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Graphical abstract 

Abstract 

A fast and facile approach based on potentiostatic electrochemical polymerization was used 

to prepare a polypyrrole/graphene oxide/zinc oxide (PPy/GO/ZnO) nanocomposite deposited 

on a flexible nickel foam. Fourier transform infrared spectroscopy and energy dispersive X-

ray spectroscopy revealed the presence of zinc oxide on the PPy/GO/ZnO nanocomposite. A 

supercapacitor was fabricated by sandwiching a filter paper immersed in a sodium sulfate 

solution between two nickel foam electrodes coated with the PPy/GO/ZnO nanocomposite. 

The electrochemical performance of the supercapacitor was characterized using a two-



electrode configuration, and the cyclic voltammetry curve recorded at a fast scan rate of 100 

mV/s was pseudo-rectangular. A specific capacitance of 94.6 F/g at a current density of 1 A/g 

was obtained from constant current charge/discharge measurements. The utilization of the 

pseudo-capacitive behavior of the polypyrrole and zinc oxide, and the electrical double layer 

capacitance of the graphene oxide, gave rise to a high energy and power density of 10.65 

wh/kg and 258.26 w/kg at 1 A/g, respectively. The capacitance of the supercapacitor after 

1000 galvanostatic charge/discharge cycles was 74% of its original value. The potential 

application of the as-fabricated supercapacitor in realistic energy delivery systems was 

demonstrated by its ability to light up a light emitting diode for about 2 minutes after being 

charged for approximately 30 seconds. 

Keywords: Supercapacitor electrode; Zinc oxide; Graphene oxide; Polypyrrole, Binderless. 

 

 

1. Introduction 

 The increase in carbon dioxide in the atmosphere and its detrimental effects on the 

climate, coupled with the environmental impact of the heavy metals used in older electronic 

equipment, has resulted in a growing interest in the development of low-production cost 

energy storage devices that use environmentally benign materials [1]. Supercapacitors have 

recently received a great deal of attention because of their high energy density, good cycle 

stability, and power handling performance [2, 3]. Generally, supercapacitors are classified 

into two types: pseudo-capacitors and electrical double layer capacitors (EDLC). The 

mechanism of a pseudo-capacitor involves faradaic charging/discharging between the 

electrolyte and electrode. In an EDLC, the charge is stored at the surface of the active 



material by means of the absorption/desorption of ions to form electrical double layers [4, 5]. 

Therefore, the electrode/electrolyte interface charging mechanism has excellent stability 

because the reaction mainly occurs within the electrode interfaces.  

 

 The electrodes of a pseudo-capacitor are usually formed using metal oxides and 

conductive polymers. The multiple stable valance states of metal oxides, especially transition 

metal oxides, means there are a significant number of redox reactions, which results in a 

higher energy density compared to EDLC-based electrodes [6]. Moreover, transition metal 

oxides are abundant in nature and so are readily available and relatively cheap. There are, 

however, drawbacks to using electrodes based on metal oxides. They have a low cycling 

stability, which is attributed to the redox reactions not being fully reversible, along with poor 

electrical conductivity. Most transition metal oxides belong to a class of semiconductors that 

have a wide band gap energy [4], which results in low electron and hole concentrations, 

causing a low conductivity. Conductive polymers solve the low-conductivity problem of the 

electrode material while retaining the advantage of storing a charge via rapid faradic charge 

transfer. However, conductive polymers also have problems because they are generally brittle, 

with low mechanical strengths [7], and consequently have a poor charge/discharge cycling 

stability caused by mechanical damage to the electrode material as an effect of the continuous 

influx and outflow of electrolyte ions [8].   

 

 The cyclic stability and good electrical conductivity of EDLC materials such as 

carbon nanotubes and activated carbon (ActC) have prompted significant interest in these 

devices. However, the applications of these materials are limited by their capacitance values 

[9]. Meanwhile, graphene consisting of sp2-hybridized carbon atoms in a two-dimensional 



honeycomb structure  [10] has excellent electrical and mechanical properties [11]. The zero 

energy band gap and electron mobility of approximately 15,000 cm2V-1 produce a high 

conductivity. This high conductivity, coupled with  a  superb mechanical strength of 1.0 TPa, 

Young’s modulus of 130 GPa, and theoretical specific surface area of 2620 m2g-1, suggest the 

use of graphene in future electronic devices [12]. 

