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A B S T R A C T   

Biosynthesized silver nanoparticles (Ag NPs) hold tremendous promise in nano-bioscience, with 
applications spanning engineering, science, and industry. This study delves into their fabrication 
process, crystallographic characteristics, and nanostructures. Employing green banana peel 
extract (GBPE), Ag NPs were synthesized. Various analytical techniques, such as UV–Vis ab-
sorption spectrophotometry (UV), X-ray diffraction (XRD), Gas chromatography-mass spectrom-
etry (GC-MS), Field emission scanning electron microscopy (FESEM), Fourier-transform infrared 
spectroscopy (FTIR), and Transmission electron microscopy (TEM) elucidate their attributes. 
UV–visible analysis reveals a 413 nm absorption band due to surface plasmon resonance. The Ag 
NPs exhibit a face-centered cubic structure with an average crystallite size of 45.87 nm. Lattice 
parameters and dislocation density are also determined. When tested against harmful bacteria, 
such as E. coli and S. epidermidis, advanced microscopy reveals a median size of particles of 55.12 
nm and demonstrates their antibacterial characteristics. These environmentally benign Ag NPs 
also improve the efficiency of bio-electrochemical cells (BECs), opening the door to large-scale 
manufacturing at a reasonable cost and broadening the range of possible uses.   

1. Introduction 

The field of nanotechnology has witnessed significant and potent growth due to its extensive range of applications. Nanomaterials 
encompass particles with sizes below 100 nm and can be synthesized using straightforward and efficient methods, resulting in a wide 
array of properties exhibited by various products. The influence of factors such as size, shape, composition, crystallinity, and structure 
on the properties of metal nanoparticles is widely acknowledged [1–4]. Owing to their exceptional qualities in optical, photocatalytic, 
electrical, magnetic, and medicinal activities, nanoparticles are becoming more significant in the advancement of nanotechnology 
throughout several different fields of study [5–7]. The area of nanobiotechnology combines nanotechnology with biological sciences. It 
offers a framework for the creation of environmentally friendly and green nanoparticle synthesis using biological sources like plants 
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and microbes [8]. In recent years, nanoparticles have become an integral part of our daily lives, finding applications in numerous 
areas, including transportation, communication, energy storage, sensing, electronics, food production, packaging, medicine, and 
cosmetics [9,10]. Ag nanoparticles are one of the most viable options among the noble nanomaterials (such as Au, Ag, Pd, and Pt) 
because of their special functions in electronics, catalysis, materials science, energy, and medicinal applications [11–13]. 

Bananas, among the most often consumed fruits, are high in nutrients [14]. An estimated 36 million tons of banana peel are 
generated annually, and because the peel comprises around 35 % of the fruit’s weight, it has possible uses [14]. Traditional medicine 
has employed the peel to cure a variety of conditions, including diarrhea, burns, inflammation, anemia, ulcers, snakebite, diabetes, 
cough, and excessive menstruation [14–16]. Additionally, the abundance of polymers such as lignin, cellulose, hemicellulose, and 
pectin present in banana peels can be utilized in the synthesis of Ag NPs [17]. 

The goal of the current work is to create Ag NPs by a green biological method, especially by using an extract made from leftover 
banana peels. Additionally, the study focuses on using several analytical methods, such as UV, XRD, FT-IR, TEM, and FESEM analysis, 
to characterize the produced nanoparticles. The antibacterial effectiveness and electrical activities of Ag NPs are also investigated in 
the study. 

