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ABSTRACT

A novel method has been developed for the conversion of multi-walled carbon nanotubes 

(MWCNTs) into unzipped MWCNTs (UzMWCNT) using a modified Hummers method 

followed by reduction. This technique allows for the controlled modification of MWCNTs in 

both transverse and longitudinal directions. The UzMWCNT exhibit unique structural 

characteristics that combine the properties of 1D nanotubes and graphene-like features. The 

UzMWCNT/PPy composite exhibited an impressive specific capacitance of 944 F g-1 along 

with excellent cycling stability, retaining 92% of its capacitance after 5000 cycles. For the 

UzMWCNT/PPy//AC composite, the gravimetric capacitance decreased with increasing 

current density, from 400 F g-1 at 1.0 A g-1 to 162 F g-1 at 2.5 A g-1. Furthermore, the 

UzMWCNT/PPy//AC composite demonstrated outstanding long-term durability, retaining 

approximately 95% of its capacitance after 5000 cycles at a current density of 5 A g-1, 

underscoring its excellent cycling stability. This research paves the way for the development 

of high-performance supercapacitor electrodes using hybrid materials derived from MWCNTs.

KEYWORDS
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1. INTRODUCTION

To meet the demands of sustainable societal development, researchers are continuously 

exploring advancements in renewable energy.1–3 Batteries and supercapacitors represent two 

of the most promising directions and are widely utilized as energy storage devices.4–6 

Electrochemical capacitors, or supercapacitors, offer significant advantages over traditional 

batteries, including longer life cycles, rapid power delivery and absorption, high power density, 

and excellent energy reversibility.7–11 Due to these features, supercapacitors are becoming a 
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preferred energy storage solution for various applications, such as hybrid electric vehicles, 

portable electronics, and energy management systems.12–14However, their overall performance 

is largely determined by the choice of electrode materials, which directly affects the device's 

capacity, power delivery, and durability.15–17 Carbon-based materials, in particular, are 

essential in meeting the growing demand for efficient energy storage solutions.18–21

In this context, Carbon nanotubes (CNTs) have emerged as promising candidates for 

supercapacitor electrodes owing to their well-defined nanostructure, high electrical 

conductivity, and chemical stability.22–26 However, conventional CNTs are typical of 

micrometre-scale lengths and tend to aggregate into tangled bundles, impeding ion transport 

within the tubes, especially in the case of MWCNTs.27 Consequently, this limits any significant 

improvement in the specific capacitance of supercapacitors. To fully harness the exceptional 

properties of CNTs, methods for macroscopic modification are required.28–30 MWCNTs exhibit 

excellent intrinsic conductivity; however, their tubular structure often leads to agglomeration 

and limited surface accessibility, which can hinder their electrochemical performance.31–33  

Recent advances in CNT manipulation have led to the production of shorter fragments and 

nanoribbons through cutting processes.34 Various techniques have been employed to shorten 

long CNTs, including ball milling, cryogenic crushing, solid-state reactions, selective etching, 

fluorination, chemical oxidation, and electrochemical methods.35–37 Short segments obtained 

from transverse cutting have demonstrated superior performance in energy applications.38 

Additionally, longitudinal unzipping of CNTs has been achieved through processes like plasma 

etching, oxidative treatment, electrochemical approaches, potassium vapour treatment, and 

catalytic hydrogenation.39–43 Despite these advancements, the one-step cutting and unzipping 

of CNTs in both directions remains challenging due to complex procedures and intricate 

manipulation.38 However, the potential for improved electrochemical reactivity with open-

ended CNTs has been observed. Thus, there is a persistent need to develop effective strategies 

for simultaneously cutting and splitting CNTs.44 We utilized a cost-efficient, modified 

Hummers method to process MWCNTs.45,46 Our results indicate that the MWCNTs were cut 

transversely and unzipped longitudinally, leading to the formation of curved graphene 

nanostructures, which may exhibit a structure partially resembling interconnected graphene 

fragments.

Conductive polymer-CNT exhibit remarkable electrochemical performance when used as 

supercapacitor electrodes47. Among the most promising conductive polymers, researchers have 
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shown particular interest in polyaniline (PANI),48 polypyrrole (PPy),49 polythiophene (PTh),50 

and their modified versions. PPy is notable for its high conductivity, excellent redox 

reversibility, and eco-friendliness.51–53 However, it is plagued by issues of swelling and 

degradation of polymer chains, which result in inadequate cyclic stability.54,55

To address these limitations, UzMWCNT  has been incorporated into the PPy matrix to 

enhance the mechanical, thermal, and electrical conductivity of the composites. This 

improvement arises from the synergistic interactions between the constituent elements. 

