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Electrochemical Evaluation of Reduced Graphene Oxide and Polypyrrole Nanocomposite (rGO/PPy) for Supercapacitors
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ABSTRACT 

	[bookmark: _GoBack]In this work, a series of reduced graphene oxide/polypyrrole (rGO/PPy) nanocomposites were successfully synthesized via an in-situ oxidative polymerization method and evaluated as electrode materials for supercapacitor applications using cyclic voltammetry (CV). The study focused on understanding the influence of PPy content on the electrochemical performance of the rGO/PPy system. Four composites with varying PPy loadings (rGO/PPy5, rGO/PPy10, rGO/PPy15, and rGO/PPy20) were analyzed at a scan rate of 10 mV s⁻¹. The CV profiles exhibited quasi-rectangular shapes with distinct redox humps, confirming the coexistence of electric double-layer capacitance (EDLC) and pseudocapacitance within the hybrid structure. The specific capacitance values were determined to be 115.66, 89.20, 230.36, and 189.93 F g⁻¹ for rGO/PPy5, rGO/PPy10, rGO/PPy15, and rGO/PPy20, respectively. The rGO/PPy15 composite delivered the highest capacitance, indicating an optimal PPy loading that ensures efficient charge transfer, improved ion diffusion, and maximum utilization of electroactive sites. Lower PPy contents provided insufficient redox contribution, while excessive PPy caused partial blockage of the rGO conductive network, hindering charge transport. The synergistic interaction between the highly conductive rGO framework and the redox-active PPy matrix enables superior charge storage and stability. Overall, this study demonstrates that optimizing the PPy content in rGO/PPy composites significantly enhances electrochemical performance. The rGO/PPy15 composition exhibits the best combination of high capacitance, good reversibility, and structural integrity, making it a promising electrode material for next-generation, high-performance supercapacitor devices.
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1. INTRODUCTION 