This study suggests that GBPE might be used to manufacture inexpensive, sustainable electrical devices and a bio-reducing agent. 
The study utilizes GBPE to synthesize Ag NPs and develop BECs for power generation. The BECs utilize a Zn/Cu electrode and peel 
extract as the electrolyte instead of a chemical electrolyte. The solution containing electrolytes functions better with the addition of 
GBPE-mediated Ag NPs. Ag NPs catalyze electron flow, boosting energy generation from inorganic and organic molecules to the 
electrode [18,19,20]. Results showed that the BEC with peel extract electrolyte can generate electricity, and the incorporation of 
GBPE-mediated Ag NPs decreased the cell’s voltage regulation. The internal resistance of the cell reduces, and its open circuit voltage 
(Voc) and short circuit current (Isc) increase upon the addition of Ag NPs [20–22]. To date, many plant extracts have been utilized as 
bio electrolyte solution and MnO2, Ag NPs have been used as catalysts to improve the performances of cell [13,20,23]. In this report, 
banana peel extract bio electrolyte solution has been first time investigated in electrochemical cells and the electrical parameters have 
been examined. Ag NPs from peel extract were tested at different concentrations against E. coli and S. epidermidis, evaluating their 
antibacterial properties. The biosynthesized Ag NPs reveal excellent antibacterial properties against both E. coli and S. epidermidis. 

This study innovatively employs banana peel extract and silver nanoparticles in BECs, offering a cost-effective, sustainable 
approach for renewable energy device development and diverse biological applications. 

2. Material & methods 

2.1. GBPE preparation 

A recently obtained banana from a local market in Bangladesh was utilized. To generate GBPE, 20 g of the peel underwent boiling in 
100 mL of deionized water. Stirring with a magnetic stirrer occurred at 60 ◦C for 1 h. After cooling, double filtration with Whatman 
filter papers 41 and 42 removed solid particles. The resulting GBPE was then refrigerated at 4 ◦C for preservation. 

2.2. Ag NPs are biosynthesized via the GBPE 

Silver ions were reduced by mixing 5 mL of aqueous GBPE with a 0.005 M AgNO3 solution from Sigma-Aldrich. When kept in the 
dark, the combination solution changed color over 3.0 h, from colorless to dark brownish. The observed hue change implies that Ag NP 
was bio-reduced to silver ions. Fig. 1 depicts the Ag NPs synthesis schematic and color changes. 

Fig. 1. Biosynthesis of Ag NPs using peel extract as reducing agent.  
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2.3. Characterizations 

In Japan, a Rigaku Smart Lab X-ray diffraction device analyzed Ag NPs crystalline structure at 10◦ min⁻1. The biogenic Ag NPs 
diffraction pattern was recorded using CuKα radiation (λ = 1.54056 Å). UV–vis analysis (220–1000 nm) employed a U-2900 spec-
trophotometer, and FTIR identified functional groups. FESEM with a JSM-7610F apparatus revealed the morphology of nanoparticles. 
Auto-fine platinum coating preceded imaging with a JEC-3000FC coater. The thermo scientific Talos TEM explored the nanostructure 
of Ag NPs. A PerkinElmer FT-IR spectrophotometer (model L1600300 Spectrum TWO LITA) assessed functional groups in GBPE and Ag 
NPs from the UK. The Clarus®690 gas chromatograph and Clarus® SQ 8C mass spectrophotometer (PerkinElmer, CA, USA) were 
employed for GC-MS analysis. Using a 1 μL sample, a split less mode, and pure Helium as the carrier gas, the system operated with 
specific temperature parameters and a 40-min runtime. Compound identification utilizes the NIST database. 

2.4. Antibacterial assay 

Disc diffusion experiments on Mueller-Hinton agar were used to assess the antibacterial effectiveness of Ag NPs. At a concentration 
of 1 × 108 CFU/mL, bacterial strains from the Microbiology Department of Jashore University of Science and Technology were used. 
Following a 24-h incubation period at 37 ◦C, discs containing 10 μl of extract solution containing two doses of Ag NPs were loaded. To 
evaluate the antibacterial activity, the widths of the inhibition zones were evaluated. 

2.5. Designing GBPE-electrochemical cell structures 

The experiment utilized four BECs to study the effect of Ag NPs on electricity generation. Fig. 2 illustrates cell design, and Table 1 
details the electrolyte mixtures. Plates of zinc and copper with similar surface areas were selected. 