UzMWCNT boast both superior electrical conductivity and mechanical strength, while also 

promoting efficient charge transport. This translates to speedy charging and discharging 

capabilities in supercapacitors.56 Various methods for creating composites of CNTs and 

conductive polymers such as electrochemical methods57, Microemulsion polymerization,58 

Vapor-phase polymerization59, and In-situ polymerization.60 In-situ polymerization plays a 

crucial role in the production of conducting polymers and carbon-based materials for 

supercapacitors.53–55 This innovative technique allows for the controlled synthesis of polymers 

and carbon structures directly within the desired application, resulting in enhanced 

performance and tailored properties.64,65

In this study, we employ a modified Hummers method to achieve the cutting and unzipping of 

CNTs, utilizing cost-effective MWCNTs as raw materials resulting in the formation of 

UzMWCNT. This report outlines a one-step synthesis method for creating UzMWCNT/PPy 

composites. The process involves interfacial polymerization of pyrrole conducted within 

solvents containing UzMWCNT. The primary benefit of utilizing interfacial polymerization 

for the synthesis of nanocomposite materials, in general, lies in the exceptionally slow reaction 

rate. This characteristic allows for precise encapsulation of nanostructures like UzMWCNT in 

this instance, resulting in improved dispersion within the polymer matrix, making it highly 

promising for supercapacitor applications.

2. Materials and Methods 

2.1. Materials 

Multi-walled carbon nanotube (MWCNT > 95.0%), Pyrrole (monomer 99.5%), ammonium 

persulfate (APS, ≥ 98%), Sodium nitrate(NaNO3), Sulfuric acid (H2SO4), Potassium 

Permanganate (KMnO4), Hydrogen Peroxide (H2O2), Sodium borohydride (NaBH4), 

Hydrochloric acid (HCl) were purchased from Sigma-Aldrich. All chemicals were high-grade 

reagents and were used as received.
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2.2.  UzMWCNT/PPy

The synthesis of UzMWCNT/PPy was carried out using a two-step process consisting of 

hydrothermal treatment and surface functionalization, ensuring a straightforward and cost-

effective methodology.

2.2.1.   Synthesis of UzMWCNT 

The fabrication of UzMWCNTs involves a sequential two-step process consisting of oxidation 

and reduction stages. Initially, MWCNTs undergo oxidation using a modified Hummers 

method. This initial stage begins by dispersing 4 g of MWCNTs and 2 g of NaNO3in a 500 mL 

flask containing concentrated H2SO4 (98%). The mixture is then stirred in an ice bath for 1 

hour to maintain a controlled temperature environment. Subsequently, 1 M KMnO4 solution is 

gradually added to the suspension, ensuring the reaction temperature remains below 20°C. 

After removing the ice bath, the mixture is stirred at room temperature for an additional hour 

to facilitate the oxidation process. Next, deionized (DI)  water is slowly added under vigorous 

stirring, followed by a 30-minute stirring period of the diluted suspension. The final step of the 

oxidation stage involves the addition of 20 mL of 30% H2O2 and 280 mL of DI water. The 

resulting mixture undergoes multiple cycles of washing and centrifugation with 10% HCl and 

deionized water until a neutral pH is achieved. Finally, vacuum drying yields the oxidized 

MWCNTs (O-MWCNTs) as a black powder, with a typical yield of approximately 80% based 

on the starting CNTs. This oxidized material then serves as the precursor for the subsequent 

reduction step, ultimately leading to the formation of the desired UzMWCNTs.38

Next, the O-MWCNTs (100 mg) were dispersed in 100 mL of water through ultrasonic 

treatment for 1 hour. Subsequently, 500 mg of NaBH4 was gradually added to the mixture, 

which was then stirred for 24 hours at room temperature. The solid sample was collected after 

washing with ethanol and DI water and subjected to vacuum drying at 60°C, resulting in the 

formation of the UzMWCNT material.66

2.2.2.   Synthesis of UzMWCNT/Polypyrrole 

UzMWCNT (5wt%) suspension underwent ultrasonication for 30 minutes. Following 

sonication, 1 mL of PPy dispersion was introduced drop by drop into the suspensions and 

stirred for 30 minutes at a speed of 500 rpm. Subsequently, APS was incorporated into the 

mixture, and continuous stirring was maintained for another 30 minutes. To allow the 

polymerization reaction to progress, the mixture was stirred for 24 hours at a temperature of 

0°C. After this period, black powders were collected and subjected to multiple washes with DI 
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water and ethanol to eliminate impurities. The final products were then vacuum-dried at 60°C 

for 24 hours.67

2.3.  Characterization methods 

The structural and morphological properties of UzMWCNT and UzMWCNT/PPy composites 

were comprehensively analyzed using advanced analytical techniques. The microstructure and 

surface morphology of the samples were investigated using scanning electron microscopy 

(SEM) (Nova Nano SEM 450) and high-resolution transmission electron microscopy 

(HRTEM) (JEM-2100).  X-ray diffraction (XRD) analysis was conducted using a Rigaku XRD 

diffractometer, covering a wide angular range (5−80°) to identify the crystalline phases and 

assess the structural modifications induced by the composite formation. Raman spectroscopy, 

performed using a 532 nm Renishaw Raman system, further confirmed the structural 

characteristics, providing information on the graphitic structure and disorder in the materials. 