The rapid development of portable electronics, electric vehicles, and renewable energy systems has led to an urgent demand for efficient and reliable energy storage technologies. Among the various energy storage devices, supercapacitors (also known as electrochemical capacitors) have emerged as promising alternatives or complements to conventional batteries due to their high power density, rapid charge–discharge rate, excellent reversibility, and long cycle life. Supercapacitors can bridge the gap between the high energy density of batteries and the high power density of traditional capacitors, making them ideal for applications that require fast energy delivery and prolonged operational stability [1].
In general, supercapacitors are categorized into two main types based on their energy storage mechanisms: electric double-layer capacitors (EDLCs) and pseudocapacitors. EDLCs store charge physically through electrostatic accumulation of ions at the electrode–electrolyte interface. Carbon-based materials such as activated carbon, carbon nanotubes, and graphene are widely used in EDLCs due to their high surface area, excellent conductivity, and chemical stability. On the other hand, pseudocapacitors store energy through fast and reversible Faradaic redox reactions occurring at or near the surface of the electrode material. Typical pseudocapacitive materials include transition metal oxides (e.g., MnO₂, RuO₂) and conducting polymers (e.g., polyaniline, polypyrrole, polythiophene). While pseudocapacitors generally exhibit higher specific capacitance than EDLCs, their performance is often limited by structural degradation and poor cycling stability due to volumetric changes during repeated redox processes [2-3].
To combine the advantages of both mechanisms—high capacitance and excellent stability—recent research has focused on hybrid electrode materials that integrate carbon-based structures with pseudocapacitive components. Among these, reduced graphene oxide (rGO) and polypyrrole (PPy) stand out as two of the most promising materials. Reduced graphene oxide, a derivative of graphene, possesses remarkable electrical conductivity, a large specific surface area, and mechanical flexibility. It serves as an ideal substrate for the growth or deposition of pseudocapacitive materials, enhancing charge transfer and structural stability. Meanwhile, polypyrrole is one of the most extensively studied conducting polymers due to its high electrical conductivity, environmental stability, and simple synthesis via chemical or electrochemical polymerization. PPy exhibits pseudocapacitance derived from its reversible redox transitions between doped and undoped states, enabling rapid charge storage [4].
However, each of these materials has intrinsic limitations when used alone. Pristine PPy tends to suffer from poor mechanical integrity and limited cycle life because of volumetric swelling and contraction during redox cycling. This leads to cracking, delamination, and loss of electrical contact between polymer chains and the current collector. On the other hand, while rGO provides excellent conductivity and large surface area, it exhibits relatively low specific capacitance since its energy storage arises mainly from non-Faradaic electrostatic processes. Therefore, constructing rGO/PPy nanocomposites represents a rational strategy to combine the strengths of both components. In such hybrid materials, rGO can act as a conductive backbone that accommodates the volume changes of PPy, while PPy introduces Faradaic pseudocapacitance, resulting in a synergistic enhancement of overall electrochemical performance [5-7].
The interaction between rGO sheets and PPy chains within the composite significantly improves several critical parameters. First, the conductivity of the electrode is increased because rGO provides efficient pathways for electron transport. Second, the ionic accessibility is improved, as the polymer coating prevents restacking of rGO sheets and maintains open channels for electrolyte ions to diffuse. Third, the structural stability is enhanced because the flexible rGO sheets can buffer the mechanical stress generated during PPy’s volumetric expansion and contraction. Consequently, the rGO/PPy nanocomposite typically exhibits higher specific capacitance, better rate capability, and superior long-term stability than either component alone [8].
Recent studies have demonstrated that the synthesis route and microstructural design of rGO/PPy composites play a crucial role in determining their electrochemical behavior. Common methods for preparing such composites include in-situ chemical oxidative polymerization, electrochemical deposition, and solution blending. Among these, in-situ polymerization of pyrrole monomer in the presence of dispersed rGO has been widely adopted due to its simplicity and ability to ensure uniform PPy coating on the rGO surface. This method promotes intimate contact between the two components, leading to enhanced charge transfer and mechanical integrity [9-11].
The performance of supercapacitor electrodes is typically evaluated by several electrochemical techniques, among which cyclic voltammetry (CV) is one of the most informative and fundamental tools. CV analysis provides insight into the charge storage mechanism, reversibility of redox reactions, capacitance behavior, and rate capability of the material. By sweeping the potential at various scan rates, one can distinguish between capacitive (surface-controlled) and diffusion-controlled processes, observe redox peaks characteristic of pseudocapacitive materials, and calculate the specific capacitance based on the integrated area under the CV curve. Moreover, the shape and symmetry of the CV curves reveal information about the electrode’s charge–discharge reversibility and internal resistance. In an ideal EDLC, the CV curve is nearly rectangular, indicating perfect capacitive behavior. In contrast, pseudocapacitive materials display redox peaks due to Faradaic processes. A well-designed rGO/PPy composite often exhibits a quasi-rectangular CV profile with small redox humps, signifying a balanced contribution from both double-layer and pseudocapacitance mechanisms [12].
In this study, the electrochemical performance of an rGO/PPy nanocomposite electrode was systematically evaluated using cyclic voltammetry in an aqueous electrolyte. The focus was placed on understanding how the composite structure influences the capacitive behavior, redox characteristics, and cycling stability of the electrode. The composite was synthesized via in-situ oxidative polymerization, ensuring strong interfacial contact between rGO and PPy. The electrochemical tests were conducted at various scan rates to assess the rate capability and charge transfer kinetics.
By comparing the CV profiles of rGO, PPy, and rGO/PPy electrodes, the synergistic effects of the hybrid composition can be elucidated. The incorporation of rGO is expected to facilitate rapid electron transport, reduce charge transfer resistance, and improve the mechanical durability of the PPy layer [13]. Meanwhile, the presence of PPy introduces reversible redox activity, enhancing the overall capacitance of the system. Furthermore, the role of scan rate on the shape and area of CV curves provides valuable information on ion diffusion and electrode utilization efficiency.
The overarching objective of this work is to demonstrate that the rGO/PPy nanocomposite can serve as a highly efficient electrode material for supercapacitors by combining the advantages of EDLC and pseudocapacitive mechanisms within a single structure. Through cyclic voltammetry analysis, the study aims to highlight the synergy between the conductive carbon framework and the redox-active polymer matrix. Understanding this relationship will not only advance the design of hybrid electrodes for next-generation energy storage devices but also provide insights into optimizing the interfacial engineering of composite materials for improved electrochemical performance.


