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ABSTRACT

In this research, bio-voltaic cell (BVC) has been developed using various types of electrodes and Arum
Leaf (AL) scientific name Colocasia esculenta and Pathor Kuchi Leaf (PKL) scientific name_Briophyllum
pinnatum plant extract electrolytes. VVarious parameters such as open circuit voltage, V. (V), short circuit
current, ls. (A), power (W), voltage efficiency (n,), voltage regulation (Vg), power efficiency (#,), internal
resistance (Riy), coulombic efficiency (nq %), self-discharge characteristics have been measured to check
the performance of BVC. Gas Chromatography-Mass Spectrometry (GC-MS) has been carried out to
know mainly which compounds of PKL and AL take part to produce electricity in BVC. Apart from this,
various electrolytes effects such as, (i) AL living plant, (ii) PKL living plant, (iii) AL extract, (iv) PKL
extract on different electrodes, like (i) Zn/Cu, (ii) Ag NPs adsorbed paper, (iii) Reduced Graphene Oxide
(RGO) adsorbed paper electrode (iv) RGO-Ag NPs composite paper electrode on cell potential of the
developed BVC have been studied to investigate the performance of BVC. In all cases, the effect of the
addition of small quantity of secondary salt with electrolytes have been examined. In this study, effect of
PKL and AL living plant as electrolyte in BVC has been investigated and it was found that PKL living
plant shows better electrical performance than that of AL. The thickness and midrib area of PKL is more
than that of AL and it was observed that as the exposed area of midrib of living plant increases, it can act
as better electrolyte and show better performance in the developed BVC. As a result, open circuit voltage,
Vo (V), short circuit current, I, (A) and power (W) of BVC using PKL living plant were found to be
higher than that of AL living plant. Similarly electrical performance of BVC developed using different
electrodes and PKL and AL extract electrolytes have been investigated. Secondary salt plays an important
rule to improve the performance of BVC in presence of AL and PKL plant extract electrolytes. When the
performance of BVC reduces to a margin level, addition of a small quantity of the secondary salt helps to
increase the performance of open circuit voltage, V. (V), short circuit current, I, (A) and power (W) of
BVC. Moreover, Ag NPs have been synthesized from both PKL and AL and BVC is constructed using
this NPs to examine the power generation performance. The performance of BVC changes with changing
the size of NPs. The smaller the particle size the higher is the performance of BVC. The size of NPs
synthesized from PKL is smaller than that of NPs obtained from AL. Hence, the performance of Ag NPs
from PKL is higher than that of AL in BVC. The formation of Ag NPs has been characterized by using X-
Ray Diffraction (XRD), UV-visible spectroscopy, Fourier Transforms Infrared (FT-IR), Energy
Dispersion X-ray spectroscopy (EDX), and Field Emission Scanning Electron Microscopy (FESEM). It
has been observed that Ag NPs play a decisive role in improving open circuit voltage, short circuit
current, and thus enhance the power generation of BVC. The highest open circuit voltage (V) of 0.45
(V) has been found for the constructed BVC using AL extract and the highest value of V. has been found
to be 0.92 (V) for the developed BVC using PKL extract. The value of V. is found to be 1.10 (V) when
small quantity of secondary salt is added with AL extract and V. value is found to be 1.34 (V) when a
small quantity of secondary salt is added with PKL extract electrolyte. The open circuit voltage (V) of
1.28 (V) has been found when BVC is constructed using Ag NPs adsorbed paper electrode with AL
extract and V.. value of 1.41 (V) is observed when BVC is developed using Ag NPs adsorbed paper
electrode with PKL extract electrolyte. However, maximum open circuit voltage (Vo) of 1.51 (V) has
been found for the BVC developed using secondary salt diluted AL extract and Ag NPs adsorbed paper
electrode and a maximum open circuit voltage (V) of 1.63 (V) has been found for the BVC developed
using secondary salt diluted PKL extract and Ag NPs adsorbed paper electrode.
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Moreover, the highest short circuit current, (Is)) of 110 (mA) has been found for BVC developed using
AL extract and the highest Iy is found to be 260 (mA) when PKL extract electrolyte is used in BVC.
Beside this, I, value of 450 (mA) has been found using secondary salt with AL extract electrolyte and I
value of 545 (mA) has been found using PKL extract electrolyte in BVC. I value of 820 (mA) has been
found using Ag NPs with AL extract and I, value of 915 (mA) is found when PKL extract electrolyte is
used with Ag NPs in BVC. However, maximum |, of 960 (mA) and 981 (mA) have respectively been
found for the developed BVC using secondary salt diluted AL extract and PKL extract with Ag NPs
adsorbed paper electrodes. Power, Ppax = Voo X Il (W) of the developed BVC cell also increases
similarly. In addition, chemically synthesized RGO has been prepared by modified Hummers’ method
which has been deposited on the surface of cellulose paper. This RGO adsorbed cellulose paper has been
applied in BVC as electrode. Thus, RGO and AgNPs deposited on cellulose paper have been mixed
together to construct a highly conductive RGO/AgNPs hybrid electrode for BVC. In this research,
attempts have been taken to investigate the effect of AL and PKL extract electrolytes with Zn/Cu (1cm?)
electrode, Zn/ RGO absorbed paper electrode, Zn/ RGO wrapped Ag NPs composite paper electrode to
construct BVC and to examine which BVC can generate enough electricity for the longest period. It is
observed that, the highest open circuit voltage (V) 0.95 (V) has been found using Zn/Cu (1 cm?
electrode with AL extract and that of 1.00 (V) has been found using Zn/Cu (1 cm?) electrode with PKL
extract in BVC. Apart from this when BVC is constructed using Zn/ RGO (2 h) electrode with AL
electrolyte, a V. of 0.99 (V) has been found and when BVC is developed using Zn/ RGO (2 h) electrode
with PKL extract electrolyte a (V) value of 1.20 (V) is observed. The BVC constructed using Zn/ RGO
(24 h) wrapped Ag NPs with PKL extract exhibit higher value of V. of 1.34 (V) than that of BVC
developed using Zn/ RGO (24 h) wrapped Ag NPs with AL extract (V. value of 1.21 V). Again, the
highest short circuit current, (Is.) of 110 (mA) has been found for BVC constructed using Zn/Cu (1 cm?)
electrode with AL extract and I of 178 (mA) has been observed for BVC developed using Zn/Cu (1 cm?)
electrode with PKL extract.

