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ABSTRACT
Silver nanoparticles (Ag NPs) were manufactured utilizing Pathor Kuchi Leaf (PKL) extract in an environmentally, cost-effective green way.
X-Ray Powder Diffraction (XRD), Fourier Transform Infrared (FTIR), Ultraviolet–Visible Spectroscopy (UV–Vis), and Scanning Electron
Microscopy (SEM) have been used to look into Ag NPs generation. The crystalline structure was shown by the XRD pattern investigation,
and its typical size is 19 nm. Its biological molecules composites are in charge of the diminishment and also the capping of Ag NPs, according
to FTIR spectra. The UV–Vis spectra of silver NPs expressed a noticeably large absorption peak centered at ∼400 nm, which denoted the pro-
duction of Ag0 from Ag+. After the distribution of sizes analysis, it must have been discovered that the mean dimension of the particles of the
spherical silver nanoparticles in the SEM pictures was 5.33 μm. Ag NPs have been shown to potentially improve the power generation, short
circuit current, and open circuit voltage of PKL bio-electrochemical cells. This work exhibits a straightforward, economical, and ecologically
friendly way of manufacturing. The uniqueness of this work is that it is the first-ever comparative analysis of Ag NPs’ production utilizing
PKL extract. The majority of the conclusions have been grouped and visually explained.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0162169

I. INTRODUCTION

Current advancements in PKL power have been focused on
in prior studies1,2 and have attracted broad attention. Because of
their distinctive morphologies, stability, and regulated geometry, Ag
NPs have drawn a significant amount of attention.3 It is believed
that the activity of zinc metal with PKL juice as the major material,
Pathor Kuchi Leaf juice including many organic acids, is the key
material.4–6 Because of their unique properties and diverse appli-
cations in numerical areas such as engineering, optoelectronics,
and bioimaging,7–14 nanoparticles have been extensively researched
over the last few decades. Noble metal nanoparticles (e.g., plat-
inum, gold, and silver)15 are widely employed in transdisciplinary
disciplines such as substantial, synthetical, technical, and nuclear
applications.7,10 A novel technology called nanotechnology has pro-
duced major improvements in a number of industries. Due to their
unique prospective applications in the fields of electrical,16 mag-
netic,17 and optoelectronics,18 metal NPs’ production has recently

attracted significant research attention in modern material science.
Ag NPs have distinct physical and chemical features that make them
remarkable in a range of applications and have caught the interest of
various researchers.

The extraordinary physiochemical characteristics of silver
nanoparticles, which create these values in a range of applications,
have caught the interest of various researchers. A number of var-
ious plant preparations have been used to effectively create Ag
NPs. Among the plant extracts employed are those from the leaves
of Cinnamomum camphora,19 Aloe vera,20 Allium sativa (garlic),21

Capsicum annum (pepper),22 etc. Furthermore, Ag NPs’ applica-
tions have expanded quickly as a result of their enormous impacts
on targeted medicine delivery, the food and beverage sectors, water
treatment, and textiles.23,24 Numerous chemical processes have been
used to create Ag NPs, and these processes have been reported in the
literature to date.25 Using fruit and vegetable extracts might be ben-
eficial in a different way to get rid of harmful substances that were
left behind after synthesizing NPs, which might hasten their use in
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medical applications.15 Numerous vital substances such as polyphe-
nols, terpenoids, ascorbic acids, and alkaloids, may be crucial to the
process of removing metal ions from precursor solutions, and NPs
can be encased as biological molecules.15,26,27 Currently, research is
being conducted on the green synthesis of silver nanoparticles using
the leaf extract of the medicinal plant Uvaria narum and its antibac-
terial, antiangiogenic, anticancer, and catalytic properties.28–30

Reported on the green synthesis of silver nanoparticles using
extracts of Jasminum officinal L. leaves and the evaluation of cyto-
toxic activity toward bladder (5637) and breast cancer (MCF-7)
cell lines.

However, further research is still needed to fully understand
how green synthesized NPs may be used in the production of power.
In this work, Ag NPs were created using PKL extract, and their elec-
trical properties were examined in relation to bio-electrochemical
cells used in power production systems. In that piece of work, we
presented the outcomes of using Ag NPs synthesized from PKL in a
comparative study independently as a reducing agent.

In this work, the power development of PKL extract-based
Zn/Cu electrochemical cells employing Ag NPs has been explored.
The reduction of Ag+ to Ag0 atoms was accomplished by the exist-
ing functional group of PKL extract during the synthesis of Ag NPs.

