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In this work, green tea extract and banana peels, natural ingredients, were used in the synthesis of silver-PANI/banana carbon (Ag-

PANI/BC) ternary composites. In situ chemical polymerization method was adopted with incorporating varied weight percentage 

composition of banana peel derived carbon. The formation of the composite was confirmed by FTIR spectroscopic analysis, where the 

characteristic vibrational frequency bands confirmed the successful interaction and integration within the 8 wt.% Ag-PANI/BC ternary 

composite. The amorphous nature of PANI and Ag–PANI, as well as the semicrystalline structure of the Ag–PANI/BC ternary composite, 

were confirmed through powder X-ray diffraction (pXRD) analysis. Surface morphology observed from SEM images of the Ag–PANI/BC 

(8 wt.%) composite revealed granular, non-uniform, spherical-like structures with inhomogeneous surfaces, ranging in size from 

approximately 90 to 175 nm. The composite shown comparable AC conductivity 10–6 to 10–4 S/cm for 6, 8, & 10 wt.% composites 

measured in the frequency range 20 Hz to 10 MHz. The dielectric constant and tangent loss measurements indicate that the ternary 

composites are the promising candidates for energy storage applications operating at a frequency of 1000 Hz. Significantly, the 6 wt.% 

and 8 wt.% Ag–PANI/BC composites exhibited excellent electromagnetic interference (EMI) shielding effectiveness, achieving values 

of approximately 25-26 dB in the S-band (2.1-3.0 GHz), demonstrating their suitability for practical applications in electronic and 

electrical devices operating within this frequency range. 
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INTRODUCTION 

 Conducting polymers have seen fascinating technolo-

gical applications in the field of electronics and electrical 

appliances as they can easily combine their chemical and 

mechanical properties with the electrical properties of metals 

and semiconducting materials [1,2]. Polyaniline (PANI) is 

found to be very useful conducting polymer in the field of 

academic as well as industrial research, due to its easy syn-

thesis, processibility, economic viability and environmental 

stability [3]. Further, chemical stability and mechanical strength 

were found via synergistic effects when these conducting 

polymer materials are mixed with metals, metal oxides, organic 

compounds, non-metals and other polymers which were pre-

pared by physical mixing/blending, chemical processes and 

other electrochemical pathways [4]. Interestingly, upon embe-

dding PANI with silver nanoparticles, it has exhibited a 

remarkably enhanced electrical and electronic properties [5]. 
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In addition, Ag-PANI composite has shown effective appli-

cation as antibacterial agent and synergetic effectiveness over 

traditional antibiotic reagents in the broad range of patho-

genic bacteria [6].  

 Recent advancements in the nanocomposite design have 

seen the integration of PANI with carbon nanotubes, graphene 

derivatives (including graphene oxide) and emerging 2D 

materials. Among these, transition metal dichalcogenides 

(TMDs) like WS2 [7] and MoS2 have gained attention for 

their multifunctionality in fields such as optoelectronics, CO2 

capture and reduction, hydrogen evolution reactions (HER), 

and gas sensing technologies [8,9]. Among the diverse appli-

cations of these intrinsically conductive polymer composites, 

the electromagnetic interference (EMI) shielding has emerged 

as one of the most promising areas of application for such 

materials [10]. EMI shielding effectiveness within the S-band 

(2–4 GHz) is particularly significant, given its relevance to 

the telecommunication sector, wireless sensors, Internet of 
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Things (IoT) devices, aerospace and defense technologies, 

medical devices, wearable electronics and automotive systems 

[11,12]. 

 Recent studies have highlighted the promising applica-

tions of carbon-based elements integrated with conducting 

polymers [10]. As a fundamental and omnipresent element, 

carbon exhibits multiple allotropes such as graphene, carbon 

nanotubes and amorphous carbon, which enable a wide range 

of structural and functional tunability [13]. Increasingly, 

composite material research is aligning with green techno-

logy initiatives, focusing on the use of renewable and waste-

derived resources. These efforts contribute to sustainable 

development while advancing the performance of such mate-

rials in the electronic and optoelectronic applications [14]. 