To determine the elemental composition and chemical bonding states, X-ray photoelectron 

spectroscopy (XPS) was carried out using a K-Alpha spectrometer (KAN9954133). The 

specific surface area, pore volume, and pore size distribution of the samples were determined 

using the Brunauer−Emmett−Teller (BET) method, conducted with a BELSORP MINI X 

analyser.

2.4.  Supercapacitor Electrode Preparation and Testing

The preparation of supercapacitor electrodes involved coating electrode-active materials onto 

a nickel foam substrate using the doctor blade method. The electrode composition consisted of 

electrode-active material (85 wt%), polyvinylidene fluoride (PVDF, 10 wt%), and carbon black 

(5 wt%). To create a uniform slurry, the electrode-active material, PVDF, and carbon black 

were mixed with N-methyl pyrrolidine (NMP) solvent using a lab-scale mortar and pestle. This 

slurry was then evenly coated onto nickel foam and dried overnight in a vacuum oven at 80 °C 

to ensure complete solvent removal. Electrochemical performance was evaluated in a three-

electrode cell configuration. The electrode-active material-coated nickel foam served as the 

working electrode, with platinum wire as the counter electrode and Ag/AgCl (saturated KCl) 

as the reference electrode. All electrochemical tests were performed using an electrochemical 

workstation potentiostat (CHI608E). Electrochemical evaluations included cyclic voltammetry 

(CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy 

(EIS). 
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2.5.  Asymmetric Supercapacitor Fabrication and Testing

An asymmetric supercapacitor was fabricated to evaluate the potential application of the 

UzMWCNT/PPy//AC nanocomposite in energy storage devices. The device was assembled 

with a UzMWCNT/PPy-based positive electrode and an active carbon (AC)-based negative 

electrode. Aqueous 3 M KOH was used as the electrolyte, ensuring efficient ion conductivity 

and stability during testing. The as-fabricated UzMWCNT/PPy//AC asymmetric 

supercapacitor cell underwent electrochemical testing using EIS, CV, and GCD  techniques.

3. Result and discussion 

3.1 Structure of UzMWCNT/PPy nanocomposite 

The functionalization of UzMWCNT through PPy and interfacial polymerization was analyzed 

using XRD, as shown in Figure 1a. The XRD patterns highlight the structural changes 

occurring in pristine MWCNTs, UzMWCNT, and UzMWCNT/PPy composites. In pristine 

MWCNTs, sharp diffraction peaks corresponding to the (002) and (100) planes indicate a well-

ordered graphitic structure with a d-spacing of 0.34 nm. Upon unzipping and functionalization, 

the UzMWCNT sample exhibited a broader (002) peak at 26.2°, corresponding to an increased 

interlayer spacing of approximately 0.37 nm, likely due to the introduction of oxygen-

containing functional groups and structural defects. Additionally, a broad peak at 43.3° 

attributed to the (100) plane suggests turbostratic disorder within the UzMWCNT framework.

The XRD spectrum of UzMWCNT/PPy demonstrates significant modifications, including a 

broad peak in the range of 20°–30°, centered at 26.4°, which is characteristic of pyrrole 

monomers. This peak appears sharper compared to pure PPy, indicating potential synergistic 

electronic interactions between PPy chains and the UzMWCNT substrate. The merging of 

diffraction peaks from UzMWCNT and PPy in the composite reflects its predominantly 

amorphous nature, which is favorable for supercapacitor applications. The amorphous structure 

enhances the interaction between the polymerized PPy and UzMWCNT, allowing for increased 

electrolyte ion accessibility and facilitating redox reactions. The observed reduction in 

crystallinity upon PPy functionalization suggests an improved electrochemical activity. This 

enhancement is attributed to the polymerization of PPy on the high-surface-area UzMWCNT 

nanosheets, enabling better ion diffusion and redox reaction kinetics.

