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The PPy films prepared on the mild steel substrate in the absence of the non-conductive iron(II) 

oxalate layer can be used as the effective electrodes for electrochemical supercapacitors. This study 

introduces a nanocomposite material for electrochemical redox capacitors, which has advantages, such 

as long life cycle and stability in an aqueous electrolyte. A polypyrrole/Nd2O3 thin film electrode was 

synthesized electrochemically as an electrochemical supercapacitor. The supercapacitive performance 

of the PPy/Nd2O3 coated electrode was investigated in 0.1 M H2SO4 solution using cyclic voltammetry 

(CV), galvanostatic charge–discharge and electrochemical impedance spectroscopy (EIS) techniques. 

The calculated specific capacitance of the PPy and PPy/Nd2O3 electrodes using the CV method was 

119 and 259 F.g-1, respectively. The PPy/Nd2O3 nanocomposite as a capacitor material has shown 

some advantages such as long life cycle and stability in an aqueous electrolyte. The retention of 

capacitance after 3000 cycles was about 88% of the initial capacitance at the current density of 1 A.g-1. 

According to EIS data, the supercapacitor using PPy/Nd2O3 nanocomposite material on mild steel 

substrate has high specific capacitance of 268 F.g-1 compared with 125 F.g-1 for PPy coating.  

 

 

Keywords: Electrosynthesized polypyrrole; Supercapacitor; Nd2O3 Nanorods; Electrochemical 

impedance spectroscopy. 

 

 

1. INTRODUCTION 

The need to develop the  clean energy systems has increased the research on energy storage 

devices [1]. The supercapacitors can store and deliver a larger amount of power comparing to the 

batteries [2, 3]. The supercapacitors can be classified into two categories: (1) electrical double layer 

capacitors and (2) pseudocapacitors.  

In the electrical double-layer types of supercapacitors the electrostatic charges of electrolyte 

accumulate on the surface of electrode without any redox reaction. The typical double-layer electrodes 

are carbon-based materials [4, 5] 
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In the pseudocapacitive types of supercapacitors the electrical energy is stored by electroactive 

materials through the rapid and reversible faradaic reactions on the surface of electrodes. Three types 

of faradaic reactions can occur on the electrodes: reversible surface adsorption of protons or metal ions 

from the electrolytes, redox reactions of transition metal oxides and reversible electrochemical 

doping/dedoping in conducting polymers. 

According to the previous researches, the energy density of the pseudocapacitive materials 

including conducting polymers and transition metal oxides are relatively better than that of the double-

layer capacitors [6, 7].  

Conductive polymers and metal oxides are extensively used as electrode materials in the 

pseudocapacitive supercapacitor studies [3, 6, 8, 9]. Some of the studied metal oxides are ruthenium 

oxide [10], manganese oxide [11, 12], nickel oxide [13], cobalt oxide [14], zinc oxide [15] and 

vanadium oxide [16].  

Conducting polymers are suitable for using in the fields such as supercapacitors, sensors, anti-

corrosion coatings, and batteries [7, 9, 12, 17-20]. Polypyrrole (PPy) due to its advantages such as 

relatively easy polymerization, thermal stability and low cost is one of the most used conducting 

polymers [21-23]. 

The composite materials made of PPy and metal oxides are preferred over the use of only one 

of these two species in the supercapacitor researches due to the rapid degradation of PPy and the low 

conductivity of metal oxides. Thus, PPy acts as conducting support to the poor conducting nanosized 

metal oxide and further increased the performance. 

The goal of this work was the electrodeposition of PPy coatings directly on mild steel substrate 

and investigation of electrochemical performance of the PPy films. To improve the capacitance 

performance of the PPy coated electrods, PPy/Nd2O3 nanocomposite was employed. The Nd2O3 

nanorods were synthesized by pulse electrochemical deposition method. Then, PPy/Nd2O3 

nanocomposite was synthesized by cyclic voltammetry in a solution containing pyrrole and Nd2O3 

nanorods. The cyclic voltammetry, chrono-amperometry and charge-discharge measurements were 

employed to investigate the electrochemical properties of the PPy/Nd2O3 nanocomposite. The specific 

capacitance was calculated from both the CV and the galvanostatic charge-discharge cycling 

experiments. 

 

 

 

2. EXPERIMENTAL  

2.1 Materials  

All chemicals materials were purchased from Merck. Pyrrole was distilled under vacuum for 

the purification purpose, and then it was stored in the dark below 5 ◦C. Solutions were prepared by 

using distilled water.  
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2.2 Methods 

2.2.1 Preparation of Nd2O3 nanorods  

 
 

Figure 1. FESEM image of the prepared Nd2O3 nanorods 

 

 
 

Figure 2. X-ray diffraction patterns of the prepared Nd2O3  nanorods 
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The cathodic pulse electrochemical deposition method was employed to synthesis Nd2O3 

nanorods in a conventional three-electrode cell. The reference electrode was a saturated calomel 

electrode (SCE) and a 316 stainless steel plate (100×50×0.5 mm) was a working electrode centred 

between two parallel graphite plates (100×50×5 mm) as the counter electrodes. 