 Further, to enhance the scope of the ternary composites 

of conducting polymers, we have chosen Ag-PANI compo-

site with the carbon derived from the banana peel. As banana 

peel is rich in organic components such as starch, lignin, 

cellulose, proteins, pectin, etc. and its effectiveness as an 

adsorbent for organic and inorganic pollutants is attributed to 

the presence of diverse functional groups, internal micropo-

rosity and a high surface-to-volume ratio [15]. In literature, 

polypyrrole-banana carbon composite prepared via green 

chemistry approach has shown an excellent corrosion resis-

tance and effective electromagnetic shielding properties [10]. 

Hence, considering the remarkable properties of the deve-

loped binary and ternary composites, this study investigates 

their AC conductivity and EMI shielding effectiveness. The 

ternary composites were synthesized through an in situ 

chemical polymerization process, employing green chemistry 

methods to extract both silver and carbon materials. The 

obtained ternary composite with varying wt.% of banana 

carbon were characterized with XRD, FT-IR and FESEM 

techniques. AC conductivity measurements and EMI shiel-

ding properties of the composites were also studied to explore 

their pertinent practical applicability for electrical and elec-

tronic devices. 

EXPERIMENTAL 

 Aniline (C6H5NH2) and hydrochloric acid were procured 

from S.D. Fine Chemicals, India. Ammonium persulphate was 

procured from Sigma-Aldrich, India. Aniline was double 

distilled prior to synthesis of the ternary composites. Throughout 

the synthesis of PANI and Ag-PANI/BC composites, distilled 

water was used. Carbon was prepared by drying banana peels 

at ambient temperature (~300 K), then cutting them into 

smaller pieces. These pieces were carbonized on an iron pan 

covered with a lid to obtain a blackish powder, which was 

finally ground into a fine powder using a pestle and mortar for 

further composite synthesis. 
 Preparation of Ag-PANI-BC ternary composites: Com-
posites were prepared using 2 M aniline dissolved in 2 N HCl 
in a beaker then 0.1 M of (NH4)2S2O8 with green tea extract 
and AgNO3 solutions were added separately dropwise along 
the sides of the beaker. Then known amount of BC (2%, 4%, 
6%, 8% and 10%) in to the above solution in a controlled flow 
to start oxidation reaction under cooling. Obtained product 
after the in situ polymerization was allowed to dry in an oven 
at 60 ºC until to reach a constant weight and then powdered 
using a pestle-mortar. For EMI shielding measurements, the 
composites were mixed with known concentration of aqueous 
PVA solution to prepare the substrate-free films of the said 
composites as shown in Fig. 1. 
 Characterization: Fourier-transform infrared spectro-
scopic data was obtained using Nicolet 750 FTIR instrument 
in the frequency range 4000-250 cm-1. Surface morphology 
of the composite was analyzed with the assistance of scan-
ning electron microscope (SEM) of make A Zeiss Ultra 60 
instrument by loading the samples on an aluminium tape. 
Also, an elemental composition was determined by energy 
dispersive X ray spectroscopy (EDX). XRD spectra of PANI, 
BC and Ag-PANI-BC (10%) composite were performed in 

the range 2 = 10º to 80º by Siemens D-5000 powder X-ray 

diffractometer (Germany) with CuK radiation ( = 1.54 Å). 
 AC conductivity measurements: Before measuring AC 
conductivity, the samples were processed with the help of 
pestle and mortar to get fine granular powder. Silver doped 
PANI pellet and Ag-PANI/BC composite pellets were obtained 
with measuring diameter of 13.4 mm and thickness of 1.4 mm 
by applying approximately 5-ton pressure in a hydraulic pre-
ssing machine. AC readings were collected with the frequency 
range 20-10 MHz. Instrument of make LCR meter (Japan) 
Hioki model 3532-50 connected with programmable computer. 

 

 

Fig. 1. Preparation of Ag-PANI/BC composites thin films for EMI-SE measurements 
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 EMI shielding measurements: EMI shielding effec-

tiveness (EMI SE) of BC composites Ag-PANI/BC (6%) and 

Ag-PANI/BC (8%) were measured in a frequency range 2-3 

GHz (S-band) using the lab fabricated experimental set up. 

The input of the waveguide was supplied by a RIGOL signal 

generator and the output was directed to a Tektronix spec-

trum analyzer for measurement of the residual frequency. 

This frequency was recorded through a computer interfaced 

data recorder. 