An evaluation of a PKL bio-electrochemical cell with and without
Ag NPs has been performed. The effects of Ag NPs on the enhance-
ment of power generation have been researched in relation to several
electrical parameters of the cells. When introducing Ag NPs into
bio-electrochemical cells, the open circuit voltage and short circuit
current increased with time. As a consequence, the power genera-
tion of the targeted cells has been greatly enhanced. This research
will improve the usage of Ag NPs in power generation for energy
development purposes.

II. MATERIALS AND METHODS
A. Pathor Kuchi Leaf extract preparation

The nearby nursery was where the pure PKL was obtained. To
minimize dust particles, the obtained PKL was carefully cleaned. To
reduce dust particles, clean PKL using a water supply and deionized
(DI) water, then dry at room temperature. The dried washed PKL
was mashed to make an extract with grindstones. 25 g of the extract
of PKL was merged with 125 ml of de-ionized water and then shaken
using a magnetic stirrer with a hot plate heated at 62 ○C for 60 min.
After making it cool at normal (room) temperature, the PKL extract

FIG. 1. Displays a graphic depiction of Ag NPs generation.

FIG. 2. The color-changing diagram of synthesized silver NPs.
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was obtained by filtering the mixture once with Whiteman 42 paper
to reduce residual solids and storing it at 4 ○C for 60 min.31

B. Formation of Ag nanoparticles
using Pathor Kuchi Leaf

In order to create Ag NPs, 5 and 7 ml of PKL-filtered extract
were added separately to 45 ml of 1 mM AgNO3 solution. Then,
after putting it under light for further analysis, after 1 h, the col-
orless solution shifted from light yellow to pale maroon. Within
a few days, it was finally possible to create a light black color of
shadowy sediments near the bottom of the flask’s solution, which
in turn affirmed the manufacturing of Ag NPs. After that, the man-
ufactured Ag NPs were identified by centrifugation32 at 3000 rpm32

seven times for 1 h. Then, the centrifuged particles were washed with
de-ionized water and again subjected to centrifugation32,33 at 3000
rpm for 5 min. Separated Ag NPs were dried on a hot plate. The cal-
cites Ag NPs were used for further analytical techniques. Figure 1
shows a graphic depiction of Ag NPs’ generation, and Fig. 2 shows
the color-changing diagram of synthesized silver NPs.

C. Identification of green synthesis of Ag NPs
The x-ray powder diffraction pattern of Ag NPs in powder

form was investigated. The prepared sample was pressed onto an
optically clear glass plate in a (40 × 40 mm2) rectangular alu-
minum specimen holder with a square hole that really was 1 mm
deep (20 × 15 mm2). With its specimen holder, the sample’s
top surface was identified on the plane. After that, the specimen
holder is inserted into the diffractometer. XRD analysis of the crys-
talline structure of silver NPs [X-Ray Diffractometer (PW3040),
Philips Pan Analytical Co., Ltd., The Netherlands]. The CuKα rays
(λ = 1.5405 Å) have been recognized and employed for X-ray pow-
der diffraction readings in a variety limited to 2θ angle (10○–80○).
With dry and pure KBr crystals, FTIR studies of silver NPs man-
ufactured by PKL extraction were carried out on the IRPrestige-21
in Kyoto, Japan, at a 4.0 cm−1 determination. UV–Vis variants are
based on the concept that chemical compounds absorb ultraviolet
or visible light, creating unique spectra in the process. The interac-
tion of light and matter is the foundation of spectroscopy. Utilizing
a UV–Vis (UV-1700, Kyoto, Japan), the University of Dhaka’s Cen-
ter for Advanced Research in Sciences (CARS) analyzed the reaction

solution’s spectrum 2- to 3-fold diluted to investigate the creation of
silver nanoparticles. Scanning electron microscopy (SEM) pictures
were used to investigate the morphology of silver nanoparticles.

D. Bio electrochemical cells principles
Using Zn and Cu plates as electrodes, PKL extract as an elec-

trolyte, and green-produced silver nanoparticles as a catalyst, a
Zn/Cu-BPL bio-electrochemical cell was created (shown here in
Fig. 3). Therefore, in the cell, the electrons are lost by the zinc plate,
gained by the copper plate, and then reacted with H+ and Cu2+ ions.
Ions are gradually converted into H2 and Cu atoms, respectively.

