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Abstract: The main objective of this study was to investigate the electrochemical performance of polyaniline (PANI) 

integrated with activated carbon (AC) derived from orange peels. The core goal was to develop a low-cost, 

energy-storing material from agricultural waste. Activated carbon was incorporated to enhance the 

pseudocapacitance and cycle stability of PANI. XRD analysis showed PANI as a highly crystalline material, 

while AC exhibited broad peaks, indicating a semicrystalline and highly amorphous nature.  Raman 

spectroscopy confirmed the successful synthesis of PANI (evidenced by active quinonoid and polaron 

structures, specifically the 1589 cm-1 band). AC displayed prominent D and G bands, confirming its 

amorphous, defective structure with an underlying graphitic system (suggested by the ID/IG ratio).  Composite 

materials (CMs) were synthesized using porous AC obtained from carbonized orange peels and PANI. A 

symmetric supercapacitor cell was fabricated using PVA/PANI/AC nanocomposite films as the electrode, and 

its electrochemical performance was evaluated using cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) techniques.  The CV curves of the PVA/PANI/AC nanocomposite film showed clearly 

defined anodic and cathodic peaks, demonstrating excellent redox activity critical for energy storage 

applications. Crucially, the addition of AC significantly increased the current density and the area under the 

CV curve compared to the pure PVA film, pointing to a substantial improvement in charge storage capacity.  

The PVA/PANI/AC nanocomposite achieved a maximum specific capacitance of 80.50 F/g  (for sample 

PPC4), which is notably higher than that of the pure PVA film (55.59  F/g). In conclusion, the successful 

integration of PANI and AC within a PVA matrix created a composite material that benefits from the 

polymer's high faradic activity and AC's strong contribution to charge storage. Furthermore, the porous 

structure enhances ion transport dynamics, positioning this low-cost, waste-derived material as highly 

promising for supercapacitor applications. 

1 INTRODUCTION 

Conductive nanostructured polyaniline (PANI) is 

synthesized through the oxidative chemical 

polymerization of aniline, utilizing a combination of 

ammonium persulfate (NH4)2S2O8 and hydrochloric 

acid (HCl) in an aqueous system. The synthesis is 

conducted either at 0−5∘°C for improved 

polymerization efficiency [1], a method that negates 

the need for post-polymerization processing like 

dialysis to preserve the PANI nanofibers [2], or at 

ambient temperature [2]. A major limitation of PANI 

nanofibers is their poor solubility in most common 

solvents, particularly aqueous solutions. To mitigate 

this issue without sacrificing PANI core 

properties [3], various efforts have centered on 

incorporating stabilizers, such as polyvinyl alcohol 

(PVA), polymethyl methacrylate (PMMA), and 

surfactants, to form soluble composites [4]. However, 

the resulting materials often show poor suitability for 

film-forming applications. Interestingly, the 

incorporation of surfactants provides a dual benefit by 

enhancing both solubility and the electrical 

conductivity of PANI films [1], [5]. This makes them 

valuable for PANI composites used in electrical, 

electronic, and antistatic fields [6]-[8], though the 

systematic study necessary for a deeper 

understanding of their electrical properties has yet to 

be performed. 

Activated carbons are mostly used in commercial 

supercapacitors as electrode material because of their 

good electrochemical stability, high surface area, 
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electrochemical properties, etc. As the application of 

AC is increasing day by day, the large-scale 

production of AC is hindered by increasing raw 

material cost and less availability of precursors. 

However, fossil fuels do not meet this demand as they 

are not renewable in nature. Hence, utilization of bio-

waste as precursor for production of AC can fulfil the 

demand because of their low-cost accessibility [9]. 

The structure of AC differs from that of graphite 

in terms of the distance between layers. The interlayer 

spacing is 0.34 to 0.35 nm in AC, while it is 0.33 nm 

in graphite. ACs are divided into graphitizing and 

non-graphitizing varieties based on their ability to 

form graphite. There are several graphene layers in 

the graphitizing carbon that are positioned parallel to 

one another. Because of the weak cross-linking 

between the nearby microcrystallites and the 

underdeveloped porous structure, the carbon 

produced is sensitive. The strong cross-linking 

between crystallites makes the non-graphitizing 

carbons tough, and they exhibit a well-developed 

microporous structure [10]. The manufacturing of 

biomass waste-derived ACs could boost economic 

returns and lower pollution because wood processing, 

carpentry, and other associated industries have huge 

raw material supply potential. Kwiatkowski et al. 

investigated the production of ACs from numerous 

biomass-derived resources by activation with 

KOH [10]. 

