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Abstract: This investigation reports the successful incorporation of graphite into the Polypyrrole (PPy) matrix 
via in situ chemical polymerization. The obtained composites were thoroughly characterized using Powder X-Ray 
Diffraction (PXRD), scanning electron microscopy (SEM), and Fourier-Transform Infrared Spectroscopy (FTIR). 
The corrosion inhibition performance of these composites on Mild Steel (MS) in acidic media was analyzed through 
Atomic Absorption Spectroscopy (AAS), electrochemical impedance spectroscopy, Tafel analysis (potentiodynamic 
polarization), and SEM. Results demonstrate superior inhibitory properties of these composites in the studied 
acidic media. Both Tafel and impedance analyses revealed the dependence of corrosion protection on the polymeric 
components. The MS surface morphology was examined by SEM before and after corrosion tests. Furthermore, the 
synthesized materials were evaluated for supercapacitor applications using Cyclic Voltammetry (CV) and Galvanostatic 
Charge-Discharge (GCD) measurements. These PPy/graphite composites show potential for further optimization in both 
supercapacitor and corrosion inhibition applications.

Keywords: polymer nanocomposite, atomic absorption spectroscopy (AAS), tafel diagram, supercapacitor, cyclic 
voltammetry

1. Introduction
The rising usage of cellular phone devices with the emergence of the Internet of Things (IoT) produced a rebellion 

in the design and manufacture of flexible and smart electronic tools. It is necessary to explore cost-effective and versatile 
electrical and semiconducting hybrids capable of exhibiting the broadest range of property responses useful for the 
optimization of wearable devices, sensors, solar panels, screens, etc. The power supplies (batteries and supercapacitors 
(SCs)) for such technologies must, among other things, fit the mechanical characteristics of the wearable devices.1 
Supercapacitors are one of the prospective candidates for electrochemical energy storage devices due to their amazing 
qualities like longer life cycle stability, high specific power and rapid charge/discharge speeds. However, the main 
barrier to their effective use is the low specific energy compared to batteries. In this scenario, electrode materials with 
highly efficient electrochemical performance and charge storage capacity are in greater demand for the optimization 
of superior-performance supercapacitors. As of now, conducting polymers, transition metal oxides, and carbonaceous 
materials have received the greatest attention as electrode materials.2,3 Supercapacitors and next-generation battery 
systems have the potential to contribute to the demand for reliable performance of various smart electronic devices and 
systems. Supercapacitors offer several benefits over batteries, such as a quicker charge/discharge rate and substantially 
improved cycle stability. As a result, supercapacitors have been primarily aimed at the replacement of batteries in many 
energy storage applications. The primary components of supercapacitors are electrode materials, current collectors, 
separators, and electrolytes. The most important factors that significantly affect the electrochemical performance of 
supercapacitors are the electrode materials.4,5 Electrochemical energy storage devices have gained greater relevance 
owing to the fast rate of the transition from fossil fuel to a clean energy-dependent globe. Due to their remarkable 
power density, which allows them to store enormous quantities of energy per a given mass and volume, supercapacitors 
have taken up a significant portion of the market and research space among the many electrochemical energy storage 
technologies. Supercapacitors like conventional ones, contain two plates, coated with a porous substance (to have a 
bigger surface), separated by a very narrow insulator, and saturated in an electrolyte. Supercapacitors have the specific 
property response to improve the power compared to comparable-sized batteries as they offer an enlarged surface area 
of capacitor plates and a shorter distance between them, leading to enhanced charge storage capacity. The commercially 
available supercapacitors are majorly made using organic electrolytes and carbon compounds play a primary role.6 
The two major energy storage processes in supercapacitors are pseudo-capacitance and electrochemical double-layer 
capacitance (EDLC). In EDLC and pseudo-capacitance, respectively, surface redox reactions and ion adsorption store 
energy. For the effective development of electrode structures for supercapacitors, exceptional electrical conductivity, 
greater specific surface area, optimal pore size, outstanding stability, and other physicochemical characteristics are 
highly relevant requisites. Supercapacitors offer a greater energy density than standard dielectric capacitors because the 
energy storage capacity of a double-layer capacitor is inversely proportional to the thickness. By raising the electrode 
thickness and eliminating the additives, the energy density of a packed supercapacitor can be effectively increased.7,8 