 

 In this study, a benign single-step electrochemical polymerization was used to 

synthesize a polypyrrole/graphene oxide/zinc oxide nanocomposite. The properties of this 

nanocomposite should combine the benefits of the pseudo-capacitance arising from the 

inclusion of ZnO and the EDLC formed at the surface of the graphene. To characterize the 

electrochemical performance of the nanocomposite, a simple two-electrode electrochemical 

cell was constructed using the nanocomposite as the electrodes. A nickel foam was used as a 

deposition substrate to provide mechanical strength and act as a current collector. The 

electrodes were separated by a dielectric filter membrane saturated with a sodium sulfate 

solution, which acted as both a porous ion separator and electrolyte reservoir.  

2. Materials and methods 

2.1 Materials 

Graphite powder was obtained from Ashbury Graphite Mills Inc (code no. 3061), United 

States. Sulfuric acid (H2SO4, 95%–98%), phosphoric acid (H3PO4, 85%), charcoal activated 

powder (ChemPur), potassium permanganate (KMnO4, 99.9%), hydrogen peroxide (H2O2, 

30%), and hydrochloric acid (HCl, 37%) were purchased from Systerm, Malaysia. Sodium p-

toluenesulfonate (NapTS), zinc sulfate heptahydrate (ZnSO4.7H2O), and sodium sulfate 

(Na2SO4) were provided by Merck, Malaysia. Pyrrole (99%) was purchased from Acros 



Organic, New Jersey, USA stored at 0 °C, and distilled before use. Nickel foam was 

purchased from Goodfellow Cambridge Ltd, UK. Nylon membrane filter was obtained from 

Membrane Solutions, LLC, USA. 

 

2.2 Synthesis of graphene oxide (GO) 

GO was synthesized via a modified Hummer's method [13], where 3 g of graphite flakes was 

oxidized by the addition of an acid mixture of H2SO4:H3PO4 (9:1) and 18 g of KMnO4. The 

mixture was stirred continuously for about 5 min to complete the oxidation process. H2O2 

solution was added to stop the oxidation process, at which time the color of the solution 

changed from dark brown to milky yellow. The mixture obtained was then washed with a 1 

M HCl solution, using a centrifuge, followed by repeated washing with de-ionized water until 

a constant pH of 4–5 was obtained. After washing, the graphite oxide experienced exfoliation, 

forming a GO gel. The concentration of GO was 5.50 mg/ml. 

2.3 Preparation of PPy/GO/ZnO on nickel foam 

A PPy/GO/ZnO nanocomposite was electro-potentiostatically deposited on the nickel foam 

from an aqueous solution. The aqueous solution contained 0.1 moll-1 of PPy, 0.1 moll-1 of 

NapTS as a supporting electrolyte, 1 mg/ml of GO, and 0.1 moll-1 of ZnSO4. A potentiostat–

galvanostat (AUTOLAB Metrohm PGSTAT204) was used for the electrodeposition, in 

which the nickel foam was the working electrode, a platinum rod was used as the counter 

electrode, and a saturated calomel electrode (SCE) was the reference electrode. The 

electrochemical deposition was carried out at a constant potential of +0.8 V (E versus SCE) at 

ambient temperature for 15 min. PPy and PPy/GO were also prepared for comparison with 

PPy/GO/ZnO. An ActC electrode, formed by soaking the nickel foam in a slurry containing 



ActC powder and de-ionized water for 30 min and left to dry under ambient conditions, was 

prepared as a positive control. 

 

2.4 Material characterizations 

The surface morphologies of the nanocomposites were analyzed using a field emission 

scanning electron microscope (FEI Quanta SEM Model 400F) equipped with an energy 

dispersive X-ray (EDX) feature. The Fourier transform infrared spectroscopy (FT-IR) spectra 

of the samples were recorded using the attenuated total reflectance (ATR) on a Fourier 

transform infrared spectrophotometer (Perkin Elmer 1650). The spectra were recorded over 

the range of 280–4000 cm-1. 