 EMI shielding effectiveness (in dB) of the sample can be 

measured by logarithmic ratio of input power to the out power 

of the signal. Mathematically, EMI shielding effectiveness is 

a negative quantity as the out power is always less than the 

input power. When a microwave radiation is incident at the 

shield reflection, absorption and transmission of the signal 

occurs. Hence, the effectiveness of the shield is logically due 

to the reflection and the absorption parts, which can be expre-

ssed as follows (eqn. 1) [16]: 

  
 

= + =  
 

t
t r a

i

P
SE SE SE 10log

P
  (1) 

RESULTS AND DISCUSSION 

 FTIR studies: Fig. 2a presents the FTIR absorption spec-

trum of PANI, where the distinctive band at 1135 cm-1 corres-

ponds to C–N tertiary aromatic vibrations. The band observed 

at 1301 cm-1 corresponds to C–N primary and secondary 

vibrations [17], while the broad band between 3450 and 3200 

cm-1 is attributed to N–H stretching vibrations. The bands at 

1567 and 1478 cm-1 are assigned to the quinoid and benze-

noid structures, respectively, with the band at 1242 cm-1 

corresponding to the C–N stretching mode of the benzenoid 

ring. The para substituted aromatic ring vibrations at 810 cm-1 

can be attributed to the out-of-plane bending vibrations. The 

above frequency bands are in par with the earlier reported 

values [18]. Fig. 2b depicts IR absorption spectrum of Ag-

PANI, in which absorption peak around 1305 cm-1 is attri-

buted to the polaronic structure of PANI. The band at 1245 

cm-1, assigned to the protonated chain vibration of PANI, shifts 

to 1230 cm-1 upon doping with silver particles. This shift is 

attributed to the reduction of Ag+ to Ag0 and the simultaneous 

oxidation of the amine (–NH–) groups in the PANI backbone 

to imine (–N=) groups [19]. The additional bands at 494 and 

422 cm-1 are due to presence of silver in the composite [20]. 

Fig. 2c depicts the FTIR spectrum of bacterial cellulose (BC), 

showing a band at 1125 cm-1 corresponding to C–C absorp-

tion and a band at 1645 cm-1 attributed to C=C stretching 

vibrations, suggesting the presence of other carbon allotropes. 

Fig. 2d displays the FTIR spectrum of the ternary composite, 

where the characteristic absorption band at 3213 cm-1 

indicates N–H stretching vibrations of PANI, while the band 

at 1645 cm-1 exhibits a minor variation in intensity, confir-

ming the incorporation of BC within the composite. 

 XRD studies: XRD spectrum of PANI, Ag-PANI, BC 

and Ag-PANI/BC composites are shown in Fig. 3. Fig. 3a 

depicts the X ray diffraction (XRD) pattern of PANI, clearly 

evidences two broad peaks at 2 = 21.3º and the unique peak 

at 25.5º can be attributed to the lattice periodicity in the direc- 

 
Fig. 2. FTIR spectra of (a) PANI, (b) Ag-PANI, (c) BC and (d) Ag-PANI/ 

BC (8%) composites 

 

 
Fig. 3. XRD patterns of (a) PANI, (b) Ag-PANI, (c) BC and (d) Ag-PANI/ 

BC (8%) 

 

tion along the PANI chains and normal to the polymer chains 

[18]. These two peaks of PANI representing the short range 

of chain ordering. Fig. 3b bear diffraction pattern of Ag-PANI 

providing the Bragg reflections at 2 = 19.2º and 26.1º are 

attributed to organization of periodicities along the backbone 

chain of PANI and orthogonal to the polymer chains, respec-

tively. "The additional diffraction peaks observed at 2 = 
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38.1º, 44.3º, and 64.5º correspond to the (111), (200), and 

(220) Bragg reflection planes, respectively, characteristic of 

the face-centered cubic (fcc) structure of silver. These silver 

peaks exhibit relatively lower intensity compared to the diff-

raction peaks associated with the PANI chains [19]. The XRD 

pattern of the synthesized bacterial cellulose (Fig. 3c) matches 

the JCPDS card No. 00-041-1476, corresponding to KCl with 

a cubic space group ( 3 ),Pm m confirming its crystalline nature. 

XRD of the BC shows characteristic peaks at 2 = 28.3º 

related to (200) and 40.6º corresponding to (220) planes [14]. 