Fig. 2. Configuration of the basic Zn/Cu BECs for experimentation.  
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3. Result and discussions 

3.1. Diffraction of X-rays 

In Fig. 3, four distinct diffraction peaks were observed in the XRD analysis at angles of 38.21◦, 44.38◦, 64.53◦, and 77.48◦. Peaks 
matched crystallographic planes (111), (200), (220), and (311) in face-centered cubic silver [6,11,13,24]. The results aligned well with 
JCPDS database file No. 65–2871 [11,25]. 

Using Scherr’s formula in Eq. (i), the average crystal size of the Ag NPs produced by the bio-reduction process was ascertained, 

D=
Kλ

β Cos θ
(i) 

λ is X-ray wavelength, θ is Bragg’s angle, K is the Scherrer constant (0.9–1), and β is FWHM [26–28]. This formula yielded an 
estimated average crystal size of 45.87 nm. 

Bragg’s law, expressed as Eq. (ii), 

2dsin θ= nλ Or, d =
λ
2

sin θ (for n=1) (ii) 

Eq.(ii) is utilized to determine the distance between neighboring planes in nanostructure of diffraction peaks. 
Additionally, Eq. (iii), 

1
d2 =

h2 + k2 + l2

a2 Or, a= d
( ̅̅̅̅̅

h2
√

+ k2 + l2
)

(iii)  

facilitates the calculation of the lattice constant by relating it to the Miller indices (hkl) and the interplanar spacing (d) as shown in 
Table 2 [29]. The average lattice parameter is calculated at 0.4079 nm. 

To quantify the dislocations of the crystal structure, the Williamson-Smallman equation provides a convenient way to estimate the 
dislocation density (δ) in Eq. (iv) [29,30]. 

δ=
1
D2 (iv)  

Where, average crystal size, D = 45.87 nm. Dislocations significantly influence material properties, distorting the regular atomic 
arrangement. 0.000476 lines per nm2, an extremely low number, was discovered, highlighting the remarkable crystallinity of the 
artificially created Ag NPs [31]. 

3.2. UV–vis absorption spectrophotometry 

Fig. 4(a and b) displays UV–visible spectra of Ag NPs, AgNO3, and DI water, and GBPE. The highest absorbance for Ag NPs occurs at 

Table 1 
Diverse electrolyte mixtures.  

Title of the Cell Electrodes Solution of electrolytes for BECs 

Cell- A Zn and Cu plates 100 mL (GBPE) + 1.2 M CuSO4.5H2O in 100 mL + 20 mL (2 mg Ag NPs) 
Cell- B Zn and Cu plates 100 mL (GBPE) + 1.2 M CuSO4.5H2O in 100 mL 
Cell- C Zn and Cu plates 100 mL (GBPE) + 20 mL (2 mg Ag NPs) 
Cell- D Zn and Cu plates 100 mL (GBPE)  

Fig. 3. Pattern of biosynthesized Ag NPs as shown by XRD.  
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413 nm (shown in Fig. 4(a).), indicating surface plasmon resonance (SPR) related to electron oscillation in the conduction band. The 
addition of AgNO3 to the peel extract causes a color change from colorless to dark brownish, signifying the conversion of Ag + ions to 
Ag0 nanoparticles. This conversion relies on reducing agents present in the peel extract, emphasizing their crucial role in Ag NPs 
formation [26,32]. 

Table 2 
Presents the measurements of various parameters for the synthesized Ag NPs.  

2θ (⁰) FWHM β (⁰) Miller indices (hkl) Crystallite size, D (nm) Interplanar spacing, d (nm) Lattice parameter, a (nm) 

38.219 0.174 111 48.402 0.235 0.4075 
44.390 0.186 200 46.054 0.204 0.4078 
64.533 0.206 220 45.540 0.144 0.4081 
77.483 0.234 311 43.507 0.123 0.4082  

Fig. 4. UV–Vis spectra of (a) Ag NPs, banana peel extract, AgNO3, DI water; (b) Ag NPs.  