E. Bio electrochemical effective channel
To examine the effects of Ag NPs on the system that pro-

duces electricity, three distinct bio-electrochemical cells were built.
In Example 1, Zn and Cu plates with similar surface areas were
employed as electrodes. As the cell’s electrolyte, 125 ml of BPL
extract and 6 ml of 0.4006M CuSO4 ⋅ 5H2O solution were utilized.
The cell’s electrolyte solution was then supplemented with a 15 ml
solution of Ag NPs. As electrodes in Example 2, Zn and Cu plates
were employed. To create the electrolyte for Example 2, 125 ml of
PKL extract and 6 ml of 0.4006M CuSO4 ⋅ 5H2O were combined.
As for the electrolyte in Example 3, just 125 ml of PKL extract was
used. The basic idea of Zn/Cu-based BPL bio-electrochemical cells
is shown experimentally in Fig. 3.

III. RESULTS AND DISCUSSION
A. XRD studies

The spatial characterization of PKL extract-mediated green
synthesized silver NPs was carried out using the X-Ray Diffraction
(XRD) technique.34 In Fig. 4(i), the diffracted images for the syn-
thesized Ag NPs for 7 ml PKL were obtained at Bragg’s angles of
38○, 44○, 65○, and 78○, which were indexed to (111), (200), (220),
and (311) planes (JCPDS No. 65-2871).8,11,14,24,27,35–40 In Fig. 4(ii),
the diffracted images for the synthesized Ag NPs for 5 ml PKL were
obtained at Bragg’s angles of 38○, 44○, 65○, and 78○, which were
indexed to (111), (200), (220), and (311) planes (JCPDS No. 65-
2871).8,11,14,24,27,35–40 In Fig. 4(iii), the diffracted images for the PKL
extract were obtained at Bragg’s angles of 38○, 45○, 66○, and 79○,

FIG. 3. The basic idea of Zn/Cu-based BPL bio-electrochemical cells is shown experimentally.

AIP Advances 13, 095010 (2023); doi: 10.1063/5.0162169 13, 095010-3

© Author(s) 2023

 13 M
ay 2025 06:36:58

https://pubs.aip.org/aip/adv


AIP Advances ARTICLE pubs.aip.org/aip/adv

FIG. 4. (i) Intensity vs 2θ for synthesized Ag NPs for 7 ml; (ii) intensity vs 2θ for synthesized Ag NPs for 5 ml; and (iii) intensity vs 2θ for PKL extract.

which were indexed to (111), (200), (220), and (311) planes (JCPDS
No. 65-2871).8,11,14,24,27,35–40 For the cubic structure of AgK3,15 an
extreme peak at 38○ may have formed.19

By applying the Scherrer equation to the XRD pattern,38 the
particle size can be calculated,

D = Kλ/(β cos θ),

where D is the mean size of crystallites (nm), K is the crystallite shape
factor (a good approximation is 0.9), λ is the x-ray wavelength, β is
the full width at half the maximum (FWHM)41–44 in radians of the
x-ray diffraction peak, and θ is the Braggs’ angle (deg).41 The aver-
age crystal size of the green-produced silver NPs is reported to be
19 nm. The XRD analysis showed some noticeable peaks, and many
papers obtained comparable results.45–51 The XRD pattern included
some noticeable highs (indicated with ∗), and many papers obtained
consistent outcomes.46–51

B. FTIR studies
Various functional groups of various chemicals discovered in

plant extracts (such as polyphenols, polysaccharides, flavonoids, and
triterpenoids) are in charge of clearing the forerunner of metal
oxide nanoparticles15 sodium chloride.18 The stretching, wagging,
and bending vibrations of these functional groups19 and the capping
and reducing of nanoparticles may be closely related operations.15

FTIR interpretation is accustomed to exploring functional groupings
that might be at fault for the reducing, capping, and effectively stabi-
lizing of filtered PKL extract, AgNO3 dissolved in de-ionized water,
and PKL extract-mediated Ag NPs. Figure 5(i) illustrates the FTIR
absorption spectra of PKL extract-mediated Ag NPs for 7 ml PKL.
The spectra indicated a number of peaks around 536, 1200, 1324,
1628, 2118, and 3320 cm−1. From this result, it was discovered that
PKL extract-mediated Ag NPs for 7 ml PKL had the highest peak of
3320 cm−1 with the O–H stretching vibration functional group. A
peak at around 536 cm−1 was possibly connected to the vibrational
stretching of the CO15 bond, whereas the peak at around 1200 cm−1