Raman spectroscopy was utilized to analyze the chemical bonding and structural characteristics 

of the UzMWCNT and UzMWCNT/PPy composites, as shown in Figure 1b. The spectra reveal 
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the characteristic D band at 1349 cm⁻1, indicative of structural defects, and the G band at 1584 

cm⁻1, corresponding to the in-plane stretching vibrations of sp²-hybridized carbon atoms in 

both ring and chain configurations. The presence of these peaks confirms the graphitic structure 

of the carbon materials. For the UzMWCNT/PPy composite, a noticeable decrease in the 

intensity of the G band (sp² domains) was observed, suggesting significant modifications to the 

carbon structure due to functionalization with PPy. The intensity ratio (ID/IG) of the D peak to 

the G peak in UzMWCNT/PPy is higher compared to pristine UzMWCNT, indicating the 

introduction of abundant structural defects during the carbonization and activation processes. 

These structural defects enhance the surface reactivity and facilitate the interaction between 

UzMWCNT and PPy. The Raman spectra also confirm the successful growth of PPy onto the 

UzMWCNT substrate, as evidenced by the retention of characteristic signals from both 

components. This result aligns well with the findings from XRD analysis, corroborating the 

structural and compositional changes induced by the polymerization of PPy on the UzMWCNT 

framework. The synergistic combination of PPy and UzMWCNT enhances the composite's 

structural and electrochemical properties, making it a promising candidate for energy storage 

applications.

Figure 1. (a) XRD; and (b) Raman spectra of MWCNT, UzMWCNT, and the 

UzMWCNT/PPy nanocomposite.

XPS was performed to analyze the elemental composition and chemical bonding states in the 

UzMWCNT/PPy composite, as shown in Figure (2a-d). The survey spectrum (Figure 2a) 

reveals prominent peaks corresponding to C 1s, N 1s, and O 1s, confirming the presence of 

carbon, nitrogen, and oxygen elements within the composite. These elements are indicative of 

both the UzMWCNT and the PPy functional groups.
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The high-resolution C 1s spectrum was deconvoluted into four main peaks(Figure 2b). The 

peak at 284.49 eV corresponds to C–C bonds, indicative of the graphitic carbon backbone. The 

peak at 283.94 eV represents C=C bonds, confirming the sp²-hybridized carbon framework. 

Peaks at 285.09 eV and 286.34 eV are assigned to C–N/C–O and C=N/C=O bonds, 

respectively, highlighting the presence of oxygen and nitrogen functional groups. These peaks 

confirm the successful functionalization of UzMWCNT with PPy. The O 1s spectrum shows 

two distinct peaks at 531.49 eV and 532.49 eV, corresponding to C=O and C–O bonds,68 

respectively(Figure 2c). These oxygen-containing groups are likely introduced during the 

oxidation and functionalization processes, contributing to enhanced surface reactivity and 

improved electrochemical properties of the composite. The N 1s spectrum was deconvoluted 

into two main peaks at 399.59 eV and 400.09 eV, corresponding to C=N and C–NH bonds69, 

respectively(Figure 2d). These nitrogen-containing bonds originate from the PPy polymer and 

indicate successful integration of PPy with UzMWCNT. The presence of nitrogen also 

enhances the pseudocapacitive behavior of the composite.

The XPS analysis confirms the successful incorporation of functional groups from both 

UzMWCNT and PPy, indicating the formation of a stable composite. The nitrogen and oxygen 

functionalities play a critical role in enhancing the electrochemical performance by increasing 

active sites for redox reactions and improving wettability for better interaction with 

electrolytes. Combining carbon materials with pseudocapacitive materials such as conducting 

polymers and organic moieties could help to achieve enhanced capacitance and improved rate 

capabilities.
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Figure 2. Deconvoluted XPS spectra of UzMWCNT/PPy: (a) survey spectra (b) C 1s, (c) O 

1s, and (d) N 1s.

The surface area and pore characteristics of the synthesized nanomaterials were analyzed using 

N₂ adsorption-desorption isotherms and BJH pore size distribution, as shown in Figure 3. The 

study revealed significant changes in textural properties resulting from unzipping and 

functionalization processes, particularly with the introduction of PPy.