Beside this, I, of 215 (mA) has been found for BVC constructed using Zn/ RGO (2 h) electrode with AL
electrolyte and I, value of 210 mA is found when BVC is developed using Zn/ RGO (2 h) electrode with
PKL extract electrolyte. A short circuit current, (ls.) of 297 mA has been found using Zn/ RGO (24 h)
electrode with AL electrolyte and I, of 320 mA has been observed when BVC is made using Zn/ RGO
(24 h) electrode with PKL electrolyte. On the other hand, 346 (mA) has been found when the cell is made
by using Zn/ RGO (2 h) wrapped Ag NPs with AL extract and Iy, of 410 (mA) has been found for the cell
of Zn/ RGO (2 h) wrapped Ag NPs and PKL extract electrolyte. However, maximum short circuit current,
(Isc) of 423 mA has been found for the cell made of Zn/ RGO (24 h) wrapped Ag NPs with AL extract and
Isc of 496 (MA) is found when the cell is made using Zn/ RGO (24 h) wrapped Ag NPs with PKL extract
electrolyte. Power, Prax = Vo X s (W) also increases similarly. The developed BVC has been compared
with Traditional Voltaic Cell (TVC) using various types of electrodes and electrolytes and it is observed
that BVC shows better performance for longer time than that of TVC. The highest longevity of open
circuit voltage, V. (V) of TVC is 470 minutes whereas BVC is 1090 minutes. The highest longevity of
short circuit current, ls. (A) of TVC is 320 minutes and for BVC I last for 1090 minutes. Again, the
highest longevity of power of TVC is 320 minutes while that of BVC is 1090 minutes using same
parameters. Because, the strength of H,SO, runs out within 320 minutes but strength of plant extract
electrolytes does not run out up to 1090 minutes. This developed BVC is able to produce enough
electricity to energize a few LED bulbs and to run a ceiling fan.