Conducting polymers and conducting polymer-based nanocomposites with suitably chosen dispersants have various 
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property responses favoring electrochemical applications. Polypyrrole (PPy), poly(aniline), poly(paraphenylene), 
polyacetylene, poly(thiophene) and poly (3-4-ethylenedioxythiophene) are examples of electrically conjugated polymers 
with numerous electrical applications.9 The electrical, mechanical, and thermal properties of pristine conductive 
polymers can be controlled and modified by adding suitable fillers to form composite structures with synergy10 
low power density, poor charging rate, as well as the cracking and fracture of the electrodes are some associated 
disadvantages of these devices. Efficient energy storage probably entails the use of polymers and their composites. 
The tunable properties of polymers, when coupled or as hybrids with other materials, make them inevitable energy 
storage materials. Although the viability of graphene-polymer (Gr-PPy. Due to its simple chemical, electrochemical, 
or irradiation-based production, tunable electrical conductivity, reduction-oxidation characteristic, and prolonged 
lifespan at room temperature, polypyrrole (PPy) is one of the most actively researched conjugated polymers11,12 faster 
response time (129 s. Composites of conductive polymer with different carbon materials have been successful in the 
increase of the durability of the polymer composite along with the conductivity and capacitance of the supercapacitors. 
Three kinds of conducting polymer-based supercapacitors exist. Type I is an asymmetric system in which the same 
p-dopable conducting polymer is employed on the electrodes of the capacitor. Further, Type II is an asymmetric system 
with two separate p-dopable conducting polymers, which can be used as electrode materials. Nevertheless, Type III is 
a symmetric system-based conducting polymer that may be utilized as both n and p-doped electrode material.13 The 
present effort addresses the suitability of polypyrrole-coated graphite composite for practically relevant supercapacitor 
and corrosion inhibition applications. The anticorrosive proper response is studied with reference to mild steel (MS) 
which is greatly used in different industrial units due to its superior and unique physical and chemical properties linked 
to precious metals. Also, mild steel metal undergoes corrosion in acid and alkali media. The electrolyte solutions such 
as HCl, H2SO4, and HNO3 solutions are greatly used for oil well acidizing, descaling and pickling.14,15 This leads to MS 
corrosion, which reduces the efficiency of the mild steel.16 Therefore, the hindrance of mild steel corrosion is very much 
vital.17-21 Systematic analysis of the supercapacitor and corrosion inhibition response of polypyrrole/graphite (PPy/G) 
composites is presented to highlight the multifunctional property response of the synthesized composites. 

2. Experimental techniques
2.1 Materials

Polypyrrole & graphite nanopowder (analytical grade) are purchased from Sigma-Aldrich Bangalore, Karnataka, 
India. Pyrrole monomer (analytical grade), Graphite nanopowder (lateral dimension (X and Y) 5-10 μm, mean thickness 
(z) 3-8 nm, number of layers 3-6, purity > 99%, surface area 180 m2/g) and ammonium persulphate (analytical grade), 
were used as obtained.

2.2 Synthesis of polypyrrole graphite nanocomposites

The chemical polymerization technique is used to synthesize the PPy and graphite-incorporated PPy 
nanocomposites. In this typical synthesis process, 0.6 M pyrrole monomer is added into 0.12 M of ammonium 
persulphate solution with vigorous stirring for 7 hours to maintain the reaction temperature in the range of 0-5 °C to 
impose polymerization and formation of polypyrrole.22,23 Synthesized polypyrrole was completely filtered and cleaned 
with ethanol and distilled water several times to obtain impurity-free polypyrrole. The synthesis of PPy is repeated 
repeated with the designated weight percentage (10% & 20%) of graphite nanopowder to incorporate them into the 
polypyrrole system. The resulting composites were (MG1 & MG2 respectively for PPy/G-10%, and PPy/G-20% 
samples) dried and optimized for the property analysis. 