Also, a small peak at 2 = 24.2º corresponds to carbon peak 

of (002) plane, indicating the presence of amorphous carbon 

in the BC sample. XRD of Ag-PANI/BC composites (Fig. 

3d) displayed the sharp peaks at 2 = 29º, which showed the 

incorporation of BC in the composite. Characteristic peaks 

corresponding to Ag-PANI and BC is evidenced in Ag-PANI/ 

BC composite, which clearly reveals the formation of the 

composite. The peaks corresponding to banana carbon (BC) 

observed in the composite exhibit reduced intensity, indica-

ting its retained crystalline nature and confirming the succe-

ssful incorporation of BC into the Ag-PANI polymer matrix. 

Notably, an increase in the weight percentage of BC within 

the composite correlates with the enhanced crystallinity, further 

supporting the formation of crystalline ternary composites. 

 Morphological studies: Fig. 4 shows the SEM and EDX 

images of the sample. In Fig. 4a, one can see the uniform 

distribution of granular structures of PANI with average size 

in the 100-500 nm range [20]. Fig. 4b shows Ag-PANI particles 

also can be observed in granular structures of comparatively 

smaller average sizes around 50 to 300 nm. Fig. 4c represents 

the morphological features of BC, wherein flakes like struc-

tures with uneven surfaces of sizes in the range 200-800 nm 

were observed. Fig. 4d shows the morphology of the Ag-

PANI/BC (8%) composite, revealing granular, non-uniform 

spherical-like structures with irregular surfaces, ranging in 

size from 90 to 175 nm. Incorporation of BC in the composite 

is evident from this surface morphology data, wherein decre-

ased size of BC, favours ion enhancing surface area contribu-

ting to increased charge transfer yielding higher conductivity. 

 Fig. 4e shows energy dispersive X-ray spectrum (EDX), 

revealing the peaks of carbon, nitrogen and chloride of the  

Ag-PANI/BC composite in the suitable proportion. These 

peaks confirm the successful formation of the composite and 

the elemental composition of Ag-PANI/BC (8%) was found 

to be consistent with the intended proportions used during 

synthesis.  

 AC conductivity studies: AC conductivity in disordered 

materials can be obtained with the help of equation (f) = (f) 

– i (f)], where (f) is for real part and (f) constitutes the 

imaginary conductivity of the composites. General behav-

iour of the real part of conductivity (f) in disordered mate-

rials takes the form. Measured AC conductivity results are 

shown in Fig. 5. AC conductivity measurements with varied 

frequency from 20 Hz to 10 MHz. The composites with 2% 

to 6% and 10% filler content exhibited a gradual plateau 

increase in conductivity with increasing frequency. This beha-

viour is likely due to a lower surface charge density, which is 

suppressed by the carbon present in the ternary composite. 

The significant conductive behaviour observed can be attri-

buted to the presence of Ag and PANI, consistent with the 

conductivity values reported for pure PANI and Ag-PANI 

composites. In addition, carbon is neither creating charge 

 

 

Fig. 4. Scanning electron micrographs of (a) PANI, (b) Ag-PANI, (c) BC and (d) Ag-PANI/BC (8%) and (e) EDX spectrum of Ag-PANI/BC 

(8%) 
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carriers nor pocesses conjugation essential for conducting 

behaviour of the composite. The lack of significant surface 

charge carriers in the BC-doped composites suggests that no 

polaron hopping frequency is observed. The polarons and 

bipolarons present are primarily derived from PANI, as 

evidenced by the minimal variation in conductivity values 

between the PANI/Ag-PANI and BC-containing composites. 

For transfer of the charges, applied frequency is insufficient 

to surpass the insulating behaviour of carbon. Increasing 

frequency enhances ion movement and surface charge carrier 

capacity, improving conduction. However, variations in the 

carbon allotropes dependent on the synthetic method and also 

concentration may contribute to the lower conductivity of 

Ag-PANI/BC composites. Conductivity plots indicate that 

BC is unevenly distributed within the PANI/Ag-PANI matrix, 

disrupting the conduction network and weakening polymer–

BC interactions, which results in reduced carrier mobility and 

lower electrical conductivity.  
 