Fig. 5. GBPE ethanol chromatogram by GCMS analysis.  
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3.3. GC-MS analysis 

The green banana peel extract underwent GC-MS analysis, revealing 17 identified compounds. The chromatogram in Fig. 5 il-
lustrates this, while Table 3 provides a breakdown of bioactive components with details such as retention times, peak areas, and 
molecular weights. The primary constituents, notably trans-4-tert-butylcycloheptanol (39.24 %), adipic acid, cis-non-3-enyl hexyl ester 
(0.96 %), and 3, 4-altrosan (0.28 %), were determined based on their relative abundance in the extract. 

3.4. FTIR analysis 

Ag NPs were investigated in the 400–4000 cm− 1 wavenumber range by the FTIR study shown in Fig. 6. The graph revealed strong 
peaks at approximately 1616 cm− 1 for banana peel powder (BPP) and 1628 cm− 1 for Ag NPs. These peaks can be linked to the OH 
bending brought on by bound water as well as the stretching vibration of C––O and C––C bonds [9,33,34]. The stretching vibration of 
the C–O–H and –CO bonds, as well as the aromatic C–H stretching vibration, are responsible for another band that was seen at about 
1014 cm− 1 for BPP and 1034 cm− 1 for Ag NPs [35–37]. The hydroxyl group (-OH) stretching vibration may be the reason for the peaks 
seen at 3284 cm− 1 for BPP and 3348 cm− 1 for Ag NPs [32,38]. The shorter vibration of the HC groups and the stretching bands of the 
C–H bonds are responsible for the peaks observed at 2970 cm⁻1 in Ag NPs and 2922 cm⁻1 in BPP [33,34,36]. The stretching vibrations 
of C–O bonds are responsible for the band at 1240 cm− 1 for BPP and 1290 cm− 1 for Ag NPs [39]. Peaks around 808 cm⁻1 relate to 
cellulose C–H vibrations, and the 542 cm⁻1 band is associated with C––H bending and Ag–O bonds [32,40]. 

3.5. Morphological analysis 

Plant extracts offer a means to control the levels of agents involved in capping, reducing, and stabilizing, thus influencing the size 
and shape of metallic NPs [41–43]. Interestingly, during the synthesis process, the extract played a dual role by functioning both as a 
capping agent and a reducing agent. This dual functionality played a crucial role in preventing excessive aggregation of nanoparticles, 
and ensuring their long-term stability. Fig. 7(a–d) represents the high-resolution FESEM, TEM images, and particle size distribution. 
The image indicates that the Ag NPs have a spherical shape, although some also exhibit irregular forms. To assess the size distribution 
of the Ag NPs generated, an analysis was carried out using ImageJ software. The results indicate that the average particle size is 
approximately 55.12 nm from FESEM images and around 56.12 nm from TEM images. 

4. Antibacterial activity of biosynthesized Ag NPs 

GBPE mediated Ag NPs exhibited notable antimicrobial activity against E. coli and S. epidermidis at 200 and 400 μg/disk con-
centrations, compared to the ethanol control [23,44,45]. Fig. 8(a–c) depicts Ag NPs strong antibacterial impact, inhibition zones grow 
with higher concentrations post-24-h incubation at 37 ◦C. Interestingly, in line with the NP concentrations, E. Col showed a bigger 
inhibitory zone than S. epidermidis. Table 4 displays inhibition zone sizes; statistical analysis was conducted. Ag NPs exhibited 
dose-dependent efficacy against E. coli (18.55 ± 0.49 mm and 24.6 ± 0.28 mm) compared to standard antibiotics. For S. epidermidis, Ag 
NPs zones were 15.00 ± 0.71 mm and 19.4 ± 0.57 mm, while the standard antibiotic had a 21.35 ± 0.49 mm zone. These findings 
underscore the unique influence of Ag NPs on bacterial development, highlighting their encouraging antibacterial potential against 
pathogenic bacteria. Crucially, the research excluded any combination or synergistic effects and concentrated only on the individual 

Table 3 
Analyzing GBPE components with GC-MS.  