Existing research on conductive PANI composites 

reveals several areas where data are incomplete. For 

instance, Tetsuo et al. synthesized PANI composites 

with water-soluble polymers and anionic 

surfactants [9], but failed to examine how PANI 

content influences conductivity. Similarly, Amarnath 

and Palaniappan [3] created PVA-based PANI 

composites using the low-cost stabilizer gum acacia, 

resulting in low conductivity (10−5 -10−4 S/cm), yet 

they omitted any assessment of component 

compatibility. The primary focus of studies on these 

composites generally lies in their electroactive 

features [10], dc/ac electrical transport [11], [12], and 

dielectric response [13]. Preparation methods for 

PVA/nanostructured PANI composites have involved 

either simply dissolving PANI into PVA [14] or 

introducing aldehydes to build a semi-

interpenetrating network [15] for enhanced 

properties. Successful alternative routes also include 

the in situ polymerization of aniline in the presence of 

PVA [8], [16]. 

Highly mature electronic components do not meet 

the increasing demand for biocompatible devices, as 

their stiff nature contrasts sharply with human tissues. 

Addressing this issue requires innovative research. 

Here, we present a new method for creating flexible 

and customizable hydrogel-based supercapacitors. 

Wearable technology requires power from both 

energy harvesting [17] and storage mechanisms [18, 

19]. Since harvested energy is sporadic, high-capacity 

devices must store this power—whether generated 

internally or supplied externally—using batteries or 

supercapacitors. Supercapacitors (SCs) are 

electrochemical storage units capable of fast, high-

power energy release [20], [21]. They are primarily 

divided into two categories: pseudocapacitors, which 

store energy through redox reactions, and electric 

double-layer capacitors (EDLCs), which accumulate 

charge electrostatically at the electrode-electrolyte 

boundary [22]. SCs are now essential components in 

consumer and industrial energy systems [21]. The 

main objective of this paper is to study the 

Electrochemical process of polyaniline in the 

activated carbon obtained from the orange peel. Its 

goal is to obtain a low cost activated carbon able to 

store energy from agricultural waste. 

2 MATERIALS AND METHODS 

2.1 Preparation of Polyaniline (PANI) 

The preparation starts by pre-cooling 3 mL of 

distilled aniline in a 50 mL beaker, submerged in an 

ice bath to maintain a 0∘C temperature for 10 min. 

Following this, 20 mL of 1M HCl is added slowly. 

The oxidant, 2 g of Ammonium Persulfate (APS), is 

first dissolved in another 20 mL of 1M HCl and 

subsequently introduced dropwise to the aniline 

solution, while rigorously controlling the temperature 

at 0°C. The reaction mixture is then stirred under 

chilling conditions for 2 hr and subsequently stored in 

a refrigerator overnight to ensure complete 

polymerization. The solid product is isolated through 

filtration and subjected to four washes with distilled 

water. To de-dope the polymer, the precipitate is 

stirred in 20 mL of 1M ammonium hydroxide 

(NH4OH) for 30 min and washed with distilled water 

again until the washings are pH neutral. For final 

purification, the solid is washed with 15 mL of 

benzene, stirred for 15 min, and then dried in an oven 

at 80∘C for 6 hr. 

2.2 Preparation Activated Carbon 
(AC) 

To prepare the activated carbon AC, orange peels 

were first washed with distilled water and then 
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pyrolyzed in an oven at 200∘C for 2 hr. Following a 

one-hour cooling period at room temperature, the 

peels were pulverized. The powder was then 

chemically activated by soaking it in H2SO4 (98%) for 

24 hr. Neutralization was carried out by mixing the 

material with distilled water and NaHCO3 (2:1) for 

another 24 hr. The mixture was subsequently washed 

repeatedly with distilled water until a pH of 7 was 

reached. Finally, the neutralized material was dried in 

an oven at 110∘C for 5 hr to yield the AC product. 