 

2.5 Preparation of supercapacitor 

The as-prepared nanocomposite deposited on the nickel foam was used as the electrodes in a 

supercapacitor. Two identical electrodes were separated by a piece of filter paper soaked 

overnight in 1 moll-1 of a Na2SO4 solution prior to use. The electrode configuration was 

placed securely into a Swagelok cell and subjected to electrochemical characterizations using 

a two-electrode configuration. 

 

2.6 Electrochemical characterization 

The electrochemical properties of the prepared nanocomposites were characterized using the 

same potentiostat–galvanostat apparatus used in the deposition of the samples. Cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic 



charge/discharge measurements were carried out using a two-electrode configuration. CV 

was perform at a working potential of -0.2 V to +0.7 V with scan rates between 2 mV/s and 

100 mV/s. EIS was performed from 5 mHz to 100 kHz, with an AC amplitude of 5 mV. 

Galvanostatic charge/discharge cycling of the two-electrode system was carried out from 0 V 

to 0.9 V, and the specific capacitance (Cm) was calculated from the discharge curve using Eq. 

1 [14, 15], where I is the applied current, and dV/dt is the slope of the discharge curve (V/s).  

Specific Capacitance (F/g)  =       (1) 

The energy density (E) and power density (P) of the electrochemical cell were 

calculated from the charge/discharge profiles using Eq. 2 [16, 17]: 

Ecell (Wh/kg) = ½ CC/DC V2  

Pcell (W/kg) = Ecell/ Δt       ( 2) 

Where CC/DC is the specific capacitance of a cell calculated from charge/discharge 

measurements, V is the potential window, and Δt is the discharge time. 

 

3. Results and Discussion 

During the electro-deposition, the nanocomposite was deposited uniformly and completely on 

the surface of the nickel foam facing the counter-electrode (front-facing surface). In contrast, 

the surface of the nickel foam facing away from the counter-electrode (back-facing surface) 

was not entirely covered with the nanocomposite because traces of nickel were still visible to 

the unaided eye. The EDX spectra clearly show that the intensity of the nickel foam (circled 

in blue for clarity) on the front-facing surface is much lower than that of the back-facing 

surface, for both PPy/GO (Figure 1a) and PPy/GO/ZnO (Figure 1b). Unlike the deposition of 



PPy on nickel foam (Figure 2a), the addition of GO generated a fibrous morphology, and 

there is no clear distinction between the PPy and GO (Figure 2b), indicating that the 

components blended into each other. Similarly, PPy/GO/ZnO had a fibrous structure (Figure 

2c), but the introduction of ZnO led to a coarser fibrous material. The presence of Zn in these 

courser fibers is substantiated by the elemental map shown in Figure 2d. The difference in 

morphology between the GO-containing samples and those containing only PPy can be 

explained by the formation mechanism of PPy during the electrostatic deposition. As reported 

in detail in our earlier work [18], the chain growth of PPy is continued by the addition of 

newly formed radical cations of pyrrole monomers to the existing oligomeric chains. This 

explains the continuous growth and thick layers of PPy within the micropores of the nickel 

foam. Upon the introduction of GO, negatively charged GO would be attracted to the pyrrole 

radical cations during the electro-deposition. The GO flakes compete with the existing PPy 

oligomeric chains, which results in portions of the pyrrole monomers being deposited on the 

surface of the GO. Eventually, a new layer of PPy would form when the existing GO surface 

was fully occupied by PPy, and this was a continuous process. The continuous growth of PPy 

on the existing chains was disrupted and no longer occurred predominantly within the pores 

of the nickel foam. Therefore, the layer-by-layer deposition of PPy and GO were well-

arranged across the surface of the nickel foam, resulting in the fibrous structure of the 

PPy/GO and PPy/GO/ZnO.  