Depending on the precise synthesis method and the quality of the starting materials, the impurities in the PPy-
graphite material synthesized can vary. It is important to note, however, that impurities are typically unintended 
byproducts or residual components of the synthesis process, as opposed to substances that were deliberately added. The 
pyrrole oligomers, monomer unreacted, residual solvents are removed using water wash, acetonitrile wash and dried. 
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2.3 Characterization

The morphological features of the composites were analyzed using the SEM micrographs (JOEL-JSM-6,380LA, 
Japan). Structural properties were investigated with the help of powder XRD (PXRD) measurements using a Rigaku 
600 miniplex X-ray diffractometer. Fourier transform infrared (FTIR) measurements were performed by FT-IR 4,100 
Jasco (Japan) with ATR attachment to analyse the functional group of the composites. Further, the composites were 
investigated for anticorrosive nature and suitability as supercapacitor electrodes.24 The anti-corrosive property response 
on mild steel in 5 M HCl solution was studied by using AAS, potentiodynamic polarization plots, and AC-impedance 
measurements. The suitability of these composites as supercapacitor electrode structure has been studied using 
electrochemical Cyclic Voltammetry (CV) and Galvanostatic Charging and Discharging studies (GCD) measurements. 

2.4 Preparation of corrosive solution and specimen metal sample

Mild steel (MS) with a purity grade of 99% is taken as the specimen to test the corrosion inhibition of the 
nanocomposites. The compositions of MS are shown in Table 1. 5 M HCl solution is prepared in triple distilled water 
and kept aside. The MS metal samples were carefully polished to obtain a smooth surface and were submerged in the 
HCl system with and without composite materials. 

Table 1. The chemical components in MS25

Element P S Si C Mn Fe

Weight percentage (%) 0.04 0.05 0.1 0.18 0.6 99.03

2.5 Corrosion inhibition measurements

Counter electrode

Reference 
electrode

Working 
electrode

Interface to 
measure corrosion

Data storage 
device

Electro chemical 
cell

Figure 1. Schematic representation of the 3-electrode system
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The effectively polished MS steel specimen was exposed to the corrosive medium and the specified time at ambient 
temperature, the MS pieces were withdrawn from the test corrosive solution, rinsed and washed with triple distilled 
water, dried in hot air, and weighed. The protection efficiency is calculated as per the widely accepted standard method 
from literature.26 Three electrode systems (working electrode (MS), reference electrode (saturated calomel electrode 
and auxiliary electrode is platinum )) of the CHI 660 C instrument were used for the examination of the inhibitory 
properties of the polymer. Figure 1 illustrates the schematic of three electrode system to analyze the corrosion inhibition 
properties. In the present investigation, samples were characterized in the potential range of -200 to +200 mV with a 0.01 
V/s sweep rate for the Tafel plot measurement. The inhibition efficiency [IE] calculations were carried out using the 
following Equation 1.

[ ]( )MS corrosion density value in unprotected system MS corrosion density value in unprotected system
MS corrosion density value in unprotected system

100IE =
−

×

(1)

3. Results and discussions
3.1 Structural and morphological characteristics
3.1.1 PXRD measurements
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Figure 2. PXRD patterns of the PPy, Graphite, MG1, and MG2 samples

The structural investigations were carried out using powder X-ray diffraction studies. Figure 2 depicts the PXRD 
patterns of PPy, Graphite, and MG1 and MG2 hybrid composite materials. From the Figure 2, it is evident that the 
pure PPy exhibits a typical amorphous phase which is the characteristic nature of semiconducting PPy samples. The 
occurrence of the broad amorphous peak can be attributed to the polymer chain scattering of the PPy matrix. The 
occurrence of the sharp peak at 26° is the signature peak of graphite. As the graphite is incorporated into the PPy matrix, 
the composite materials reveal a peak at 26°, further, the intensity of the composites was increased as the graphite 
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doping percentage increased. The composite’s X-ray diffractograms clarify the effective incorporation of the dispersant 
graphite into the polypyrrole matrix.