Serial 
No. 

Retention time 
(RT) 

Compounds Molecular 
weight 

Molecular 
Formula 

Peak area 
(%) 

1 7.44 Hentriacontane 436 C31H64 0.05 
2 8.81 12-bromododecanoic acid 278 C12H23O2Br 0.01 
3 9.96 7-nonenoic acid, methyl ester 170 C10H18O2 0.01 
4 11.32 1-propen-3-imine, n-cyclohexyl-, n-oxide 153 C9H15ON 0.05 
5 15.23 3-ethoxy-1,1,1,7,7,7-hexamethyl-3,5,5-tris(trimethylsiloxy) 

tetrasiloxan 
562 C17H50O7Si7 0.01 

6 17.59 Isovaleric acid, nonyl ester 228 C14H28O2 0.01 
7 18.94 N-(trifluoroacetyl)-n, o, o’, o’’-tetrakis(trimethylsilyl) 

norepinephrine 
553 C22H42O4NF3Si4 0.02 

8 21.97 2,2,4-trimethyl-1,3-pentanediol diisobutyrate 286 C16H30O4 0.05 
9 24.24 1,1′-bicyclopentyl 138 C10H18 0.01 
10 24.65 Diethyl phthalate 222 C12H14O4 0.06 
11 27.02 (Cyclopropyl)trivinylsilane 150 C9H14Si 0.01 
12 27.53 Hexasiloxane, tetradecamethyl- 458 C14HO5Si6 0.02 
13 28.29 Tetradecanoic acid, 10,13-dimethyl-, methyl ester 270 C17H34O2 0.03 
14 29.68 3,4-altrosan 162 C6H10O5 0.28 
15 33.34 Adipic acid, cis-non-3-enyl hexyl ester 354 C21H38O4 0.96 
16 35.18 Isopropyl linoleate 322 C21H38O2 0.02 
17 36.37 Trans-4-tert-butylcycloheptanol 170 C11H22O 39.24  
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impacts of Ag NPs. 
The graph shows the inhibition zones (mm) against bacteria at different doses of the common antibiotic azithromycin (6 mg/mL) 

and Ag NPs. The impact of Ag NPs at 400 μg/disk (Magenta + Blue) and 200 μg/disk (Orange + Yellow) is represented by error bars 
(mean ± standard deviation, n = 2), whereas the conventional antibiotic is represented by bars (Green + Olive). The legend highlights 
specific impacts by making colors more understandable, but the lack of standard errors prevents further in-depth statistical research. 

Fig. 6. FT-IR spectrum of Ag NPs and BPP.  

Fig. 7. Morphological images of Ag NPs (a) FESEM image, (b) TEM image, (c) particle size histogram of FESEM image, and (d) particle size his-
togram of TEM image. 
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5. Electrical activities of Ag NPs 

This study’s main goal was to investigate how Ag NPs affect the production of electricity in BECs. Four cells with distinct bio- 
electrolyte solutions were established and continuously monitored for electrical performance. Fig. 9(a–d) illustrates that all cells, 
utilizing plant extract electrolytes, generated electricity. Cell-A, with Ag NPs, demonstrated markedly superior open circuit voltage and 
short circuit current, yielding the highest maximum power output and the lowest internal resistance (0.19 W for Cell-A, 0.02 W for 
Cell-D). The median electrical performance of Cells A, B, C, and D is summarized in Table 5. In conclusion, the results indicate that Ag 
NPs can enhance power generation in BECs. Additionally, under a 6 Ω load resistance, Cell-A displayed the lowest voltage regulation 
value at 0.80, further emphasizing its superior performance. 