All the materials exhibited Type IV isotherms with distinct hysteresis loops at higher relative 

pressures, indicative of mesoporous structures. For pristine MWCNT, the BET surface area 

was determined to be 90 m²/g, reflecting its baseline porosity and surface characteristics(Figure 

3a). After unzipping, UzMWCNT displayed enhanced adsorption, with a BET surface area of 

120 m²/g, attributed to structural modifications and defect generation(Figure 3b). Further 

functionalization with PPy resulted in an increase in surface area to 168 m²/g for 

UzMWCNT/PPy, highlighting the significant impact of PPy incorporation in creating 

additional active sites and improving pore accessibility(Figure 3c).
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The BJH analysis((Figure 3d-f) confirmed the presence of mesoporous structures, with pore 

sizes predominantly in the range of 2–50 nm for all samples. The cumulative pore volume and 

distribution broadened for UzMWCNT (BET surface area 120 m²/g) compared to pristine 

MWCNT, indicating the introduction of additional porosity during the unzipping process. The 

UzMWCNT/PPy composite showed the highest cumulative pore volume and a well-defined 

mesoporous network, correlating with its BET surface area of 168 m²/g. The presence of large 

mesopores improves ionic transport, enabling the efficient formation of an electrical double 

layer, while the functionalization with PPy further expands the pore structure and creates 

interconnected networks, enhancing ion transport and electrolyte diffusion, thereby improving 

the interaction between Faradaic materials and the electrolyte.

Figure 3. N2 adsorption-desorption isotherm (a)MWCNT; (b) UzMWCNT; (c) 

UzMWCNT/PPy; and BJH Plot of  (d) MWCNT; (e) UzMWCNT; (f)  UzMWCNT/PPy

3.2 Microstructure and Surface Morphology of UzMWCNT/PPy Nanocomposite
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Figure 4. SEM image of  (a) UzMWCNT and (b) UzMWCNT/PPy

The microstructure and surface morphology of the synthesized UzMWCNT and 

UzMWCNT/PPy composites were analyzed using SEM, as shown in Figures 4(a–d).  

Figures 4(a) and (b) depict the SEM images of UzMWCNT, which reveal an intricate, 

entangled network of nanotubes with visible bundling and a porous morphology. The fine, 

tubular, and interconnected structure observed highlights the nanoscale features of the 

UzMWCNT. This morphology is particularly beneficial as it provides a high surface area, 

facilitating enhanced electron and ion transport-key attributes for supercapacitor electrode 

performance.  

In Figures 4(c) and (d), the SEM images of the UzMWCNT/PPy composite show the successful 

integration of PPy onto the UzMWCNT framework. The porous and interconnected network 

structure is preserved, while the presence of PPy is clearly visible, as indicated in Figure 4d. 

The uniform coating of PPy enhances the overall conductivity and introduces pseudocapacitive 

behavior to the composite, leading to a synergistic effect. This combination of UzMWCNT’s 

high conductivity and PPy’s redox-active properties significantly improves the energy storage 

capacity of the material.  
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Figure 5: TEM Analysis of UzMWCNT/PPy Nanocomposite; (a,b) nanocomposite at two 

different magnifications (c) SAED pattern; (d) HR-TEM.

The TEM images provide detailed insights into the microstructure and polymerization behavior 

of PPy over UzMWCNT. As observed in Figure 5a, the UzMWCNT framework displays a 

well-defined tubular morphology with dimensions of approximately 35.19 nm, confirming its 

nanoscale structure. The uniform polymerization of PPy onto the UzMWCNT surface is 

evident, highlighting the successful formation of the UzMWCNT/PPy composite. The selected 

area electron diffraction (SAED) pattern (Figure 5c) exhibits characteristic diffraction rings, 

confirming the amorphous nature of the composite. In the high-resolution TEM image (Figure 

5d), the interlayer spacing of 0.37 nm is distinctly visible, indicating the presence of structural 

modifications, which can be attributed to the unzipping and subsequent functionalization of 
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MWCNTs. This suggests the formation of well-integrated UzMWCNT/PPy, where the 

synergistic combination of the tubular carbon framework and polymerized PPy enhances 

conductivity and redox activity. These structural changes facilitate improved surface area and 

active sites for ion interaction, which are essential for enhanced electrochemical performance 

in energy storage applications.

3.3 Electrochemical Evaluation of UzMWCNT/PPy Composite Electrodes

Figure 6. (a) Cyclic voltammograms of UzMWCNT and UzMWCNT/PPy nanocomposites at 

a fixed scan rate of 50 mV s⁻¹; (b) CV curves of UzMWCNT/PPy nanocomposite electrode at 

varying scan rates; (c) GCD profiles of UzMWCNT and UzMWCNT/PPy nanocomposites; (d) 

GCD curves of UzMWCNT/PPy nanocomposite electrodes at different current densities.

To further assess the electrochemical performance of both UzMWCNT and UzMWCNT/PPy, 

we conducted CV experiments shown in Figure 6. In Figure 6a  the enclosed area under the  

CV curves is larger for UzMWCNT/PPy compared to UzMWCNT  in  5mV/s. In contrast, 

curves clearly exhibit redox peaks, indicating that the UzMWCNT/PPy composite 

demonstrates pseudocapacitive behaviour. Response current rises continuously with increasing 
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scan rate, suggesting that ionic and electronic transport rates are fast enough at these scan rates. 