3.1.2 FTIR spectra analysis

The existence of functional groups in pristine PPy, graphite, and PPy/G nanocomposites (MG1, and MG2) 
was analysed by using FT-IR spectrum studies. Figure 3 depicts the FT-IR spectra of pristine PPy and PPy/G 
nanocomposites (MG1, and MG2). From the obtained absorption spectra a peak corresponding to 1,557 cm-1 can be 
recognized as C = C stretching mode. The absorption peak corresponding to 579 cm-1 can be ascribed to C-N stretching 
vibration. The absorption peaks corresponding to 1,043 and 1,190 cm-1 are attributed to the C-H deformation and C-C 
stretching. Further, the absorption peak corresponding to 921 cm-1 can be assigned to C-C out of plane deformation. The 
corresponding peaks observed from the PPy samples match with the characteristic vibrations of the PPy, which confirms 
the structural effectiveness of the synthesized polypyrrole (PPy). The absorption peaks of MG1 and MG2 composites 
are well matching with the pristine PPy. The composite spectra have shown a small shift in absorption peaks confirming 
the incorporation of graphite into the polypyrrole (PPy) matrix and infer that the PPy matrix is physically modified 
without altering the functional bonds as correlated by the X-ray diffractogram.
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Figure 3. FT-IR patterns of the PPy, MG1 and MG2 samples

3.1.3 SEM analysis

SEM images of PPy, Graphite, MG1, and MG2 are shown in Figure 4. From the SEM images, it was clearly 
revealed the changes in the structural morphologies of the composite materials. Pristine PPy and Graphite SEM 
morphologies revealed granular structure, further, the graphite-incorporated PPy depicts dense morphology with 
modified phase boundaries. The arrangement of these two components is depicted in the structural diagram of a 
polypyrrole graphite nanocomposite. Imagine a lattice-like structure consisting of a graphite matrix that forms a three-
dimensional network. Polypyrrole particles are evenly embedded or dispersed throughout this matrix. 

Polypyrrole graphite nanocomposites are composed of polypyrrole particles dispersed in a graphite matrix. This 
hybrid structure combines the electrical conductivity and stability of graphite with the unique properties of polypyrrole, 
allowing for a vast array of applications in electronics, energy storage, and sensing. The physical changes observed are 
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important for the various property responses and could be attributed to the successful incorporation of Graphite into 
the PPy12 optical and electrical properties. Structural and morphological studies were performed using powder X-ray 
diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy and the effect of graphite on the 
properties of PPy is elaborated in detail. Further, the electrical measurements were carried using dielectric analyzer. 
Dielectric behavior of the composites was also compared with the PPy and graphite and confirmed the dependency of 
graphite on PPy/graphite nanocomposites. The EMI shielding response of PPy/graphite nanocomposites were measured 
in the microwave frequency range from 12 to 18 GHz (Ku band). 

PPY

5 μm

Graphite

50 μm

MG 1

50 μm

MG 2

50 μm

Figure 4. SEM micrographs of PPy, graphite, MG1, and MG2 samples

3.2 Evaluation of corrosion inhibition
3.2.1 AAS technique

The effect of corrosion on MS in an HCl solution was explored with the help of AAS measurements. The material 
stability of the protective film was also studied at different concentrations part of polymers. The variation in the amount 
of iron dissolved and protection efficiency with respect to inhibitor concentration is shown in Table 2. It was observed 
that protection (inhibition) efficiency increases with an increase in the dose of polymer nanocomposite.27 The observed 
protective action of green inhibitors can be explained due to the interaction of polymer species with MS surface in acid 
media as shown in Figure 5. The protective film formation limits the disintegration process by limiting MS corrosion 
sites. Hence, as the polymer nanocomposition dose increases the protection efficiency increases and a decrease in the 
iron is observed. 
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Table 2. AAS results

Concentration of inhibitor 
(mg/L)

Amount of MS dissolved in acid solution 
(mg)

Surface coverage 
(Ɵ)

Inhibition efficiency 
(%)

Bare 87

0.5 43 0.5057 50.574

1.0 31 0.6436 64.367

1.5 19 0.781 78.160

2.0 10 0.885 88.505

2.5 7 0.919 91.954
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Figure 5. AAS of PPy/G composites