The electrodes were immersed in the electrolyte solution containing 0.005 M Nd(NO3)3.6H2O. 

The square wave potential (-2.1 V vs. SCE) was applied in the cathodic electrodeposition. The 

experiment was performed at the current density of 5 mA/cm2 and mstt offon 1==  for 10 min at 353 K 

and pH=4.2. After the electrochemical deposition process, the stainless steel electrode was washed by 

distilled water followed by drying in air for 24 h. The scraped gels were treated at 1000 oC for 5 h by 

an electrical furnace with the heating rate of 10 oC/min. Figure 1 presents the FESEM image of Nd2O3 

nanorods . Figure 2 shows the XRD pattern of Nd2O3 nanorods. 

 

2.2.2 Preparation of PPy and PPy/Nd2O3 nanocomposite coated electrodes 

A disk of mild steel (100 mm2), a saturated (KCl) Ag/AgCl and a platinum rod were used as 

working, reference and counter electrodes, respectively. After polishing the working electrode by wet 

abrasive papers (600-2500 grades) and washing with ethanol, the electropolymerization test was 

performed on the surface of the mild steel electrode immersed in 0.1 M KCl, 0.3 M oxalic acid and 0.1 

M pyrrole solution containing 0.5% Nd2O3 nanorods by cyclic voltammetry technique. The same 

solution without Nd2O3 nanorods was employed for preparation of the PPy coated mild steel electrode. 

Ten consecutive cycles were used for the electropolymerization process at the scan rate of 50 mV.s-1 in 

potentials between 0.0 and 1 V (vs. Ag/AgCl). 

The mass of PPy films was approximated using Faraday’s law of electrolysis assuming 100% 

current efficiency for the electropolymerization process [24]: 

( )
( )Fy

yMMQ
m am

+

+
=

2
     (1)

 

where Q is the electrical charge for electrodeposition of PPy, Mm is the molecular weight of the 

monomer (67 g/mol), Ma is the molecular weight of the inserted anion (88 g/mol), y is the doping yield 

of the anions into PPy coating (generally y = 0.3), and F is the Faraday’s constant.  

 

2.2.3 EIS tests  

A sinusoidal potential signal of 10 mV amplitude was employed in the frequency range of 100 

kHz-10 mHz for electrochemical impedance spectroscopy (EIS) measurements. The EIS data were 

recorded by a potentiostat/galvanostat (Autolab Model PGSTAT-302N). A conventional three-

electrode cell containing a saturated Ag/AgCl electrode as the reference electrode a Pt rod as the 

counter electrode, and the PPy coated mild steel as the working electrode was used to measure the EIS 

data. The experimental EIS plots were fitted to the equivalent circuit by the software of Nova 1.9. 
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3. RESULTS AND DISCUSSION  

The main challenge of the electrodeposition of PPy coatings on the metallic substrates such as 

mild steel is the dissolution of the substrate at the potential required to oxidize the pyrrole monomer 

[23]. The addition of oxalic acid to the electrolyte solution is an effective way to overcome this 

problem [25]. The interaction of oxalic acid with the steel leads to form the passive layer of iron(II) 

oxalate on the steel surface which can prevent the dissolution of the steel substrate during the PPy 

electropolymerization process. However, the formation of the non-conductive and noncapacitive layer 

of iron(II) oxalate results in both increasing charge transfer resistance and reducing electrochemical 

capacitance of the PPy coated electrodes [26]. Some researchers employed an approach based on the 

use of an anionic additive with chelating properties, which facilitated the charge transfer and increased 

the electrochemical capacitance of the PPy electrodes [26, 27]. 

According to the mechanism presented by Su and Iroh, at the electropolymerization potential of 

pyrrole the formed passive layer of iron(II) oxalate on the steel substrate is oxidized to highly soluble 

iron(III) oxalate and thereby the PPy film is prepared on the steel substrate in the absence of the non-

conductive iron(II) oxalate layer [25]. The PPy films deposited directly on the steel substrates can be 

used as the effective electrodes for electrochemical supercapacitors. 