This emphasizes the remarkable kinetics and reversibility of the UzMWCNT/PPy combination. 

This indicates that the UzMWCNT/PPy composite exhibits a higher charge storage capability, 

attributed to the synergistic effect between the conducting PPy matrix and the UzMWCNT. 

The presence of well-defined redox peaks in the UzMWCNT/PPy curves confirms the 

occurrence of pseudocapacitive behavior, highlighting the contribution of faradaic reactions in 

addition to the EDLC of UzMWCNT. The enhanced redox activity can be associated with the 

reversible doping/dedoping processes of PPy, which further contributes to charge storage 

capacity.

The CV curves in Figure 6b were generated by varying the scan rates from 5 to 100 mV/s 

within a potential range of -0.4 to 0.6 V. Additionally, as the scan rate increases, the shape of 

these CV curves remains consistent, suggesting that the UzMWCNT/PPy composites possess 

good ionic and electronic conductivity.

Figure 6c  illustrates the galvanostatic charge/discharge curves for both the UzMWCNT and 

UzMWCNT/PPy composites. The fact that the UzMWCNT/PPy composite exhibits the longest 

discharge time indicates that it possesses the highest electrochemical performance. In Figure 

6b, the galvanostatic charge/discharge curves for UzMWCNT/PPy are depicted at varying 

current densities. The specific capacitances at different current densities were determined using 

Equation 1.70 These curves exhibit a nearly linear behavior, suggesting that the composite 

displays good symmetry and minimal internal resistance (iR drops), supporting the notion that 

the unzipping process enhances electron mobility and facilitates faster charge propagation 

which are characteristics associated with a high-quality capacitor.71

𝐶𝑠𝑝 = 𝐼×𝛥𝑡
𝑚×𝛥𝑣 (1)

The UzMWCNT/PPy electrode exhibits a specific capacitance of 944 F g⁻1 at a current density 

of 1 A g⁻1. This high specific capacitance arises from the synergistic interaction between 

UzMWCNT and PPy in the nanocomposite. The large surface area of UzMWCNT nanosheets 

supports uniform polymerization of PPy, enhancing pseudocapacitive charge storage. A 

decline in specific capacitance is observed with increasing current density, which can be 

attributed to the limited reaction kinetics of the electrode at higher current densities. To 

evaluate the contribution of PPy in the composite, the specific capacitance of UzMWCNT/PPy 

was measured at different current densities of 1, 2, 3, and 4 A g⁻¹, yielding values of 944, 350, 
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205, and 157 F g⁻¹, respectively(Figure 6d). A comparison of various modified MWCNT based 

nanocomposite electrodes is given in Table 1.

Additionally, the non-linear curves, which match the observed redox peaks in the CV curves, 

provide additional evidence for the composite's pseudocapacitive nature. This suggests that 

UzMWCNT/PPy exhibits good charge and discharge reversibility when used as an electrode 

material for a supercapacitor. At the interface between the electrolyte and the active material 

of the electrode, electric charge can be efficiently stored and released.

Table 1 : A comparison of various modified MWCNT based nanocomposite electrodes

Electrode 

Material

Synthesis Method Gravimetric 

Capacitance (F g⁻¹)

Cycling Stability 

(cycles)

References

Graphene/CNT-

PANI electrode

Electrodeposition 271 (0.3 A g⁻¹) 10000 72

Curved graphene 
nanosheets

Hummers method 256 (0.3 A g⁻¹) 5000 38

Graphene oxide 

nanoribbons

Hummers method 33 (1 A g⁻¹) Not mentioned 73

curved graphene- 

MnO2

Oxidation 236 (2 A g⁻¹) 1000 66

NiSe2/CoSe2/CNT chemical 

precipitation

848 (2 A g⁻¹) 1000 74

UzMWCNT/PPy Polymerisation 944 (1 A g⁻¹) 5000 This work
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Figure 7. (a) Nyquist plot of UzMWCNT and UzMWCNT/PPy nanocomposites; (b) cycling 

stability of the UzMWCNT and UzMWCNT/PPy nanocomposite electrode; (c) Z-View 

software, employing the equivalent circuit model

In order to verify UzMWCNT/PPy's exceptional electrochemical capabilities, impedance is 

performed in Figure 7a . The circular arc radius of UzMWCNT/PPy composites is clearly 

smaller in the high-frequency range than that of pure UzMWCNT, suggesting a reduced 

internal resistance in the UzMWCNT/PPy composites. UzMWCNT/PPy composites show a 

steeper slope in the low-frequency region than PPy, which suggests quicker ion exchange 