 
Fig. 5. AC conductivity measurements with variation of applied frequency 

 

 Dielectric constant and tangent loss were calculated as a 

function of frequency for all the varied% of BC in the prepa-

red composites. Fig. 6 demonstrates the change in dielectric 

constant as a function of applied AC frequencies for Ag-

PANI/BC composites. Across the applied AC frequencies, 

dielectric constant was found to be in the order of 104 at lower 

frequency for composites of concentration 4%, 6% and 10%, 

the value is found to decreases MHz. On the other hand, 8% 

composite has shown 103 at 20 Hz and exhibits very slow 

decrease up to 102 at 10 MHz frequency. This linear fashion 

of decreasing dielectric constant gradually, demonstrating the 

characteristic dielectric properties of the conducting polymer 

composites, which is on resemblance with recent studies 

reported [21]. Greater the permittivity values at lower freque-

ncies may be the attributing factor for electrode polarization 

and space charge polarization effects [22]. Decrease in the 

dielectric constant as frequency increases can be explained 

by Maxwell-Wagner polarization model [23]. Variation in 

the dielectric constant with the applied frequencies can be 

explained on the base of hopping frequency of the charge 

carriers. Since, the hopping frequency of the charge  carriers  

 
Fig. 6. Variation of dielectric constant as a function of applied frequency 

for 2, 4, 6, 8 and 10% Ag-PANI/BC composites 

 

follows frequency of the applied field, which marks in higher 

values of dielectric constant. In contrast, at higher freque-

ncies, hopping frequency lags the applied frequency of the 

AC field, which results in the dielectric constant of lower 

values due to the random dipolar orientation [24]. At 1000 

Hz frequency 6 and 8 wt.% composites have shown greater 

dielectric constant of around 4700 to 5500, which suggests 

that the prepared composites are superior for the storage 

devices like supercapacitor operating in this frequency range. 

Noticeably, 2% composite shown anomalous behaviour over 

other and plateau values across all the frequency range under 

the study.  

 The variation of the loss tangent (tan ) with increasing 

applied frequency for the composites is shown in Fig. 7. All 

composites exhibit anomalous dielectric behaviour charac-

terized by dielectric relaxation peaks. These relaxation pheno-

mena can be explained using the Rezlescu model [25]. More-

over, this distinctive dielectric response is attributed to the 

hopping of small polarons, which significantly contribute to 

charge polarization [26]. The dielectric relaxation peaks arise 

when the hopping frequency of localized charge carriers reso-

nates with the externally applied AC frequency [27]. Further-

more, the loss tangent (tan ) values are higher at lower freque-

ncies, indicating the presence of relaxation peaks. Except for 

the 2% composite, all other samples exhibit a linear decree-

sing trend in tan  with increasing frequency. The 2% compo-

site shows anomalous behaviour around 20 Hz, followed by 

a more rapid decline as the frequency increases. Elevated tan 

 values at low frequencies may be advantageous for the design 

of medium-frequency devices. At 1000 Hz, the loss tangent 

is approximately 10, indicating minimal energy dissipation 

and suggesting suitability for energy storage applications. 

These findings are consistent with the dielectric constant measu-

rements, collectively highlighting the promising potential of 

the 6 wt.% and 8 wt.% composites for such applications. 

 Therefore, the observed decrease in dielectric constant 

and conductivity with increasing frequency indicates that the 

higher dielectric constant values are primarily due to the 

conduction relaxation as discussed earlier. The high dielectric  
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Fig. 7. Variation of tan θ as a function of frequency for Ag-PANI/BC 

composites with different concentration of BC of 2, 4, 6, 8 and 10% 

 

loss at lower frequencies in all composites can be attributed 

to losses caused by DC conduction. These results align with 

the trends noted for decreasing doping levels, thereby providing 

further insight into the dielectric behaviour of the materials. 

 Fig. 8 presents the variation of the real part of the dielec-

tric modulus (M) as a function of the logarithm of frequency, 

revealing two distinct segments in the composite system. The 

first segment corresponds to 2 and 4% composites show 

flattened pattern ascribing to very narrow variation in the M 

values at applied frequency range, suggesting that the polari-

zation of the electrode to M make a constant contribution to 

the nanocomposite materials. In the second segment, corres-

ponding to the 6%, 8% and 10% composites (M) exhibits a 

linear increase with applied frequency. This behaviour can be 

attributed to conduction phenomena associated with the 

short-range mobility of charge carriers, particularly ions. 