The electrochemical performance of PPy/Nd2O3 coated mild steel electrode was investigated by 

cyclic voltammetry technique. Figure 3 shows the CV curves of PPy and PPy/Nd2O3 coated mild steel 

electrodes immersed in 0.1M H2SO4 solution  at the scan rate of 25 mV/s and the potential range of -

0.1 – 0.8 V (vs. Ag-AgCl). It is clear that the capacitance of the PPy coating increased by doping the 

PPy matrix with Nd2O3 nonorods.  

The structure and morphology of the coating material is an important factor that can influence 

in the capacity of electrochemical energy storage. Electrochemical supercapacitor performances of 

PPy/Nd2O3 electrodes were recorded in 0.1 M H2SO4 solution.  

The following equation was employed to obtain the specific capacitance (CS) of the electrodes 

from the CV curves [28]: 

( ) −
=

c

a

V

V
ac

S dVVI
VVm
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1
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    (2)

  

where CS is the specific capacitance (F/g), is the scan rate (mV/s), Vc-Va is the potential 

range (−0.1 to 0.8 V vs Ag/AgCl), I is the response current (mA), and m is the deposited weight of the 

PPy material on the electrode surface per unit area (g/cm2). The the specific capacitance (CS) of the 

PPy and PPy/Nd2O3 electrodes were found to be 119 and 259 F g-1, respectively.  

Figure 4 shows the CV curves of the PPy/Nd2O3 electrode in 0.1 M H2SO4 solution at different 

scan rates. It is apparent from the CV curves that the PPy/Nd2O3 electrode has an excellent capacitive 

performance. According to Figure 4, the current response of the PPy/Nd2O3 composite film increased 

with increasing the scan rate. The ideal capacitive behavior of the PPy/Nd2O3 electrode is the reason of 

this phenomenon.  
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Figure 3. Cyclic voltammograms of the PPy and PPy/Nd2O3 coated mild steel electrodes in 0.1 M 

H2SO4 at the scan rate of 25 mV.s-1 and the potential range of -0.1 – 0.8 V (vs. Ag-AgCl) 

 

 
Figure 4. CVs of the PPy/Nd2O3 coated mild steel electrode in 0.1 M H2SO4 solution at different scan 

rates amd in the potential window of -0.1 – 0.8 V(vs. Ag-AgCl) 

 

Figure 5 shows the plots of the calculated specific capacitance of the PPy and PPy/Nd2O3 

electrodes versus the scan rate. It is clear that the capacitance of the two electrodes decays over the 

entire range of scan rate because of the accessibility of the outer pores rather than the inner pores for 

the doping/undoing process at the high scan rates. As Figure 5 shows, at the high scan rates the 

specific capacitance of the PPy/Nd2O3 electrode decreased with a decreasing pattern similar to the PPy 

electrode. Therefore, it can be concluded that the PPy/Nd2O3 have not blocked the pores of the 

polymer network.  
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Figure 5. The plots of the calculated specific capacitances of the PPy and PPy/Nd2O3 coated mild steel 

electrodes at different scan rates in 0.1 M H2SO4 solution 

 

The employment of the galvanostatic charge/discharge method was suitable to highlight the 

capacitance characteristic of the PPy/Nd2O3 coated mild steel electrode. The charge/discharge 

measurements of the PPy and PPy/Nd2O3 coated mild steel electrodes at the current density of 2.0 A.g-

1in the potential range of 0 to 0.8 V are shown in Figure 6. Both the good columbic efficiency and 

ideal capacitive behavior of PPy/Nd2O3 coated mild steel as an electrode for supercapacitor 

applications are apparent from a triangular shape between the potential ranges.  

Figure 7 shows the charge–discharge plots of the PPy/Nd2O3 coated mild steel electrode at 

different specific currents of 2–15 A.g-1. The capacitive behavior of the PPy/Nd2O3 coated mild steel 

electrode is apparent from the linear shape of the charge and discharge plots in agreement with the data 

of CV plots. According to Figure7, the specific capacitance values decreased with increasing the 

specific current due to the intercalation of ions at the surface of the coating materials. On the other 

hand, the specific capacitance increased with decreasing the specific current because there is the 

enough time for insertion and deinsertion of the ions at the outer and inner pores of the polymer 

coatings.  
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Figure 6. Charge-discharge measurements of the PPy and PPy/Nd2O3 coated mild steel electrodes in 

0.1 M H2SO4 solution at the current density of 2.0 A g-1 and in the potential range of 0 to 0.8 V 

(vs. Ag-AgCl) 

 

 
Figure 7. Charge-discharge curves of PPy/Nd2O3 coated mild steel electrode in 0.1 M H2SO4 solution 

at different current densities and in the potential range of 0 to 0.8 V (vs. Ag-AgCl) 
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The PPy/Nd2O3 coated mild steel electrode exhibits the specific capacitance of 185 F g-1 at high 

discharge current density (15 A g-1). The high capacitance at high discharge current density is mainly 

due to the porous and thereby high surface area of the coating materials which provides more surface 

area for performing the redox reactions. 