2.3 Preparation Nanocomposite Films 

A polyvinyl alcohol (PVA) stock solution is initially 

prepared by dissolving 25 gm of PVA in 250 mL of 

distilled water. This solution is stirred at 70∘C, 

followed by overnight stirring at room temperature. 

Next, 10 mL of the PVA stock solution is taken, and 

a specific quantity of polyaniline (PANI) is dispersed 

in it, followed by 1hr of magnetic stirring. Different 

weight ratios (0, 1, 5, 9, and 13 wt%) of the 

reinforcing materials are then added. The resulting 

solutions are cast onto clean, dust-free Petri dishes 

placed on a level surface and left to dry. Once the 

films are dry, they are carefully detached from the 

glass and kept in insulated plastic containers until 

analysis. Finally, the film thickness is determined 

using a micrometer were 65 µm, with multiple 

measurements taken across the film's surface for 

accuracy. The prepared specimens are identified as 

outlined in Table 1. 

Table 1: Sample symbol. 

Samples Symbol 

PVA P 

PVA/PANI PP 

PVA/PANI/AC 1 wt % PPC1 

PVA/PANI/AC 5 wt % PPC2 

PVA/PANI/AC 9 wt % PPC3 

PVA/PANI/AC 13 wt % PPC4 

3 RESULT AND DISCUSSION 

3.1 X-ray Diffraction (XRD) Analysis 

The synthesized polyaniline (PANI) powder and 

activated carbon (AC) were characterized using X-

ray diffraction (XRD), as shown in Figure 1. The 

XRD spectrum (Fig. 1a) confirms the crystalline 

structure of the PANI nanofibers. The pattern is 

marked by three sharp diffraction peaks around 15.6∘, 

20.7∘, and 25.5∘ (2θ). These peaks correspond to the 

(121), (113), and (322) planes, representing scattering 

perpendicular and parallel to the polymer 

chain [23], [24], and are consistent with JCPDS card 

no. 72-0634. The notable intensification of the major 

peak suggests an enlargement of the powder's 

crystallite size [25]. The observed partial crystallinity 

is thought to stem from the strong intermolecular and 

intramolecular hydrogen bonding facilitated by the 

amine and imine groups within the doped PANI [26]. 

Overall, the distinct peaks confirm that the PANI 

synthesized is highly crystalline [23]. 

Figure 1b presents the XRD pattern obtained for 

the AC specimen. This pattern is defined by broad 

peaks centered at 2θ values of 25.09∘ and 43.85∘. 

These diffraction signals can be assigned to the (002) 

and (100) Miller indices, respectively, which align 

well with the reference standard JCPDS card no. 041-

1487 [27]. The presence of these wide peaks is 

characteristic of a turbostratic structure—a form of 

graphite where the layers are significantly disordered. 

Consequently, the AC possesses an intermediate 

structure that falls between completely amorphous 

carbon and perfectly ordered graphite [27]. The 

overall broadness of the peaks serves as confirmation 

of the highly amorphous nature of the prepared 

carbon [28]. This partial crystallinity is crucial as it 

creates pathways for electron transport, enhancing 

conductivity, while the highly disordered, amorphous 

regions contribute to structural integrity, increasing 

mechanical strength and elasticity. 

Figure 1: XRD of (a) PANI NFs (b) Activated carbon (AC). 
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The 2θ values for prominent peaks, corresponding 

(hkl) are represented in Table 2. 

Table 2: XRD analysis of PANI and AC. 

Pawder 2θ (hkl) plane 

PANI 

15.6 121 

20.7 113 

25.5 322 

AC 
25.09 100 

43.85 002 

3.2 Raman Analysis 

Figure 2a, b displays the laser Raman spectra for the 

individual polyaniline (PANI) and activated carbon 

(AC) powders. Raman spectroscopy is an 

exceptionally effective method for determining a 

material's molecular composition. 

The PANI Raman spectrum (Fig. 2a) reveals 

several characteristic bands, located approximately at 

1589, 1503, 1412, 1336, 1236, and 1167 cm-1, which 

confirm the presence of PANI's organic components. 

Specifically, the strong signal near 1589 cm-1 is 

assigned to the C=N stretching vibrations within the 

quinoid structure. The peak at 1503 cm-1 corresponds 

to the C=C stretching deformation of the benzenoid 

rings. The band observed at 1336 cm-1 is a 

characteristic C-N stretching mode in the benzenoid 

structure. Furthermore, the peak at 1167 cm-1 

indicates aromatic C-H in-plane bending. The signal 

at 1236 cm-1 is associated with the C-N+ stretching 

and vibrational modes of PANI's polaron structure. 