 

Figure 3 highlights the changes to the FT-IR spectrum of the nickel foam after the deposition 

of PPy/GO/ZnO. The characteristic peak of the octahedral-metal stretching (Ni ↔ O) was 

assigned to 397 cm-1 [19] for the blank nickel foam. However, this characteristic peak of 

nickel was undetectable after the deposition of PPy/GO/ZnO, suggesting a uniform 

deposition of the nanocomposite on the framework of the nickel foam, which complemented 



the results shown in the FESEM images. The nanocomposite-coated nickel foam exhibited 

the characteristic peaks of pure PPy at 1494 cm-1 (aromatic stretching of pyrrole ring)[20], 

and 1119 cm-1 (C-N stretching)[21]. In addition, the weak ZnO absorption band was detected 

at 427 cm-1 [22-24]. 

 

An ideal capacitor will exhibit a perfect square when subjected to CV measurements, 

independent of the scan rate. A series resistance and diffusion of the electrolyte result in a 

trapezoidal shape, which closes as the scan rate increases. In real capacitors, the breakdown 

of the electrolyte and redox reactions at the electrodes result in an increase in the current at 

the edges of the scan and peaks in both the charging and discharging parts of the scan.  The 

measured CV of the present PPy/GO/ZnO-based supercapacitor did not show any peaks that 

could be associated with the ZnO redox reactions.  

The manufactured PPy/GO/ZnO-based supercapacitor had an open pseudo-rectangular 

shaped CV at various scan rates without any observable redox peaks (Figure 4a). This result 

was similar to the results of previously published work [18, 25-29]. Li et al. used TEM to 

show that ZnO nano-crystals were uniformly dispersed between GO sheets, which effectively 

prevented the agglomeration and restacking of the GO sheets, therefore resulting an EDLC 

characteristic for the overall performance [25]. As expected, the specific capacitance 

calculated from CV profiles (see supplementary equation S1) increased as the scan rate 

decreased because, at slow scan rates, there was more time for the electrolyte ions to diffuse 

to the electrode materials (Table 1). Furthermore, PPy/GO/ZnO had the largest enclosed area 

in the CV scan when measured at 2 mv/s compared to either PPy/GO or PPy, indicating an 

improvement in the capacitance performance (Figure 4b). 

 



The charging/discharging performance of the PPy/GO/ZnO device was better than those of 

PPy/GO and PPy (Figure 5a). The PPy/GO/ZnO-based supercapacitor displayed typical 

galvanostatic charge/discharge curves at various current densities of 1, 2, and 5 A/g (Figure 

5b), which implied exceptional charge/discharge reversibility [27, 29, 30]. The specific 

capacitances of the PPy/GO/ZnO, PPy/GO, and PPy were 94.6 F/g, 66.7 F/g, and 37.5 F/g, 

respectively. The specific capacitances of all of the samples were heavily influenced by the 

current density. As shown in Figure 5c, the specific capacitance decreases with increasing 

current density as a result of an inadequate response time for the electrolyte ions to reach the 

surface of the electrode at a high current rate [31]. To visualize the electrochemical potential 

of the electrode material, the electrochemical cells connected in series were able to light up 

an LED circuit, which strengthens the concept of using the PPy/GO/ZnO nanocomposite in 

energy delivery systems. 

 

The specific energy density (E) is defined as the amount of energy stored per unit weight in a 

particular device, while the specific power density (P) is directly related to the rate at which 

energy can be transferred from the device. Both are commonly used as figures of merit to 

characterize and compare the electrochemical performances of different devices [32, 33]. The 

non-linear internal resistance of the storage device means there is no simple relationship 

between the energy density and power density. Therefore, to allow comparisons, a Ragone 

plot is often used, and Figure 6 presents the plots for PPy, PPy/GO, and PPy/GO/ZnO. 