 

 
Fig. 8. Real dielectric modulus M of 2, 4, 6, 8 and 10% Ag-PANI/BC 

composites as a function of applied frequency in the range from 20 

Hz to 10 MHz 

 Electrical modulus behaviour, the complex permittivity 

() related to the electrical modulus (M and M) is given as 

below [28-31]:  

  M* = M + M (1) 

  
2 2

M


 =
  + 

 (2) 

  
2 2

M


 =
  + 

 (3) 

 Fig. 9 shows the values for the imaginary part (M) of 

the electrical modulus with variation of F. The lower values 

of the imaginary part (M) for 6,8 and 10% composite at the 

lower frequency are the sign of transport of the ions. Distinct 

relaxation peaks observed in the curves are attributed to the 

structural imperfections within the crystalline phase. More-

over, the increasing peak intensity of M with frequency sug-

gests that boundary contributions significantly influence the 

relaxation mechanism. In contrast, other two composites 2 

and 4% are contradictory to observation obtained for 6, 8 and 

10%. 

 

 
Fig. 9. Imaginary dielectric modulus M of 2, 4, 6, 8 and 10% Ag-

PANI/BC composites as a function of applied frequency in the 
range from 20 Hz to 10 MHz 

 
 EMI shielding effectiveness: It is well-known from repor-

ted literature, with the basis of EMI shielding theory (SE) is 

directly proportional to electrical properties of the nanocom-

posites [32]. Ag-PANI/BC composites with 6% and 8% filler 

content exhibited superior dielectric properties and demons-

trated effective EMI shielding with values of approximately 

25 and 26 dB, respectively, in the 2.1–3.0 GHz (S-band) freq-

uency range, as shown in Fig. 10. This kind of EMI SE is 

useful for the protection of the electronic gadgets working in 

S-band as reported in earlier literature [33]. 

 The shielding mechanism in polyaniline (PANI) is prima-

rily attributed to the orientational polarization and space 

charge polarization. Intrinsic conducting polymers such as 

PANI possess conjugated double bonds along their polymer 

chains. These conjugated polymers contain both free and 

bound charges that contribute to their transport properties. 
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Fig. 10. Frequency versus EMI SE Ag-PANI/BC composites of 6% and 8% 

 
Free charges, represented by polarons and bipolarons, move 

along the polymer chains, while bound charges correspond to 

dipoles with limited mobility, resulting in strong polarization 

[34]. Similar charge transfer mechanisms are observed in Ag-

decorated PANI composites with carbon derived from banana 

peel. Specifically, Ag-PANI-BC composites with 6% and 8% 

filler content demonstrate effective electromagnetic interfe-

rence (EMI) shielding, primarily due to space-charge polari-

zation effects analogous to those in pure PANI [10]. 

Conclusion 

 Ag-PANI/BC composites were prepared using in situ poly-

merization method. In the prepared composites, the fillers Ag 

and carbon from banana peel (BC) were successfully extracted 

using green chemistry approach. FTIR studies support the 

incorporation of BC in the ternary composite. The X-ray 

diffraction pattern confirms the retention of the crystalline 

nature of banana peel carbon (BC) and its well-integrated 

interface within the Ag-PANI polymer matrix. SEM analysis 

further supports the uniform dispersion of BC in the nanocom-

posite, while EDX analysis verifies the presence of carbon 

derived from banana peel. Conductivity measurements demons-

trate enhanced electrical performance, with 2% and 4% compo-

sites showing a linear increase in AC conductivity with 

frequency, whereas 6%, 8%, and 10% composites exhibit 

frequency-independent, higher conductivity values compa-

rable to Ag-PANI, indicating effective filler concentration. 

Although BC addition does not significantly enhance con-

ductivity in the ternary composites, these materials remain 

suitable for electrical insulation applications. The dielectric 

constant and loss tangent values suggest potential for energy 

storage devices such as supercapacitors. Furthermore, EMI 

shielding effectiveness of approximately 26 dB in the S-band 

correlates well with conductivity results, highlighting the 

composites’ suitability for shielding applications. Future work 

will explore performance in higher frequency bands, including 

C-, X-, and Ku-bands, for broader technological relevance. 
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