viii


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Finally, from this study, it is possible to design a 1 KW mini power plant using different electrodes and
AL and PKL extract electrolytes with an affordable price. This mini power plant can be a source of power
generation and may be utilized for distributing electricity, where the nationwide grid is out of reach.
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Chapter 1
INTRODUCTION



Chapter 1: Introduction

1.1 General Introduction

The sources of traditional energy are very inadequate in the globe which are going to be finished
in immediate future, which motivates the researchers to explore the alternate source of energy [1].
For such continuous exploration, we have selected completely a new type of sources in the plant
kingdom such as Arum Leaf (AL) scientific name Colocasia esculenta and PKL (Pathor kuchi
leaf) scientific name Briophyllum pinnatum (BPL) which will deliver energy to the rabble in the
off grid areas who are not finding electricity at all [2]. In this fact, BPL and AL has been used to
produce electricity for real exploitation at the off grid regions in the glob [3,4]. On the other hand,
this research aimed to synthesize silver nanoparticles (Ag NPs) by using PKL and AL extract and
explore the electrical performance of Ag NPs in BVC for power production systems. The chemical
constituents of PKL and AL have been studied by Gas Chromatography-Mass Spectrometry (GC-
MS) by many researchers [5,6,7]. PKL and AL contain many active bio-molecular compounds
such as flavonoids, triterpenes, organic acids, alkaloids, glycosides, steroids, tannins and minerals
[5-9]. Among these, flavonoid compounds play a more active role in transforming metal ions to
metal nanoparticles through bio-reduction [10]. Some flavonoid group compounds were identified
in PKL and AL including quercetin and kaempferol as well as a few flavone glycosides [9].
Moreover the outstanding medicinal accomplishments of BPL and AL, the extract of this plant
was used as electrolyte to produce electricity by BPL and AL extract based BVC [11, 12, 13]. In
this study, the reduction of Ag* to Ag® atom was conducted by the existing functional group of
PKL and AL extract through the formation of Ag NPs, and the power development of PKL and
AL extract-based electrochemical cells by using Ag NPs has been studied for the first time. A
comparative study has been implemented with and without Ag NPs for a PKL and AL bio-
electrochemical cell. Various electrical parameters of the cells have been studied and Ag NPs
applied to the development of power production are observed. After implying Ag NPs on bio-
electrochemical cells, the open circuit voltage, short circuit current and power have been increased
with the variation of time. As a result, the power production of the designated cells has been
enriched significantly. Besides this, another material called Graphene has been established as
electrode, whose resources are many and show highly stable electrochemical performances [14-
18]. Chemically manufactured Graphene Oxide (GO) holds active groups that countenance a
diversity of inorganic nanomaterials to be deposited on its surface of cellulose paper [19-21].
Hence, GO Nano sheet have been combined with Ag NPs and reduced them more to extremely
conductive RGO/Ag hybrid electrode for BVC. More significantly, the stability could be greatly
amplified for the effectively meticulous redox of Ag NPs by wrapping RGO all over the place
cellulose paper.



GO Nano sheet was produced by the modified Hummers’ technique which is also mentioned in
aforementioned publications [22, 23]. Finally, this research deals with comparative investigation
applying AL and PKL extract electrolyte with Zn/Cu (1cm?) electrode, Zn/2 (h) RGO absorbed
paper electrode, Zn/24(h) RGO absorbed paper electrode, Zn/2 (h) RGO wrapped Ag Nano
composite paper electrode and Zn/24(h) RGO wrapped Ag Nano composite paper electrode
electrochemical cell which would generate enough electricity for the longest period. This would
be possible to fabricate a mini power plant by any person using this procedure wit reasonable price
in the rustic areas, whereas the nationwide grid is out of range and can be a hopeful issue in the
case of rural progress by distributing electricity.