3.2.2 Tafel plot (potentiodynamic polarization) and impedance measurement 

The kinetics of MS corrosion can be interpreted using Tafel plots and impedance measurements. Figure 6 depicts 
the Tafel and impedance plots of MS corrosion in HCl media. The corrosion potential (Ecorr), Tafel anodic and cathodic 
(βa and βc), corrosion current density (icorr), and protection efficiency (%) of the inhibitor are shortened in Table 3. In the 
present investigation, it is also witnessed that the polymer nanocomposite remarkably decreased MS corrosion current 
density (decrease in the MS corrosion rate). An increase in the amount of polymer nanocomposite results in superior 
resistance to the corrosion of MS in an acid environment, illustrating that Polymer nanocomposite possesses favorable 
properties. This result provides a hint that; a tenacious layer is generated by the polymer nanocomposite. The presence 
of an adsorbed invisible layer efficiently blocks the annihilation of corrosive ions (from both acid environments). 
Apparently, the interaction that exists between the adsorbed inhibitor molecule and the MS surface is strong and 
sufficient to prevent the disintegration process. In the present investigation, the difference in the Ecorr values (between 
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bare and protected systems) is more than 85 mV in an acid environment. However, no measurable difference in anodic 
and cathodic Tafel slope values. The presence of polymer nanocomposite affects both anodic and cathodic Tafel slopes, 
revealing that green inhibitors act like a mixed type toward the MS corrosion process in acid media.27,28 Nyquist plot 
results are displayed in Table 4 and Figure 7. From this, it is obvious that charge transfer resistance values increase with 
an increase in the polymer nanocomposite concentration is a clear indication of the corrosion inhibition property of 
polymer nanocomposite on MS in 5 M HCl solution system. From the table, it is clear that, the charge transfer process 
principally controls the metal dissolution process by enhancing the double-width layer as stated by the Helmholtz 
model. This decreases the direct contact between metal and corrosive solution.29 The area of the depressed semicircle is 
high in the presence of polymer nanocomposite as compared to the blank system. This shows that adsorption increases 
with an increase in the polymer nanocomposite concentration.
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Table 3. Tafel plot results

Concentration 
(mg/L)

Corrosion potential 
(mV)

Cathodic Tafel slope 
(V/dec)

Anodic Tafel slope 
(V/dec)

Corrosion current 
(A)

PE 
(%)

Bare -743 4.480 4.908 6.234 × 10-3

0.5 -522 4.800 5.701 8.001 × 10-4 87.165

1.0 -515 5.001 5.600 7.600 × 10-4 87.808

1.5 -515 5.000 5.7 7.3 × 10-4 88.225

2.0 -516 5.069 5.727 6.7 × 10-4 89.19

2.5 -516 5.008 5.749 6.668 × 10-4 89.354
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Table 4. Impedance parameters

Concentration (mg/L) Charge transfer resistance (Ω) n ƴ 2 PE (%)

Bare 5.8 0.70 9.9 × 10-3

0.5 122 0.84 1 × 10-4 95.24

1.0 141 0.89 1 × 10-4 95.88

1.5 256 0.89 1 × 10-4 97.773

2.0 291 0.91 6.6 × 10-4 98.006

2.5 319 0.90 4.7 × 10-4 98.181

3.2.3 Scanning electron microscopy (SEM) measurements

The surface morphology of MS in the presence and absence of the polymer was studied by using SEM technique. 
The MS surface study was carried out by an SEM technique without and with polymer nanocomposite for MS metal 
in an HCl solution. Figure 8a is the SEM image of the MS surface without any inhibitor treatment. The micrographs 
revealed the presence of pores and cracks on the surface of MS, which can be interpreted as the direct attack from 
corrosive ions on the MS surface in an acid medium. Figure 8b revealed the enhanced MS surface with less quantities 
of cracks and pores on the MS metal surface. The different surface morphology (smooth layer) in the protected acid 
medium can be due to the adsorption of electron-rich elements on the metal surface. 
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20 μm 20 μm

(a) Unprotected system                                                                                           (b) Protected system 