The rate of electron transportation in such a BECs depends on the corrosion rate of Zn plate as well as the PH of bio-electrolyte 
solution [46]. Here, anode Zn releases two electrons to become product ion Zn2+ and these electrons are captured by the reactant 
ion Cu2+ at the cathode plate. Another reactant ion H+ is produced from the mild acidic solution of bio-electrolyte. In BECs, as much as 
reactant ion is produced the cell voltage is increased [20,47,48]. The addition of CuSO4. 5H2O in the BECs plays an important role in 
increasing the power production as secondary salt effect [20]. Moreover, the incorporation of Ag NPs in BECs accelerated the flow of 
electrons during the reaction mechanism as a potential catalyst to increase the electricity generation [13,19,20]. 

6. Conclusions 

Unique silver nanoparticles are formed when extract from green banana peels is used because it lowers metal ions. As a reducing 

Fig. 8. Displays inhibition zones for Ag NPs, ethanol control, (a) E. coli, (b) S. epidermidis with images, and (c) bar graphs.  

Table 4 
Ag NPs antimicrobial properties.  

Bacterial variation Standard antibiotic (Azithromycin) (mm) The inhibition zone in millimeters 

Ag NPs (Each concentration has n = 2 replicates) 

200 μg/disk 400 μg/disk 

Escherichia coli 14.75 ± 0.35 18.55 ± 0.49 24.6 ± 0.28 
Staphylococcus epidermidis 21.35 ± 0.49 15.00 ± 0.71 19.4 ± 0.57  
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agent, GBPE is essential in converting Ag+ ions into Ag NPs, as seen by the broad peak for absorption of 413 nm in the UV–visible 
spectra. XRD analysis was conducted to confirm the synthesized Ag NPs, revealing parameters like lattice parameter, peak indexing, d- 
spacing, and dislocation density. The resultant average crystalline size was determined to be 45.87 nm, exhibiting an FCC crystalline 
structure. The participation of certain groups of functions in the reduction process of Ag NPs is further supported by FT-IR spectra. 
Morphology studies through FE-SEM imagery reveal the spherical shape of Ag NPs, while TEM images validate their synthesis within 
the 20–70 nm range. Employing the disc diffusion method, the antibacterial efficacy of the synthesized Ag NPs against E. coli and 
S. epidermidis was assessed, demonstrating substantial inhibition of both bacterial strains, particularly noticeable against E. coli. This 
suggests the potential of these nanoparticles for medical applications. The investigation of bio-electrolyte cells encompassed four 
variants, with chemical electrolytes replaced by bio-electrolytes. Remarkably, the integration of Ag NPs into these cells lowered in-
ternal resistance, subsequently boosting voltage and current. Cell-A exhibited the least voltage regulation value at 0.80. This study 
introduces a novel, swift, cost-effective biosynthesis method for Ag NPs, enhancing their applicability in targeted drug delivery, solar 
cells, water treatment, biosensors, and electronic devices, owing to their small crystal size and catalytic activity. 

Data availability statement 

Data associated with this study have not been deposited into a publicly available repository because all data have been included in 
this article. The raw data will be made available upon request. 

Fig. 9. (a) Voc, (b) Isc, (c) power, and (d) voltage regulation for 6 Ω load resistance in cell activity.  

Table 5 
Shows the standard electrical properties of BECs.  

Cell’s 
name 

Average voltage (volts) of an open 
circuit 

Average short circuit current 
(A) 

Average power 
(watt) 

6 Ω load resistance mean voltage 
regulation 

Cell- A 1.03 0.18 0.19 0.80 
Cell- B 1.02 0.16 0.17 0.91 
Cell- C 0.87 0.03 0.03 8.26 
Cell- D 0.86 0.02 0.02 9.52  
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