2. material and methods 

2.1. Synthesis of rGO
Graphene oxide (GO) was synthesized using a modified Hummers’ method and subsequently reduced with hydrazine hydrate to obtain rGO. The product was washed with deionized water and ethanol, then dried under vacuum at 60 °C.
2.2. Preparation of rGO/PPy Nanocomposite
An in-situ oxidative polymerization method was employed. rGO (50 mg) was dispersed in 100 mL deionized water by ultrasonication. Pyrrole monomer (0.1 M) was added, followed by dropwise addition of ammonium persulfate (APS, 0.1 M) as the oxidant under stirring at 0–5 °C for 6 h. The resulting rGO/PPy composite was filtered, washed, and dried under vacuum.
2.3. Electrode Preparation
The working electrode was fabricated by coating a slurry of active material (rGO/PPy), carbon black, and polyvinylidene fluoride (PVDF) binder (80:10:10 wt%) onto a nickel foam substrate, followed by drying at 80 °C for 12 h. A platinum wire and Ag/AgCl electrode were used as counter and reference electrodes, respectively.
2.4. Electrochemical Measurements
Cyclic voltammetry (CV) was performed in a 1 M H₂SO₄ aqueous electrolyte using a potentiostat. The potential window was set from –0.2 V to 0.8 V at various scan rates (5–100 mV s⁻¹).


3. results and discussion

3.1. Cyclic Voltammetry Characterization

Cyclic voltammetry (CV) is a fundamental electrochemical technique widely used to evaluate the capacitive and redox characteristics of electrode materials [14]. In the present study, CV curves for a series of reduced graphene oxide/polypyrrole (rGO/PPy) composites with varying PPy content—rGO/PPy5, rGO/PPy10, rGO/PPy15, and rGO/PPy20—were recorded at a scan rate of 10 mV/s to analyze their electrochemical behavior. Each curve reveals distinct features corresponding to the synergistic interactions between the conductive polymer and the graphene-based matrix.
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Figure 1. Cyclic Voltammetry Curves of rGO/PPy Composite at various concentrations


3.2 General Electrochemical Behavior
All four CV profiles exhibit a quasi-rectangular shape with distinguishable redox humps, suggesting a combination of double-layer capacitance and pseudocapacitive behavior. The near-rectangular baseline reflects the capacitive response typically associated with the large surface area and high conductivity of reduced graphene oxide (rGO), while the superimposed redox peaks correspond to the faradaic processes contributed by the polypyrrole (PPy) component. This hybrid characteristic confirms that the charge storage mechanism in these composites is governed by both electrostatic ion adsorption (EDLC behavior) and reversible redox reactions involving the PPy chains [15].
The anodic and cathodic currents increase gradually with potential, showing good symmetry, which indicates efficient redox reversibility and stable charge propagation within the electrode structure. Moreover, the absence of any pronounced distortion or peak splitting in the CV profiles suggests minimal internal resistance and satisfactory electron transport across the rGO–PPy interfaces [15-16].
3.3 Influence of PPy Loading
The CV curves show a clear dependence of current response on the PPy content. The sample with the lowest PPy fraction (rGO/PPy5) displays a smaller integrated area under the curve, implying a lower overall capacitance. As the PPy content increases to 10 and 15 wt%, the CV area expands progressively, suggesting an enhancement in the electrochemical activity. This improvement can be attributed to the introduction of more redox-active PPy sites that participate in charge transfer processes, thereby boosting pseudocapacitive contributions.
At 15 wt% PPy, the CV curve (rGO/PPy15) exhibits the most pronounced redox peaks and the broadest enclosed area among the four samples. This indicates that an optimal PPy content exists where the composite achieves maximum electrochemical synergy [17]. Beyond this point, however, a further increase in PPy loading (as in rGO/PPy20) results in a slight decrease in the current response, as reflected by the smaller CV area compared to rGO/PPy15. The reduction in electrochemical activity at higher PPy content is likely due to the polymer’s intrinsic limitations—namely, its poor long-term conductivity and tendency to form dense, agglomerated layers that impede ion diffusion [18].
3.4 Redox Behavior and Charge Storage Mechanism
The redox features observed around 0.3–0.5 V are characteristic of the doping and dedoping processes in polypyrrole. The peaks can be ascribed to the transition between the leucoemeraldine (reduced) and pernigraniline (oxidized) states of PPy, which involve the exchange of counter ions from the electrolyte. The general redox process can be described as:

where represents an anion from the electrolyte that compensates the positive charge on the polymer backbone during oxidation [19].
The presence of rGO provides an electronically conductive scaffold that facilitates rapid charge transfer and enhances the stability of the PPy during continuous cycling. The two components thus exhibit a mutual reinforcement effect—rGO prevents the volumetric swelling and shrinkage of PPy during redox cycling, while PPy improves the wettability and pseudocapacitance of rGO. This synergy explains the improved current density and overall capacitive performance seen in the composite samples relative to pristine rGO or PPy alone [20-22].
3.5 Comparative Evaluation of Electrochemical Performance
rGO/PPy5
The CV profile of rGO/PPy5 shows modest current response and relatively less defined redox peaks. The limited presence of PPy restricts the pseudocapacitive contribution, and the overall behavior is dominated by electric double-layer capacitance. Nevertheless, the linearity of the curve near the origin indicates good reversibility and stable ion transport. This composition may be beneficial for applications demanding fast charge–discharge cycles but moderate energy density.
rGO/PPy10
Increasing the PPy content to 10 wt% enhances both the current magnitude and the peak definition, reflecting improved redox kinetics. The CV curve becomes broader, and the area enclosed by the loop increases significantly. This suggests that the PPy content is now sufficient to contribute actively to pseudocapacitance without compromising the structural conductivity provided by rGO. The smooth and nearly symmetrical shape of the forward and reverse scans demonstrates good charge–discharge reversibility.
rGO/PPy15
At this intermediate loading, the rGO/PPy15 composite shows the most balanced electrochemical response. The CV loop area is the largest among all samples, and both anodic and cathodic peaks are well developed, indicating efficient utilization of active sites. This composition achieves the optimal compromise between electronic conductivity and pseudocapacitive activity. The high surface interaction between rGO sheets and PPy chains likely creates a porous, interconnected network that maximizes ion accessibility and minimizes charge transfer resistance. Consequently, rGO/PPy15 can be regarded as the composition with the best overall electrochemical performance at the tested scan rate.
rGO/PPy20
Further increasing the PPy fraction to 20 wt% results in a decrease in the CV area and slightly distorted redox symmetry. The excessive PPy coating possibly leads to a denser morphology, which hinders electrolyte penetration and slows ion diffusion within the electrode. Moreover, the overaccumulation of polymer on rGO may block conductive pathways, thereby reducing electronic connectivity. As a result, although the sample still exhibits redox activity, the effective capacitance and rate performance appear reduced compared to rGO/PPy15.
3.6 Effect of Structural and Interfacial Properties
The electrochemical response of the composites is strongly dependent on the microstructure and interface quality between PPy and rGO. In well-balanced composites, PPy is uniformly distributed on the graphene sheets, providing continuous conductive channels and abundant electroactive sites. However, at low PPy loading, the insufficient coverage of graphene limits the pseudocapacitive effect, whereas at high loading, polymer agglomeration restricts the effective utilization of the rGO network. Hence, achieving a uniform nanoscale dispersion is crucial for optimizing the capacitive behavior [23]. The observed trends also highlight the role of electron–ion coupling at the rGO–PPy interface. rGO offers rapid electronic conduction, while PPy facilitates ion storage through its reversible redox transitions. The interfacial contact between these two phases dictates the overall charge transfer resistance, influencing both the shape and magnitude of the CV curves. The best-performing sample (rGO/PPy15) likely exhibits the most efficient coupling, resulting in an enhanced electrochemical response.
3.7 Capacitance Estimation and Comparative Insight
Although quantitative capacitance values cannot be determined precisely without integrating current over potential, the relative CV areas can serve as qualitative indicators. Based on the visual comparison of the loop areas, the sequence of areal capacitance can be estimated as:

This trend confirms that moderate PPy incorporation (around 15 wt%) optimizes the capacitive contribution by balancing conductivity, porosity, and active site availability. Similar observations have been reported in previous studies on rGO/PPy or rGO/polyaniline composites, where excessive polymer loading diminished the performance due to hindered charge mobility [24].
3.8 Implications for Supercapacitor Applications
The shape and stability of the CV curves at 10 mV/s suggest that all the composites possess good electrochemical reversibility and are suitable for supercapacitor electrodes [25]. The combination of EDLC and pseudocapacitive behavior enables enhanced energy and power density, where rGO serves as the conductive backbone and PPy provides redox activity. The optimal composition (rGO/PPy15) is expected to deliver high specific capacitance, good cycling stability, and efficient ion diffusion, making it a promising candidate for next-generation hybrid supercapacitors [26].
Moreover, the gentle slopes and absence of significant hysteresis between anodic and cathodic scans indicate low internal resistance and stable electrode–electrolyte interaction. This is particularly advantageous for long-term cycling and rapid charge–discharge operation, which are critical for practical energy storage devices [27-30].
3.9 Summary of CV findings
The CV analysis reveals that:
· All rGO/PPy composites exhibit combined EDLC and pseudocapacitive characteristics.
· The current response and redox peak intensity increase with PPy content up to 15 wt%, then slightly decline at 20 wt%.
· The rGO/PPy15 electrode exhibits the most favorable electrochemical characteristics, indicating an optimal synergy between rGO and PPy.
· The performance deterioration at higher PPy loading is attributed to reduced electrical conductivity and hindered ion transport resulting from dense polymer coverage.
· The results emphasize the importance of balancing conductive support and redox-active material to achieve superior capacitive behavior.
Table 1. Capacitance Analysis
	Sample Name
	Area
	Pot Window
	Mass Load
	Scan Rate
	Cap.