Figure 8. SEM images of MS (a) without MG and (b) with MG nanocomposites inhibitor 

Graphite

PPY

Adsorption

Mild Steel

Figure 9. Adsorption of PPy/G nanocomposites on MS in 5 M HCl solution

The mild steel corrosion in 5 M HCl solution was studied without and with PPy/Graphite nanocomposites. The 
presence of PPy/Graphite nanocomposite on the mild steel forms a barrier layer, which prevents the direct contact 
between 5 M HCl and MS. The electron-rich species in the PPy/Graphite nanocomposites strongly adsorbed on the 
MS in 5 M HCl solution. The Tafel plots results reveal that there is no significant variation in the anodic and cathodic 
Tafel slope values. The adsorption of PPy/Graphite nanocomposites shows the mixed corrosion inhibition property. The 
schematic representation of adsorption of PPy/Graphite nanocomposites on MS in 5 M HCl is shown in Figure 9. Mixed 
type of adsorption confirmed by electrochemical studies.
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3.3 Supercapacitor response analysis
3.3.1 Cyclic voltammetry

Cyclic Voltammetry studies have been done for ppy/Graphite nanocomposite and are shown in Figure 10. 
rectangular shape curves were obtained showing oxidation and reduction in the material for a scan rate of 30 mV for 
a potential range of -0.6 to 0.4 V indicating the effect of Graphite in the PPy matrix. The area enclosed in the CV 
curve is directly proportional to capacitance and it is observed that the MG2 sample encloses more area under the CV 
curve which indicates the presence of Graphite in the sample which enhances the capacitance of the composite.30 The 
reversible existence of the electrode (anodic oxidation and cathodic reduction) in a suitable electrolyte is determined by 
using cyclic voltammetry, and the basic capacitance (C) changes with the scan rate. The CV test of the PPy, MG1, and 
MG2 electrode materials was performed at the sweep rate of 30 mV within the potential ranges of -0.6-0.4 V. Figure 
10. shows the typical CV curve of MG2 revealing a symmetric rectangular shape indicating the effects of graphite in 
the PPy matrix. The integral area of the MG2 sample was much greater than the other and the sample showed the best 
capacitance. 
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Figure 10. CV plots of pure PPy and PPy/Graphite nanocomposites

3.3.2 Galvanometric charging and discharging (GCD)

The charge/discharge curves of PPy nanocomposites are shown in Figure 11. GCD curves of electrode samples 
show a quasi-symmetric capacitive characteristic. These curves show the performance of the visible pseudo capacitance 
as they deviate from the correct line position. Release time decreased with graphite to add to the PPy matrix. PPy has 
shown an almost identical environment with high ratings. PPy release time was significantly longer than MG1 and MG2 
samples, which indicated that the MG2 sample showed high strength, and this result was consistent with the CV test 
result. 

PPy has a charging time of 0 to 4 s and a discharge time of 4 to 8 s. MG1 has a charging time of 0 to 5 s and a 
discharge time of 5 to 10 s. MG2 has a charge time of 0 to 8 s and a discharge time of 8 to 14 s. From these observations 
from the GCD curve it is evident that compared to ppy the ppy/graphite composites GM1 and GM2 are showing more 
discharge time which proves the potential of these composites to use for supercapacitor applications.31
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4. Conclusions
This work demonstrates the possible optimization of cost-effective and anticorrosive supercapacitor electrodes-

based PPy/G nanocomposites. The structure/morphological properties and characteristics of the composites were 
supported by PXRD, FTIR, and SEM measurements. The composite samples have exhibited good corrosion inhibition 
on the MS surface in an acid medium. The obtained results from the Tafel plot, AAS and impedance measurements 
revealed the concentration-dependent inhibition of the PPy composite on the MS metal through the adsorption 
mechanism (both physical and chemical adsorption). The investigated polymer inhibitor the MS corrosion in HCl 
solutions via mixed mode. Surface analysis by SEM technique also hints at the protective behavior of the polymer. 
Both the CV and GCD responses have shown promising results for PPy/G composites indicating the potential and the 
possible prospects towards the optimization of anticorrosive electroactive material for supercapcitor applications. 
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