Additionally, the data obtained for ActC are compared in supplementary Figure S1. The 

PPy/GO/ZnO supercapacitor had a specific energy density and specific power density of 3.85 

wh/kg and 1479.29 W/kg, respectively, at a high current density of 5 A/g. At 1 A/g, 

PPy/GO/ZnO had an energy density and a power density of 10.65 wh/kg and 258.26 W/kg, 

respectively. The high specific energy density achieved at a low current rate can be attributed 



to the ability of the electrolyte ions to diffuse throughout the electrode material. In contrast, at 

high current rates, there was insufficient time for ion diffusion, especially inside the smallest 

pores of the electrode materials [34], resulting in a lower specific power density.  The PPy 

(4.22 W/kg, 257.91 Wh/kg) and PPy/GO (7.53 W/kg and 254.70 Wh/kg) samples both 

possessed significantly lower power density and energy density values than those of 

PPy/GO/ZnO at 1 A/g. This indicates that the presence of ZnO effectively enhanced the 

electrochemical performance by acting as a pseudo-capacitor active material and 

semiconductor filler to provide a smooth electrical connectivity within the electrode, as 

evidenced by the lower ESR and Rct found using electro-impedance spectroscopy. An attempt 

was made to compare the performance of the fabricated PPy/GO/ZnO supercapacitor to that 

of a supercapacitor made using Ni foam coated with ActC powder. However, it was not 

possible to derive the capacitance from the charge-discharge measurements for the AC 

sample because of the large series resistance (large IR drop). In order to facilitate a 

comparison, the specific energy and specific power densities were calculated based on the 

capacitance derived from CV measurements (see supplementary equation S2). The fibrous 

structure of GO resulted in a significantly higher specific surface area, which efficiently 

facilitated the motions of electrolyte ions, unlike those of ActC, and led to larger figures of 

merit. In addition, the random pore size distribution of the ActC on the nickel foam might 

have caused an obstruction in the facilitation of electrolyte ions within the electrode materials 

[32]. Micropores with diameters smaller than 1 nm directly hinder the diffusion of 

electrolytes ions, leading to a lower capacitance performance [35] The Ragone profile 

reflected the drawback of using ActC as an active material for a supercapacitor (see 

supplementary Figure S1). The incorporation of ZnO into the PPy/GO improved the energy 

density of the system, probably because of the addition of a pseudo-capacitance [25], whereas 

the enhancement in the power density indicated the successive utilization of graphene oxide 



to provide good electronic conductivity and the fast transfer of electrons throughout the 

electrodes [36]. The time constants of redox reactions often limit the power performance. The 

samples presented here were no different. At higher power densities, the available energy 

from the PPy/GO/ZnO device dropped below that of the GO/PPy device.  

 

The impedance spectra measured for the PPy, PPy/GO, and PPy/GO/ZnO are shown as 

Nyquist plots in Figure 7. The high-frequency arc in pseudo-capacitors is caused by a 

resistive term (Rct) attributed to the charge transfer limiting process at the interface of the 

electrode material and electrolyte [27]. Its value can be obtained from the diameter of the arc 

[18, 26]. All capacitors also have an equivalent series resistance (ESR), which is caused by 

the resistance of the solution, as well as the internal resistance of the electrode. A value can 

be obtained from the high-frequency impedance limit. In terms of the Nyquist plot, this 

corresponds to the first intercept on the X axis (real part of the impedance). In Figure 7, the 

low-frequency arc in the Nyquist plot associated with the PPy device exhibits a larger radius, 

indicating a higher charge transfer resistance than the other samples. On the other hand, the 

PPy/GO/ZnO device has the smallest diameter in the Nyquist plot, signifying a lower 

resistance and faster diffusion of ions within the electrode materials [37]. The ESR and Rct 

values of the PPy/GO composite (ESR = 0.96 Ω, Rct = 1.5021 Ω) were lower than those of 

PPy (ESR = 1.04 Ω, Rct = 2.97 Ω). The introduction of GO provided a conductive framework 

for the nucleation and growth of PPy to take place, as well as a shortened diffusion path for 

electrolyte ions [38]. The ESR of PPy/GO/ZnO (ESR = 0.86 Ω, Rct = 1.10 Ω) was lower than 

those of both PPy and PPy/GO, most probably because of the unique performance of the ZnO 

nanoparticles, which facilitated the charge transfer performance of the electrode, as depicted 

by the schematic in Figure 8 [29, 39].  