	(rGO/PPy)5
	0.00124912
	0.6
	0.001
	0.01
	115.6592

	(rGO/Ppy)10
	5.35E-04
	0.6
	0.001
	0.01
	89.20338

	(rGO/Ppy)15
	0.00138219
	0.6
	0.001
	0.01
	230.3644

	(rGO/Ppy)20
	0.00113958
	0.6
	0.001
	0.01
	189.9295


The cyclic voltammetry data at 10 mV/s highlight the tunable electrochemical properties of rGO/PPy composites as a function of PPy content. The results confirm that a moderate incorporation of PPy significantly enhances the overall capacitance through synergistic contributions of rGO and PPy. The optimized composite (rGO/PPy15) exhibits the highest capacitive current and most pronounced redox response, attributed to efficient interfacial electron transport and accessible active sites. These findings demonstrate that careful control over polymer loading and dispersion within the graphene network is crucial for developing high-performance hybrid electrodes for supercapacitor applications.

4. Conclusion

In this work, a series of reduced graphene oxide/polypyrrole (rGO/PPy) nanocomposites with varying PPy content was successfully synthesized via an in-situ oxidative polymerization route and evaluated as electrode materials for supercapacitor applications through cyclic voltammetry (CV) at a scan rate of 10 mV s⁻¹. The investigation focused on understanding how PPy loading influences the electrochemical performance of the rGO/PPy system, emphasizing the synergistic interaction between the conductive carbon framework of rGO and the redox-active polymer matrix of PPy.
The specific capacitance values derived from the CV data clearly demonstrate a composition-dependent performance trend: rGO/PPy15 exhibited the highest capacitance of 230.36 F g⁻¹, followed by rGO/PPy20 (189.93 F g⁻¹), rGO/PPy5 (115.66 F g⁻¹), and rGO/PPy10 (89.20 F g⁻¹). This variation indicates that moderate PPy incorporation significantly enhances charge storage ability due to the optimal balance between double-layer and pseudocapacitive mechanisms. At lower PPy contents (rGO/PPy5 and rGO/PPy10), the limited redox contribution results in lower capacitance, whereas excessive PPy (rGO/PPy20) reduces conductivity and ion accessibility due to polymer agglomeration. The superior performance of rGO/PPy15 confirms that an optimal PPy loading maximizes interfacial contact, facilitating rapid charge transfer and efficient ion diffusion.
The quasi-rectangular CV profiles with minor redox humps further confirm the coexistence of electric double-layer capacitance (EDLC) and pseudocapacitance within the hybrid structure. The rGO network contributes to EDLC through high surface area and conductivity, enabling rapid electron transport, while PPy provides additional Faradaic charge storage through reversible redox transitions. The intimate integration of PPy with rGO reduces charge-transfer resistance and ensures uniform utilization of electroactive sites. As a result, rGO/PPy15 displays the most favorable electrochemical characteristics, combining high capacitance with excellent reversibility and structural stability.
Overall, the capacitance analysis establishes that the electrochemical performance of rGO/PPy composites is strongly governed by the balance between conductivity and redox activity. The synergistic coupling between rGO and PPy enables a dual charge storage mechanism, where rGO stabilizes the PPy phase and enhances electron transport, while PPy imparts pseudocapacitive functionality. The optimized composite (rGO/PPy15) thus demonstrates the best integration of these effects, confirming its potential as a high-performance electrode material for energy storage applications.
Future work should focus on fine-tuning the rGO-to-PPy ratio and optimizing the morphology to further enhance capacitive behavior and cycling durability. Incorporating complementary analyses such as galvanostatic charge–discharge (GCD) and electrochemical impedance spectroscopy (EIS) would provide deeper insight into ion transport dynamics and resistance behavior. Nevertheless, the present results conclusively show that the rGO/PPy15 composition offers the most efficient electrochemical performance, validating the critical role of compositional optimization in designing advanced, durable, and high-capacitance hybrid electrodes for supercapacitor devices.
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