during charge and discharge. The UzMWCNT's tubular hollow structure and network 

arrangement, which provide more electrolyte ion freedom throughout the exchange process, 

are responsible for this improved ion exchange. These results confirm that the electrochemical 

performance of supercapacitors is greatly improved by UzMWCNT/PPy composites. The 

increased resistance observed in UzMWCNT/PPy is primarily due to PPy's relatively poor 

electrical conductivity in a KOH electrolyte. However, the UzMWCNT/PPy composite 

demonstrates excellent rate capability. In the low-frequency region (below 1 Hz), the linear 

portion of the impedance curve corresponds to Warburg diffusion impedance (ZW) within the 

electrolyte, indicating capacitor-like behaviour. A longer ZW line suggests restricted access of 

electrolytic ions. At high frequencies, materials with supercapacitance properties behave like 

resistors, while at low frequencies, they act as capacitors.

The impedance data were analyzed using Z-View software, employing the equivalent circuit 

model shown in Figure 7c, which consists of a solution resistance (Rs) in series with a parallel 

combination of charge transfer resistance (Rct) and capacitance (C)75.  The UzMWCNT/PPy 

composite exhibited a lower Rct value compared to pristine UzMWCNT, indicating enhanced 

charge transfer kinetics and reduced interfacial resistance due to the incorporation of 

polypyrrole, which facilitates improved electronic conductivity and ion diffusion. Furthermore, 

the lower Rs value observed for UzMWCNT/PPy suggests improved electrolyte accessibility 

and enhanced electrode-electrolyte interaction. 
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Cycling performance is a critical factor when evaluating supercapacitor electrodes for practical 

applications. In this study, the electrochemical stability of the hybrid nanocomposite was 

assessed at a current density of 5 Ag-1 , as depicted in Figure 7b. The performance of 

supercapacitor devices is intricately linked to the cycling stability of the electrode material. 

The test conditions encompassed a voltage window spanning from -0.4 to 0.6 V, with a current 

density of 5 Ag-1. Remarkably, after 5000 cycles, the UzMWCNT/PPy electrode retained 

approximately 92% of its initial capacitance, indicating outstanding capacity reversibility 

throughout consecutive charge and discharge cycles.

It's worth noting that Polypyrrole, when used as a standalone supercapacitor electrode, often 

exhibits poor cycling stability. However, the incorporation of UzMWCNT sheets in the 

composite serves as an effective means to restrain the swelling and shrinkage of Polypyrrole 

during the polymerization process. This structural feature renders the hybrid material more 

adaptable to volumetric changes during redox reactions, contributing to its enhanced cycling 

stability and overall performance as a supercapacitor electrode.

3.5 UzMWCNT/PPy Asymmetric Supercapacitor Performance
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Figure 8. Electrochemical performance evaluation of the UzMWCNT/PPy//AC 

asymmetric supercapacitor cell (a) CV curves obtained at different scan rates; (b) GCD 

curves obtained at different current densities; (c) Nyquist plot of the fabricated cell; (d) 

Gravimetric capacitance at different current densities calculated for the cell.

To further assess the electrochemical performance of the UzMWCNT/PPy//AC composite, CV  

was conducted. Figure 8a displays CV curves recorded at scan rates ranging from 5 to 100 

mV/s, within a potential window of 0–1.6 V. The quasi-rectangular shape of these curves 

indicates pseudocapacitive behavior of the UzMWCNT/PPy//AC composite. As the scan rate 

increases, the response current consistently rises, demonstrating that the ionic and electronic 

transport processes occur quickly enough to support efficient charge transfer. Additionally, the 

consistent shape of the CV curves across different scan rates highlights the composite's 

excellent ionic and electronic conductivity.

Figure 8b presents the GCD curves obtained at current densities of 1, 1.5, 2, and 2.5 Ag-1. The 

nearly linear curves suggest good symmetry and low internal resistance (minimal iR drop), 

characteristics indicative of a high-performing capacitor. As the current density increases, 

however, a gradual deviation from the linear and symmetrical shape becomes noticeable. This 

nonlinear behavior further confirms the pseudocapacitive nature of the composite, aligning 

with the redox peaks observed in the CV curves.

EIS measurements on the UzMWCNT/PPy//AC composite (Figure 8c) show that in the high-

frequency region, the semicircular arc indicates low internal resistance. In the low-frequency 

region, the steep slope suggests fast ion exchange during charge and discharge. The network 

structure of the UzMWCNT, combined with PPy, enhances the mobility of electrolyte ions 

during the exchange process. These findings demonstrate that the UzMWCNT/PPy//AC 

composite significantly improves the electrochemical performance for supercapacitors.