The cycling stability and capacitive retention of supercapacitors are critical performance 

figures for practical energy storage applications. For PPy/GO/ZnO, the specific capacitance 

increased steadily up to 100 cycles as a result of the gradual infusion of electrolyte ions 

within the matrix of the PPy/GO/ZnO nanocomposite (Figure 9). The specific capacitance 

decreased after this, but retained 73.6% of its original value after 1000 continuous 

charge/discharge cycles at a current density of 1 A/g. Previous studies using graphene/ZnO or 

PPy/graphene as an electrode material recorded similar stabilities, but only over 200–400 

cycles [11, 27, 40]. The reduction in the specific capacitance could have resulted from a 

degradation of the polymer chains and a deterioration of the active materials after excessive 

swelling and shrinking of the polymer during the charge/discharge test [8, 11, 12, 14]. 

Nevertheless, the PPy/GO/ZnO nanocomposite was still able to retain a considerable amount 

of specific capacitance, indicating that only a minor degradation occurred during the 

charge/discharge process. 

 

4.0 Conclusion 

We successfully fabricated a PPy/GO/ZnO-based supercapacitor using a fast and facile one-

step electrochemical deposition under ambient conditions. The PPy/GO/ZnO nanocomposite 

exhibited an excellent capacitive performance of 94.6 F/g at 1 A/g. The CV curve displayed a 

typical pseudo-rectangular shape, which implied a rapid charging/discharging behavior. 

Furthermore, the PPy/GO/ZnO device outperformed PPy/GO and PPy devices by achieving 

an energy density of 10.65 Wh/kg and a power density of 258.26 W/kg at 1 A/g. After 

charging/discharging for 1000 cycles, 74% of the original capacitance was retained, which 

showed promising electrochemical stability attributed to the ZnO nanocrystals, which 

hindered the structural degradation of the polymer. The prepared electrochemical cell was 



able to light up an LED circuit after being charged, demonstrating the use of this technology 

in real applications. These encouraging results may hold the key to the sustainable and 

improved fabrication of high-performance energy delivery system for electronic applications. 
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Figure 1. EDX spectrum of PPy/GO (a) and EDX spectrum of PPy/GO/ZnO (b), along with the images 
of deposited surface (inset). 

 

Figure 2. FESEM images of PPy (a), PPy/GO (b), PPy/GO/ZnO (c), and elemental mapping 

derived from EDX measurements of PPy/GO/ZnO (d).  

 

Figure 3. FT-IR spectra of blank nickel and PPy/GO/ZnO deposited on nickel foam. 

 

Figure 4. (a) CV profiles of PPy/GO/ZnO at various scan rates, with no observable redox 

peaks detected. (b) Comparison of CV profiles of PPy/GO/ZnO, PPy/GO, and PPy at a scan 

rate of 2 mV/s, which shows the superior performance of the PPy/GO/ZnO sample. 



Figure 5. (a) Galvanostatic charge/discharge curves of PPy, PPy/GO, and PPy/GO/ZnO at 

current density of 1A/g, with longest discharge time recorded for PPy/GO/ZnO. (b) 

Charge/discharge curves of PPy/GO/ZnO at various current densities. (c) Decrease trends of 

specific capacitances as a function of increasing current densities. 

 

Figure 6. Ragone plots of PPy, PPy/GO, and PPy/GO/ZnO. PPy/GO/ZnO outperforms both 

the PPy and PPy/GO samples by recording a significantly higher energy density and power 

density profile. 

 

Figure 7. Nyquist plots of PPy, PPy/GO, and PPy/GO/ZnO. 

 

Figure 8. Schematic diagram of charging/discharging mechanism of PPy/GO/ZnO 

nanocomposite. 

 

Figure 9. Cyclic performance of PPy/GO/ZnO supercapacitor. 
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Table 1. Specific capacitance of PPy/GO/ZnO as a function of scan rate. 

Scan rate (mV/s) Specific Capacitance (F/g) 
100 45.47 
50 61.77 
10 108.45 
5 135.47 
2 163.26 

 