1.1.1 Background

Bangladesh is a country of approximately 180 million people. The demand of electricity is
increasing day by day among the local people as well as in the commercial and industrial sector.
But it is still quite a long way to go to fulfill the demand. A proper solution is yet to be found. Gap
between supply and demand for electricity is around 1500 MW. Despite the government’s
remarkable progress in fulfilling the demand, natural gas and biomass energy are the main source
of energy in Bangladesh. But these sources are reducing day by day. Under this condition,
Bangladesh is highly supposed to explore various renewable energy resource options. Renewable
energy policy of Bangladesh set a target of generating 5% of power from renewable source by
2015, 10% by 2020 and 15% by 2025 [24, 25]. But this target has yet been fulfilled. Recently
Afzol Hossain and his coworkers have developed this method adding AL, NPs, RGO and NPs-
RGO nano-composite to enrich electricity production. This new method is able to produce enough
electricity to energize a few LED bulbs and to run a ceiling fan. Finally, Large scale electricity
even 1 KW power can be produced using this method.

1.1.2 Scientific Classification of Bryophyllum Pinnatum [26]

Kingdom : Plantae

Division : Angiosperms

Class : Eudicots

Order : Saxifragales

Family  : Crassulaceae

Genus  : Bryophyllum

Species  : B. pinnatum

Origin : Native to Madagascar and southern
Africa.

Figure 1.1: Briophyllum Pinnatum Plant



1.1.3 Scientific Classification of Arum

Synonym : Species arum colocasia
Kingdom : Plantae

Phylum : Tracheophyta

Class : Liliopsida

Order  : Alismatales

Family : Araceae

Genus  : Colocasia

Species : Colocasia esculenta

Figure 1.2: Arum Leaf

1.1.3.1 PKL and AL Living Plant Energy

The sources of traditional energy are very limited in the world which would run out in the
immediate future. That is why researchers are searching another sources of energy [28]. In this
case, renewable energy may play an active rule to face the energy crisis after finishing traditional
energy sources. Researchers have explored and discussed various types of renewable energy
sources [4, 29-34]. As a perpetuation of such exploration, we have found absolutely a new type of
sources which are the living plant named Colocasia esculenta (CE) or AL and PKL which will
provide energy to the people to use in their practical life. When electrode is inserted into plants,
fluctuation of electrical signals (electrical surge) are formed [34, 35]. Generally, this reaction only
makes small modifications in membrane conduction or ion distribution along with channels of
electrical movement [36,37]. According to the paper, written by Fensom et. al. [38] claims that
motion of ions in living plant tissue will increase the conduction with each different size and own
rate by giving electrochemical gradient. On the other hand, the active resistance of apoplast along
with the midrib of the living plant leaf is contrariwise proportional to the thickness of leaf [39].

1.1.4 Nanoparticles

The particles having the size of 100 nm or less in at least one dimension are considered as
nanoparticles. After making nanoparticles, the surface chemistry and various properties is
remarkably changed from the existing materials which increase their areas of application. The most
widely field of application is in the biomedical sector. Beside this in contemporary years,
nanomaterials have prolonged a lot of demands because of their extraordinary electrical, optical
and magnetic properties [40]. Nano crystalline materials are synthesized by various techniques,
amongst them green synthesis of nanoparticles have fascinated a significant curiosity to the
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researchers as it is environment approachable, cost effective and facile. It is demonstrated to have
its unique properties than its bulk due to huge surface to volume quotient [41]. These materials
have attracted significance due to their extraordinary surface range and enhanced reactive sites.
The application of nanoparticles in BPL and AL electricity production system has not been studied
yet. In this study, the described results concerning green synthesis nanoparticles produced from
BPL and AL extract as a reducing agent, have been studied to generate electricity for practical
utilizations.