 

 
Figure 8. Percent capacitance retention vs cycle number (up to 3000 cycles of charge-discharge) at the 

specific current 1 A g-1 for as prepared of PPy/Nd2O3 coated mild steel electrode 

 

 
 

Figure 9. Nyquist plots for the PPy and PPy/Nd2O3 coated mild steel electrodes and the equivalent 

circuit  
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Figure 8 shows the galvanostatic charge-discharge cycling data of the electrode of PPy/Nd2O3 

subjecting to the long charge-discharge cycling test at the current density of 1 A.g-1. The specific 

capacitance slightly decreased from 259 F.g-1 to 229 F.g-1 after 3000 cycles of charge-discharge. 

Therefor, the capacity retention is about 88% after 3000 cycles of charge-discharge. According to 

these results, the PPy/Nd2O3 electrode presented high degree of cycling stability and the excellent 

reversibility on repetitive charge-discharge cycling. The capacity retention on the electrochemical 

cycling is due to the nature of porous PPy/Nd2O3 nano composite possessing high surface area. 

The electrochemical behavior of the prepared PPy/Nd2O3 coated mild steel electrode was 

investigated by the EIS technique. The Nyquist plots of the PPy and PPy/Nd2O3 coated mild steel 

electrodes are shown in Figure 9. The semicircle at high frequencies is related to the charge transfer 

resistance (Rct) arising from the faradic reactions and the double-layer capacitance (Cdl) at the interface 

between the electrode and electrolyte solution [29, 30]. The Warburg resistance (ZW) is resulted from 

the frequency dependence of ion diffusion in the electrolyte solution. It is clear that the Rct value of the 

PPy/Nd2O3 electrode was smaller than that of the PPy electrode. Therefore, the inserting of Nd2O3 

nonorods into the PPy film improves the charge transfer performance of the PPy coating. Both the PPy 

and PPy/Nd2O3 electrodes exhibit an almost linear behavior in the low frequency region of the Nyquist 

plot. This indicates that the diffusion resistance of the electrolyte ions into the electrode was decreased, 

as expected for a capacitor. The low frequency capacitance (Clf) of each film was determined from the 

following equation [31]: 

( )"21 fZClf =     (3) 

The specific capacitance for the PPy and PPy/Nd2O3 coated mild steel electrodes was 

determined to be 125 and 268 F g-1, respectively. It is clear that the capacitance of the PPy/Nd2O3 

electrode was higher than that of the PPy electrode. These results confirmed the results of the CV and 

charge–discharge measurements. 

Table 1 lists the capacitance performance of different nanostructured electrodes in comparison 

with the present work. In addition, the analysis of literature showed that the highest specific 

capacitance of 343 F.g−1 was observed at 2 mV.s−1 for the PPy films prepared on stainless steel 

substrates [26]. The specific capacitance decreased with increasing scan rate. 

 

 

Table 1. Different nanostructures electrodes and their capacitance performance. 

 

Samples Specific capacitance Electrolyte Capacitance retention Ref 

Aerogels  184 F.g−1 at 0.5 A.g−1 H2SO4 57% [32] 

Nanofibers  252 F.g−1 at 0.5 A.g−1 H2SO4 62% [33] 

Nanoporous  350 F.g−1 at 1 A.g−1 H2SO4 90% [34] 

Nanospheres  345 F.g−1 at 1 A.g−1 H2SO4 91% [35] 

Nanosheets  272 F.g−1 at 1 A.g−1 H2SO4 34% [36] 

Nanorods  297 F.g−1 at 1 A.g−1 H2SO4 - [37] 

Nanorods 268 F.g−1 at 1 A.g−1 H2SO4 88% This work 
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4. CONCLUSION 

A polypyrrole/Nd2O3 thin film synthesized directly on the mild steel substrate was used as an 

effective electrode for electrochemical supercapacitor. The applicability of the system as a 

supercapacitor was investigated by several electrochemical techniques, including cyclic voltammetry, 

galvanostatic charge–discharge experiments and electrochemical impedance spectroscopy. Based on 

the electrochemical results obtained, PPy/Nd2O3 gave higher specific capacitance. The supercapacitor 

using PPy/Nd2O3 nanocomposite material has high specific capacitance of 259 F.g-1 compared with 

119 F.g-1 for the PPy coating. The PPy/Nd2O3 nanocomposite as a capacitor material has shown 

advantages such as long life cycle and stability in an aqueous electrolyte. The capacitance retention 

after 3000 cycles is about 88% of the initial capacitance at the current density of 1 A.g-1.  
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