high electrocatalytic performance and exhibit high cycling stability [58–60]. 

 



16 
 

 

Figure 7. (a) Energy and power densities of the C-Fe/PANI/Ni-GF device. (b) Energy densities of the C-Fe/PANI 

and C-Fe/PANI/Ni-GF symmetric devices versus specific current. (c) The cycling stability test for the C-

Fe/PANI/Ni-GF device at a specific current of 5 A g-1. (d) The cycling stability results of the C-Fe/PANI and C-

Fe/PANI/Ni-GF symmetric devices at a specific current of 5 A g-1. (e) Voltage holding and specific capacity as a 

function of floating time at 5 A g-1. (f) Voltage holding and energy density as a function of floating time at 5 A g-1. 
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Table 2. Electrochemical performance comparison of PANI based symmetric devices. 

Electrode device Electrolyte Specific 

current 

Potential 

window 

Energy 

density 

Power 

density 

Ref. 

  (A g-1) (V) (W h kg-1) (W kg-1)  

PANI 1 M H2SO4 1.0 1.0 23 180 M. Dirican et al. 2014 

[61] 

PANI/PCNF 1 M H2SO4 1.0 1.0 12 180 M. Dirican et al. 2014 

[61] 

PANI/MWNTs 1 M H2SO4 1 mA/cm2 1.0 22 83 H. Mi et al. 2007 [62] 

PANI/CNT 1 M H2SO4 0.5 0.8 7.11 201 K. Silas et al. 2016 [63] 

C-Fe/PANI 6 M KOH 1.0 1.65 33.0  370.7 M.N. Rantho et al. 2018 

[17] 

C-Fe/PANI/Ni-GF 1 M NaNO3 1.0 1.7 68.0 718.2 This work 

       

 

Figure 7(c) shows the cycling stability test of the C-Fe/PANI/Ni-GF symmetric device 

performed at a specific current of 5.0 A g-1. The cycling stability of the device exhibited a 

columbic efficiency of 99% and 91% capacity retention after a 10 000th galvanostatic charge-

discharge cycle. In figure 7(d), the C-Fe/PANI/Ni-GF device shows a better cycling stability 

compared to C-Fe/PANI device [17], both performed at the same specific current of 5.0 A g-1. 

This enhanced or long-cycling stability could also be due to the interactions between Fe/PANI 

and graphene foam. It is known that PANI–carbon (i.e., carbon nanotubes, nanofibers, graphene, 

etc.) based composites have long-cycling stability owing to the high stability of carbon [62,64–

70]. The stability of the device was further tested via potentiostatic floating test (i.e. voltage 

holding) at 5.0 A g-1 and maximum operating potential of 1.7 V for 100 h, as shown in figure 

7(e) and 7(f). Briefly, in voltage holding, a cell is kept at a specific fixed maximum operating 

potential for a long period of time, and the process includes a charge-discharge step for a few 

numbers of cycles in which the specific capacity of the device is monitored. Figure 7(e) and 7(f) 

show a significant increase in the specific capacity and energy density of the device after voltage 
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holding, and this could mean that the electrolyte ions access the electrodes pores more 

effectively after each holding period for intercalation into the electrode.  

The electrical properties of the device before and after cycling stability, and after voltage holding 

were analyzed using EIS, as shown by the Nyquist plot in figure 8(a). In figure 8(a), the Nyquist 

plots do not show an obvious semi-circle in the high-frequency region (inset to the figure) 

demonstrating a lower electrode-electrolyte interface charge transfer resistance, RCT hence a 

better capacitive behavior. The intersection of the Nyquist plots on the real component, Zʹ (see 

the inset to the figure), describes the equivalent series resistance, ESR or RS, and the RS values 

before stability (RS = 4.3 Ω), after stability (RS = 5.5 Ω) and after voltage holding (RS = 7.2 Ω) 

are comparable suggesting good chemical stability of the device. A linear part of the plots (in the 

low-frequency) with angles greater than 45° deviates from an ideal capacitor. Furthermore, the 

Nyquist plot of the device was fitted (Figure 8(b)) using the equivalent circuit diagram shown in 

the insert to figure 8(b). The equivalent circuit diagram presents RS in series with RCT, and 

Warburg impedance characteristic element, W parallel to the real capacitance (Q1) [71]. A 

deviation of the supercapacitor behavior from an ideal capacitive behavior is attributed to a 

leakage resistance, RL (i.e. parallel to the mass capacitance, Q2) [72,73].  
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Figure 8. (a) Nyquist plots before stability, after stability and after voltage holding (the inset shows the enlarged 

high-frequency region). (b) The Nyquist plot and the fit (blue solid-line) of the equivalent circuit diagram in the 

insert. (c) The Bode plot. (d) The frequency dependence of the C′(ω) and C′′(ω) capacitances. 

 

Moreover, figure 8(c) displays the phase angle value of −66° for the C-Fe/PANI/Ni-GF device. 