1.1.5 Ag Nanoparticle from PKL

Since the past few decades, nanomaterials have been widely studied due to their unique properties
and the versatile applications in various fields such as electronics, optical, bio-imaging, biosensor,
medicines, cancer therapeutics, targeted drug delivery, agriculture, food industry, textile,
renewable energy, water treatment, materials science, biotechnology [42-49]. Among all the
nanomaterials, noble metal nanoparticles (e.g.; platinum, gold, silver) are being extensively used
in interdisciplinary fields, such as physical, chemical, industrial, and biomedical applications
[47,50]. Besides this, the metal nanoparticles show one of the most significant characteristics of
Surface Plasmon Resonance (SPR) which allows them to exhibit unique optical properties [51].
Various structure of nanostructures and tiny particle sizes with a large surface-to-volume ratio are
of great interest, leading to startling differences between the chemical and physical phenomenon
of nanoparticles [52, 53]. Furthermore, the behavior of nanoparticles are fluctuate with various
synthesis approaches and relay on the size, shape, and morphology varieties of nanoparticles
[46,51].0Over the few years, the auspicious antibacterial and anticancer actions of Ag NPs made it
a potential field to the researchers for wide investigations of silver nanostructures [50,54]. On the
other hand the significant Nano medicinal activities of Ag NPs have enormous applications like
nonlinear optics, selective coating for solar energy absorption, intercalation materials for electrical
batteries as optical receptors, catalyst in chemical reactions, antibacterial materials, and good
electrical conductors [51, 55, 56]. Furthermore, the applications of Ag NPs have been developed
rapidly due to their remarkable influences on agriculture, food industries, water treatments, textile
industries, targeted drug delivery [52, 53]. Recently, various chemical synthesis procedure of silver
nanoparticles are informed in the literature where commercially available reducing agents like
sodium borohydride, ascorbic acid, trisodium citrate, and polyols have been used to reduce silver
ions from the precursor solution [57]. Nonetheless, most chemical and physical extraction methods
are time-consuming and costly. They may also have detrimental effects on the environment due to
the toxicity of chemicals and the troubles of removing them from NPs [53, 57, 58]. Environ
friendly, cost-effective synthesis methods of NPs are now a extreme interest of the researchers. As
aresult, there has been an improved importance on introducing the plant extract mediated synthesis
(green synthesis) methods of NPs to reduce the chemical waste from the environment, which



promotes non-toxic, natural, economical, and ecofriendly reducing and capping agents during the
synthesis process [51]. Maximum parts of plant such as leaves, roots, seeds, latex, bark can be
used to isolate the NPs, which are available in nature. Functional groups are present in plants helps
to reduce silver ions to silver nanoparticles [59]. Plant and fruit extracts application help to
eliminate the residuals toxic compounds from the isolated NPs that can speed up the usage of NPs
in medicinal applications [53]. Plant extract contains various important compounds (e.g.,
polyphenols, ascorbic acids, flavonoids, terpenoids, alkaloids, enzymes, amino acids, ascorbic
acid, caffeine, linalool, and proteins), which able to play a vital role in the reaction mechanism of
metal ion reduction from precursor solution and NPs can be captured by the bio-molecules [59,60].
From the last few years, various studies of green synthesis of silver NPs have been described for
the favorable anticancer and antibacterial activities such as Plant extracts of Sesbania grandiflora
[61], Rubus glaucusBenth [62], Alpinia calcarate [63], Thymbra Spicata [64], Aloe vera leaves
[57], and Artocarpus heterophyllus [65]. The use of L. acapulcensis extract is established as the
proper antimicrobial activities of Ag NPs [60], and silver NPs using with Neem leaf (Azadirachta
indica) extract has also been studied [66]. Green synthesized Ag NPs have extensively been
investigated for their antibacterial, anticancer actions. However, the applications of green
synthesized NPs in electricity production still require further investigations. This research targeted
to synthesize Ag NPs by by PKL extract and explore the electrical activities of Ag NPs on bio-
electrochemical cells for power production systems.