AIP Advances 13, 095010 (2023); doi: 10.1063/5.0162169 13, 095010-4
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FIG. 5. (i) FTIR of PKL extract mediated Ag NPs for 7 ml; (ii) FTIR of PKL extract mediated Ag NPs for 5 ml PKL; and (iii) PKL FTIR of filtered PKL extract.

appeared due to the bending of the O–H bond. A significant peak at
1324 cm−1 is assigned to the nitrogen compounds stretching their
N–O bonds.3 Furthermore, the heights at ∼1628 and 2118 cm−1

appeared due to the stretching vibration of C=C and C=O bonds,
respectively.52 Another high peak that occurs at around 3320 cm−1

is the result of the bending vibration of C≡C, the bond of alkyne.11

Figure 5(ii) illustrates the FTIR spectra of PKL extract-mediated Ag
NPs for 5 ml PKL. The spectra indicated a number of peaks around
510, 1216, 1368, 1642, 2132, and 3334 cm−1. From this result, it was
discovered that PKL extract-mediated Ag NPs for 5 ml PKL had the
highest peak of 3334 cm−1 with the O–H stretching vibration func-
tional group. The peak at around 510 cm−1 was possibly connected
to the vibrational stretching of the CO15 bond, whereas the peak at
around 1216 cm−1 appeared due to the bending of the O–H bond.
A significant peak at 1368 cm−1 is assigned to the N–O stretching
of nitro compounds.3 Furthermore, the peaks at around 1642 and

2132 cm−1 appeared due to the stretching vibration of C=C and
C=O bonds, respectively.52 Another high peak that occurs at around
3334 cm−1 is the result of the bending vibration of C≡C, the bond of
alkyne.11 Figure 5(iii) illustrates the FTIR spectra of the PKL extract.
The spectra indicated a number of peaks around 532, 1226, 1380,
1632, 2114, and 3308 cm−1. From this result, it was discovered that
PKL extract-mediated Ag NPs had the highest peak of 3308 cm−1

with the O–H stretching vibration functional group. The peak at
around 632 cm−1 was possibly connected to the vibrational stretch-
ing of the CO15 bond of alkyl aryl ether. The peak at 1226 cm−1 may
be caused by the bending of the O–H bond. Furthermore, the heights
at ∼1380 cm−1 appeared due to the stretching vibration of C=C.3
Another high peak that occurs at around 2114 cm−1 is the result of
the bending vibration of the C≡C bond. Moreover, the peak at wave
number 3308 cm−1 may have appeared due to the O–H and N–H
stretching.11
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FIG. 6. (i) UV–Vis spectra of Ag NPs for 7 ml PKL; (ii) UV–Vis spectra for AgNO3; and (iii) UV–Vis spectra for filtered PKL extract.

C. UV-visible spectra studies
In the UV-visible spectrum, Fig. 6(i) reveals a sharp peak at

around 415 nm, which appeared due to the band emission of Ag
NPs for 7 ml PKL. Adding PKL extract to the AgNO3 solution
throughout the synthesis method caused the solution’s color to shift
to shadowy, indicating the creation of Ag0 from the AgNO3 solu-
tion. The reductant of plant extract was critical in the oxidation
of Ag.50

On the other hand, Fig. 6(ii) shows the UV–Vis spectra of
AgNO3 salt solution in DI water (green line). The green line reveals a
sharp peak at around 428 nm. Figure 6(iii) shows the UV–Vis spec-
tra of PKL extract (red line). The red line did not appear to have any
particular peak at a total of 300 to 900-nm wavelengths.

D. Scanning electron microscopy studies
The SEM examination assessed the morphology or form of

the produced Ag nanoparticles. The microscopic pictures of the
Ag nanoparticles mediated by PKL extract are shown in Fig. 7 and
clearly depict their distribution and spherical form for both the 7 and
5 ml PKL under study. It was found that the particle sizes were the
same for both the 7 and 5 ml synthesized PKL Ag NPs.