The bar graph shows the gravimetric capacitance of the UzMWCNT/PPy//AC composite at 

different current densities (1.0, 1.5, 2.0, and 2.5 Ag-1). At 1.0 Ag-1, the composite exhibits the 

highest gravimetric capacitance of approximately 400 Fg-1. As the current density increases, 

the gravimetric capacitance gradually decreases, with around 252 Fg-1 at 1.5 Ag-1, 200 Fg-1 at 

2.0 Ag-1, and slightly below 162 Fg-1 at 2.5 Ag-1(Figure 8d). This reduction in capacitance at 

higher current densities is expected due to the limited ion diffusion and reduced utilization of 

the electrode's active surface. As the current density increases, ions in the electrolyte have less 

time to effectively reach the entire surface of the electrode, resulting in lower capacitance. 
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Despite this, the UzMWCNT/PPy//AC composite maintains a substantial capacitance even at 

higher current densities, demonstrating its good rate capability.

Figure 9. (a) Ragone plot for the UzMWCNT/PPy//AC  asymmetric supercapacitor cell, and 

(b) cycling stability.

The UzMWCNT/PPy//AC composite, when employed as an electrode material, exhibited 

excellent charge-discharge reversibility. This performance is attributed to the efficient storage 

and release of charge at the interface between the active electrode material and the electrolyte, 

demonstrating its potential for high-performance supercapacitor applications. The energy 

density (E) and power density (P) of the device were further evaluated using the corresponding 

equations.76–78

𝐸 = 𝑐𝑠𝑃
(𝛥𝑣)2

2
(2)

𝑃 = 𝐸
𝛥𝑡 (3)

Energy Density  is given in W hkg-1 and is determined using the specific capacitance (Csp) and 

the potential shift (ΔV) squared. Power Density is represented in W kg-1 and is calculated using 

the energy (E), and time (Δ t in s). 

Using the calculated formula, the specific capacitance, energy density , and power density  of 

the UzMWCNT/PPy//AC composite at varying current densities are shown in Figure 9a. The 

fabricated asymmetric supercapacitor cell demonstrates excellent capacitive behavior, 

achieving an energy density of 150 Wh kg⁻¹ with a corresponding power density of 3195 W 

kg⁻1. Table 2 summarizes recent studies on supercapacitor electrodes utilizing PPy and CNT 
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composites, highlighting their fabrication methods and corresponding energy and power 

densities.

The cycling stability of the fabricated cell was evaluated over 5000 charge-discharge cycles at 

a current density of 5 Ag-1(Figure 9b). The cell exhibited exceptional performance, maintaining 

95% of its initial capacitance, which highlights its durability and the stability of the 

electrochemical system.

Table 2 : Performance Comparison of PPy/CNT Supercapacitor Electrodes

Supercapacitor 

Electrodes

Method Power 

Density 

(WKg-1)

Energy 

Density 

(WhKg-1)

Ref.

Polypyrrole/Carbon 

Nanotube

Electrodeposition 402 31.2 79

Polypyrrole/Carbon 

Nanotube

Chemical Vapor 

Deposition

1051 3.57 80

Copper Doped 

PPy/MWCNT

Oxidative 

Polymerization

19.89 4479 81

Polypyrrole/Graphene 

Oxide/ Multi-Walled Carbon 

Nanotubes

Electropolymerization 441.24 40.45 82

CO3o4@Polypyrrole/Mwcnt Hydrothermal 

Process.

1500 84.58 83

UzMWCNT/PPy Modified Hummers 

Process

3195 150 This 

work 

Conclusion 

The unzipped MWCNT/polypyrrole (UzMWCNT/PPy) composite electrodes demonstrated 

exceptional electrochemical performance, making them a promising candidate for high-

performance supercapacitor applications. The novel unzipping method, achieved through a 

modified Hummers process followed by reduction, effectively transformed multi-walled 

carbon nanotubes into UzMWCNT with enhanced structural and functional properties. The 

hybrid UzMWCNT/PPy composite exhibited a high specific capacitance of 944 F g-1 at 1 A    
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g-1, excellent cycling stability with 92% capacitance retention after 5000 cycles, and impressive 

gravimetric capacitance retention of approximately 95% in an asymmetric configuration with 

active carbon electrodes. The synergistic integration of UzMWCNT and PPy enabled superior 

pseudocapacitive behavior, improved ion transport, and enhanced charge storage capabilities. 

The increased surface area, mesoporous structure, and tailored conductivity of the composite 

contributed to its remarkable energy storage performance. These findings highlight the 

potential of UzMWCNT/PPy composites in developing next-generation energy storage devices 

with high energy density, excellent cyclic stability, and robust durability.
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