Finally, the feature near 901 cm-1 is attributed to C=H 

out-of-plane flexure in the benzene rings, providing 

further evidence of successful PANI synthesis during 

the polymerization process [29]. 

The Raman spectrum of the AC sample is 

depicted in Figure 2b. The material exhibits two 

significant signals: the G-band at approximately 

1604 cm-1 and the D-band at 1357 cm-1. These bands 

correspond to the ordered graphitic structure and the 

disordered carbon (defects), respectively. The 

imperfections observed in the spectrum confirm that 

the sample is built upon an sp2 carbon framework, 

composed of either C=C chains or aromatic ring 

systems. The wide spectral peaks confirm the 

amorphous nature of the carbon. Although 

amorphous, the calculated intensity ratio of ID/IG is 

1.18, It is calculated by dividing the height of peak D 

by the height of peak G after the matching process. 

This method is simpler but may be less accurate for 

wide, overlapping peaks, suggesting the co-existence 

of an underlying ordered carbon arrangement [28]. 

This structural information, derived from the Raman 

spectrum, is key to understanding the charge storage 

mechanisms and predicting the electrochemical 

performance of the resulting nanofilms.  

 

 

Figure 2: Raman spectra of (a) Polyaniline (PANI) (b) 

Activated Carbon (AC). 

3.3 Electrochemical Properties 

Electrochemical characteristics of the composite 

materials were studied via cyclic voltammetry (CV) 

in 1 M Na2SO4 at ambient temperature. Figure 3 

shows the CV curves for PVA/PANI/AC 

nanocomposite films across Activated carbon (AC) 

loadings of 1, 5, 9, and 13 wt%. 

Introducing polyaniline (PANI) alters the CV 

curve. Below ∼0.2 V, the current decreases as 

polymer content rises. Since the carbon material 

primarily governs the response in this low-potential 

region, this reduction implies PANI is partially 

insulating the carbon surface [30]. 

The CV of the PVA sample is nearly identical to 

the PVA/PANI and PVA/PANI/AC curves. The 

presence of a poorly defined, wide peak suggests 

faradaic reactions are occurring. The PPC1 sample 

shows an increase in intensity for the diffuse peaks at 

0.4 V and 0.25 V. Continued increases in PANI 

concentration lead to the anodic peak becoming 
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sharper, more pronounced, and shifting to 0.65 V 

(with the cathodic peak shifting to 0.27 V). 

Interestingly, any additional increase in polymer 

content primarily results in a large surge in peak 

intensity, rather than further potential shifts. 

The CV curve for the composite with the highest 

polymer content (PPC4) is comparable to that of pure 

PANI. Two notable differences persist:  (1) Current 

intensity is significant between 0.06 V and 0.5 V. 

This high current is attributed to the carbon material, 

which displays a strong electrochemical signal in this 

range [30]. (2) The leucoemeraldine/emeraldine 

transition is displaced to a more cathodic potential 

compared to the neat polymer, even at high polymer 

loadings. This displacement is thought to be the result 

of the carbon material promoting ion migration, thus 

expediting the oxidation-reduction processes [30]. 

Figures 3 clearly show that the cyclic voltammetry 

(CV) curve for PVA, PANI, and the PVA/PANI/AC

composite display well-defined anodic and cathodic

peaks, signifying excellent redox activity. Following

the compounding with AC, the (PVA/PANI/AC)

composite's current density and the CV area are

substantially larger than those of pure PVA when

measured at an identical sweep speed. The oxidation

potentials are located in the 0.5 V to 0.67 V range,

and the reduction potentials appear between 0.2 V and

0.3 V. A closer look at the peak structure reveals that

the overall shape results from the partial

superposition of two sets of oxidation-reduction

peaks.

Figure 3: Cyclic voltammogram of PVA, PANI and PVA/PANI/AC nanocomposite. The scan rate is 50 mV/s, electrolyte – 

1 M Na2SO4. 
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The capacitive properties of the polyaniline 

composites described exhibit significant variability. 