E. Power generation activities
for bio-electrochemical cell

Green-produced Ag NPs were used in a bio-electrochemical
cell to investigate the function of NPs in the power generation
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FIG. 7. (i) SEM pictures of synthetic Ag NPs in various sizes were created by 7 ml PKL, and (ii) SEM pictures of synthetic Ag NPs in various sizes were created by 5 ml PKL.

system. Green-produced Ag NPs were used in a bio-electrochemical
cell to investigate the function of NPs in the power generation sys-
tem. Ag NPs’ effects on three bio-electrochemical cells are shown in
Fig. 7. In Fig. 8(i), the open circuit voltage is depicted together with
various time duration variations for various scenarios. The open cir-
cuit voltages for scenario 1 are demonstrated to be greater than those
for scenarios 2 and 3. It’s worth noting that the voltage in scenario
1 was practically constant for 70 h. In the first scenario, the highest
voltage is 1 V and the minimum is 0.92 V. The highest open circuit
voltage for scenario 2 is 0.99 V, and the minimum voltage is 0.88 V;
for just PKL extract (Scenario 3), the maximum voltage is 0.98 V,
while the minimum voltage is 0.87 V. The highest difference in open
circuit voltage between the first and second scenarios is 0.01 V. The
difference in open circuit voltage between the first and third cases is
0.02 V, whereas the difference between the second and third cases
is 0.01 V. The results indicated that the biggest variation in open
circuit voltage discovered is 0.01 V, indicating that nanoparticles
may have a role in boosting open circuit voltage. The short circuit
current is displayed in Fig. 8(ii), together with varying time dura-
tions for various scenarios. It is amply proved that scenario 1 has a
greater short circuit current than scenarios 2 and 3. It can be deduced
that, when compared to the other two examples, scenario 1 produces
the highest short circuit current (40 mA), and it stayed constant
for 70 h. Scenario 1 has a minimal short circuit current value

of 40 mA, which is higher than the values for scenarios 2 and 3 (all of
which are 36 mA) (19 mA). Furthermore, it is clear that Ag NPs may
contribute significantly to raising the PKL bio-electrochemical cell’s
short circuit current over time. Figure 8(iii) depicts the estimated
power of the cells with time. The maximum power for scenario 1
is expected to be 40 W, while the minimum power value is 24 W.
Scenario 2 and scenario 3 have the most power at 35 and 19 W,
respectively, and the lowest power at 20 and 17 W, respectively. The
greatest power is discovered after adding the Ag NPs to the PKL
bio-electrochemical cell, which is also stable for the following 70 h.
Internal resistance is seen in Fig. 8(iv) for all three examples. Only
PKL extract bio-electrochemical cells had greater internal resistance
than the other two situations. Internal resistance dropped fast after
employing the secondary salt solution (CuSO4 ⋅ 5H2O) in scenario 2
and Ag NPs in scenario 1. The open circuit voltage and short cir-
cuit current are quickly enhanced after adding the Ag NPs to the
cell. As a consequence, the PKL bio-electrochemical cell’s power is
greatly boosted. In contrast, the internal resistance was found to be
∼0.155 Ω for the PKL extract alone, and it unexpectedly decreased
to around 0.025 Ω for the bio-electrochemical cell (PKL + CuSO4
solution). After introducing NPs to the cell, the resistance dropped
to 0.0125 Ω. It is anticipated that the effects of Ag NPs in the bio-
electrochemical cell will be notable for applications in future power
growth.
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FIG. 8. PKL bio-electrochemical cell electrical activities: (i) open circuit voltage; (ii) short circuit current; (iii) maximum power; (iv) internal resistance.

IV. CONCLUSIONS
In this work, a straightforward, cheap, and environmentally

sustainable biological approach for manufacturing Ag nanoparti-
cles utilizing Pathor Kuchi Leaf extract has been devised. Several
methods were used to characterize the Ag nanoparticles produced
through biosynthesis. From the Scherrer equation, we calculate that
the crystallite size of Ag nanoparticles with a spherical shape is
19 nm and was produced by biological means. Additionally, Ag
nanoparticle FTIR spectra were revealed. Ag NPs’ UV–Vis spectra
revealed a maximum absorption at 400 nm, proving that Ag ions

were bio-reduced to Ag NPs. The morphological characterization
revealed dispersed spherical Ag NPs with an average particle size of
5 μm. Despite other research that been published on the green syn-
thesis of silver nanoparticles using various plant extracts and their
antibacterial effects, this work is the first to report on the role of
Ag NPs in the development and lifespan of power generation in
the bio-electrochemical cell. In summary, green-produced Ag NPs
might help improve the power output of BPL bio-electrochemical
cells. This research will pave the way for bio-electrochemical cells to
generate power.
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