The frequency dependence of the C′(ω) and C′′(ω) capacitances was calculated, as shown in 

figure 8(d), using the following expressions [74,75]: 

The impedance, Z(ɷ) is expressed as 

)(
1)(

ωω
ω

Cj
Z

×
=                                                            (5) 

Therefore, 
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where Z′ and Z′′ are defined as  

222 )()()( ωωω Z"Z'Z +=                                              (8) 

and ɷ = 2πf.  

In figure 8(d), the C′(ɷ) which is the real accessible capacitance of the device that can be 

delivered corresponds to the deliverable capacitance of 1.35 F. The C"(ɷ) gives a relaxation time 

of 1.96 s which suggests that the device can be charged within few seconds. 

Figure 9(a) shows a self-discharge curve of the device after it was fully charged (i.e. up to 1.7 V) 

at the constant specific current of 5 A g-1 and subjected to open circuit voltage to observe the 

behavior of the device. The device within the first 30 min of the self-discharge curve drops and 

maintains a potential of 1.27 V, and after 76 h, the device still maintains the potential of 0.85 V. 

This good performance of the device (a slow self-discharge process) is attributed to the 

pseudocapacitive behavior (slow discharging process) and high cycling stability of the electrode 

material as shown for both cycling and voltage holding stability test. However, there is quick cell 

potential drop from 1.7 to 1.4 V within the 2 min and this could be due to the decomposition of 

the solvent [76]. Briefly, the solvent can be reduced on the negative electrode when the cell is 

fully charged. Thus, the reduction can continue even after the cut-off of current, which leads to 

the fast decrease in the negative electrode potential. The self-discharge curve can be explained 

further by applying two models [77]: Model 1 relates the current leakage to the resistance, R of 

the supercapacitor: 







 −

=
RC
t

eVV 0                                                      (9) 
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where the device parameters, V0, C and t are the initial potential, the equivalent capacity and the 

self-discharge period, respectively. The fitting of the self-discharge curve with this model is 

shown in figure 9(b), which gives a linear trend. It is worth noting that the cell potential in figure 

9(b) is plotted on the logarithm scale. 

Model 2 which is basically based on a diffusion control process is shown in figure 9(c). In this 

model, the stored ionic charges are lost during the discharging of the device and the cell potential 

is expressed by: 

2
1

0 mtVV −=                                                   (10) 

where the device parameters, m, V0 and t are the ions diffusion parameter, initial potential and 

self-discharge period, respectively.  

Both model 1 and 2 show a better fit to the self-discharge curve. This suggests that the self-

discharge process of the device is influenced by both current leakage and diffusion control 

process.  



22 
 

 

Figure 9. (a) Self-discharge curve of the C-Fe/PANI/Ni-GF symmetric capacitor after the device was fully charged 

to 1.7 V at constant specific current of 5 A g-1 (the inset figure shows the self-discharge curve within the first 30 min 

of the evaluation).(b) and (c) are the fitted self-discharge curves with equation (9) and (10), respectively. 

Furthermore, the practical application of C-Fe/PANI/Ni-GF symmetric device was demonstrated, 

as shown in figure 10. This was demonstrated by powering four a red light emitting diodes 

(LEDs) of 1.8V and 30 mA each connected in parallel, as shown in figure 10(a).  Two symmetric 

cells connected in series were charged to 1.7 V at a specific current of 2 A g-1, thereafter, they 

were connected to LEDs. The change in the brightness of the LEDs is illustrated in figure 10(b). 

The red LEDs at 0 seconds displayed high brightness which decreases after 60 seconds. These 

attractive results demonstrate a potential energy-storage of the device, it can be fully charged in a 

short time and discharge slow. 
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Figure 10. (a)  The setup of the two devices in series and four red LEDs in parallel; and (b) powered red LEDs at 

different stages after the devices were fully charged to 1.7 V. 

 

4. CONCLUSION 

In this work, the nickel graphene foam (Ni-GF) was demonstrated to improve the 

electrochemical properties of the carbonized iron-polyaniline. We then successfully fabricated a 

symmetric supercapacitor device based on the carbonized iron-polyaniline/nickel graphene foam 

electrode using aqueous electrolyte. A fabricated symmetric device based on C-Fe/PANI/Ni-GF 

exhibited a maximum energy density of 68.0 W h kg-1 and power density of 718.2 W kg-1, at a 

specific current of 1.0 A g-1 and cell potential window of 0.0 ‒ 1.7 V. The device further 

displayed long-term cycling stability with capacity retention of 91% over 10 000 galvanostatic 

charge-discharge cycles at 5 A g-1. The stability of the device was also tested using the voltage 

holding and self-discharge approach whereby a slow-discharging process was observed which 

suggests a practical application of the device. The enhanced capacitive performance and the 

long-cycling stability of the device are due to the synergy effect of Fe-PANI and graphene foam, 

thus making this electrode material suitable for high-performance supercapacitor applications. 

The electrochemical performance of the carbonized iron-polyaniline/nickel graphene foam 

electrode can be improved by varying morphologies, synthesis methods and conditions [32]; and 
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also by using ionic liquid electrolytes in the device to increase the potential window and hence 

the energy density. 
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