As demonstrated in Figures 4, the specific 

capacitance values for the PVA/PANI/AC 

nanocomposite films range from 55.59 to 80.50 F/g 

through the equation; 

Cs = 
𝐴 ∆𝑡

𝑚 ∆𝑉 
.          …   ……(1) 

Where A: Area under curve, m: mass of sample on 

the electrode surface (mg) equals to (30 mg), ΔV: 

range of applied potential (V). 

The pristine PVA polymer film shows a specific 

capacitance of 55.59 F/g at a 5 mV/s sweep rate. The 

correlation between specific capacitance and PANI 

concentration is contingent on the properties of the 

AC, the synthesis route, and the electrode fabrication 

technique. 

The maximum capacitance of 80.50 F/g was 

achieved by the PPC4 sample, which was based on 

AC, while the PP sample exhibited a substantially 

lower capacitance of 59.2 F/g [31]. This contrast is 

typically attributed to the formation of a dense, thick 

layer during electrochemical electrode preparation, 

which severely hampers the efficient utilization of the 

active material [32]. Previous studies suggest that this 

behavior is caused by the excessive polymer content 

obstructing the conductive network of the AC, 

resulting in increased charge-transfer resistance and a 

corresponding decay in capacitance. Conversely, in 

the current study, specific capacitance is observed to 

increase with the amount of AC. This linear 

relationship strongly suggests the formation of a 

porous structure that is readily accessible to 

electrolyte ions, thus facilitating both ion and electron 

transport [30]. 

Figure 4: Specific capacitance of PVA, PANI and 

PVA/PANI/AC nanocomposite films. 

Galvanostatic charge-discharge (GCD) 

experiments were executed on PVA, PANI, and 

PVA/PANI/AC nanocomposite films at 1 A/g within 

a potential window of 0 to 1.4 V. The curves exhibit 

excellent triangular symmetry, affirming the strong 

capacitive performance of the composites, despite a 

small observed iR drop. The slight non-linearity in the 

GCD plots is associated with the redox activity of the 

electrode constituents [33]. 

The discharge time, and consequently the specific 

capacitance, follows the trend: 

PPC4>PPC3>PPC2>PPC1>PP>P as show in 

Table 3. This ordering aligns consistently with the 

cyclic voltammetry results. The data confirms that the 

composite electrodes possess enhanced specific 

capacitance stemming from pseudocapacitance, with 

the PPC4 sample achieving the highest measured 

specific capacitance, PPC4 has an ideal micropore-to-

mesopore ratio, maximizing the total accessible 

surface area and allowing fast ion diffusion, which 

translates to high specific capacitance. [33]. 

Table 3: Value of specific capacitance. 

Sample Specific capacitance (F/g) 

P 55.59 

PP 59.2 

PPC1 66.66 

PPC2 68.75 

PPC3 72.22 

PPC4 80.5 

4 CONCLUSIONS 

This research definitively demonstrated that the 

incorporation of activated carbon acts as a potent 

modifier for polyaniline (PANI). The synergistic 

effect achieved by combining PANI’s inherent high 

Faradaic activity with the high surface area of the AC 

led to a superior composite material. Crucially, this 

collaboration significantly enhanced the material’s 

ability to store charge, evidenced by the dramatically 

increased specific capacitance observed in the 

optimized sample (PPC4). This performance 

enhancement arises from two key mechanisms. 

Structurally, the activated carbon AC, with its highly 

developed specific surface area and porous structure, 

serves as an effective structural backbone. It ensures 

the uniform dispersion of PANI particles, preventing 

their aggregation and maximizing the 

electrochemically active area accessible to the 

electrolyte, ion Dynamics. The porous nature of the 

activated carbon facilitates rapid and efficient 

diffusion of electrolyte ions throughout the entire 

electrode structure. This enhanced ion transport 

ensures a more complete and effective utilization of 

the conductive polymer (PANI), which is essential for 
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achieving high charge/discharge rates and robust 

performance. The resulting combination yields a 

superior capacitive and operational performance, 

positioning these nanocomposites as highly 

promising candidates for use as the active electrode 

component in advanced supercapacitor (SCs) 

devices. A critical achievement of this work is the use 

of orange peel-derived AC. This approach not only 

provides a high-performance material but also offers 

a sustainable and exceptionally cost-effective 

pathway for converting agricultural waste into 

valuable technology. 
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