1.1.6 Ag Nanoparticle from AL

Over this decade, green synthesis has been one of the most exciting methods of synthesizing
nanomaterials. Various plant extracts such as A. ciniformis [67], Vitas vinifera [68], Blumea
eriantha DC [69], Crocus Haussknechtii Boiss [70], Peganum harmala [71], Veronica amygdalina
[72], Salvia hispanica L. seeds [73] have been reported to synthesis the semiconductor oxide and
metal NPs (Ag, Au, ZnO, CuO, TiO: etc) as the reducing agent for the remarkable antibacterial
and anticancer activities. The simplicity of the synthesis process has made this method very
popular in the research community. The active functional groups of bio compounds exist in the
different parts of plants (polyphenols, ascorbic acids, flavonoids, terpenoids, alkaloids, enzymes,
amino acids, caffeine, linalool, proteins) play an important role to reduce metals ion to metals NPs
| 77-80]. In this report, Colocasisa.esculenta or AL extract was used to synthesize the silver
nanoparticles (Ag NPs) by the green synthesis process. Colocasia.esculenta is a familiar plant
available in the tropical regions, especially in Bangladesh and India. The local name of this plant
is ‘kochu’, and the English name of this plant leaf is called AL. The important biomolecular
compounds, including flavonoids, steroids, ascorbic acid, thiamine, riboflavin, niacin,
carbohydrates, and fats, are available in Colocasia.esculenta leaves, which are responsible for the
bioreduction of NPs [81, 82, 83]. Different structures of nanomaterials such as Ag, Au, ZnO, CuO,



and TiO> are the most common nanoparticles which have widely been synthesized by the green
method for the last decade to be used in pharmaceutical applications (e.g.; targeted drug delivery,
tumor therapeutic, cancer therapeutic, antifungal, antibacterial, and Nano medicines) [68,74].
Among these, Ag NPs have drawn significant attention due to their multidimensional uses in
physical, chemical, industrial, agricultural, and biomedical applications [75, 76]. Besides the
antibacterial activities of green synthesized Ag NP, it has a significant influence on
electrochemical cells as a catalyst to integrate the electrical performances. Nowadays, various
plant extracts (vegetables and fruits) have been used as the electrolyte solution in an
electrochemical cell to generate electricity, and such a plant extract electrolyte-based cell is called
by the name of bio-electrochemical cell [84-88]. To develop the bio-electrochemical cell, different
kinds of plant exacts, fruits, and vegetable extract (such as Bryophyllum pinnatum leaf, Aloe Vera,
Tomato, and Lemon) are generally used as an electrolyte solution of the electrochemical cell
instead of chemical electrolyte. In this study, a novel bio-electrochemical cell is developed to
generate electricity and Ag NPs have been used to integrate the electrical performances of the cell.
Four types of low-cost and portable bio-electrochemical cells have been designed by varying the
electrolyte solution. Different electrical parameters have been examined to understand the impact
of nanoparticles on cells. Comparative electrical performances were recorded to monitors the role
of Ag NPs on electricity generation. The short circuit current, (Isc) and open circuit voltage, (Voc)
were recorded for all cells with the time duration and it was found that both the voltage and current
were changing by varying the electrolyte solution of cells. The power and capacity of all bio-
electrochemical cells were calculated and it is noted that after using Ag NPs in the electrolyte
solution, the power and capacity of cell have been significantly integrated. This novel mini bio-
electrochemical cell power plant can be constructed by any person or even school-going students
at an affordable price. Hence, this innovative renewable power plant may open a new era for low-
cost electricity generation.

1.1.7 Graphene Oxide (GO) and Reduced Graphene Oxide (RGO)

Graphene is 2-dimensional (2D) thin sheet of sp? hybridized carbon atoms in a honeycomb
configuration. It has various anticipated behaviors for example extraordinary mechanical power
[89], electrical conductivity power [90], molecular obstruction facilities [91] and other significant
behavior. That’s why, it have been the vision of numerous research exertions to integrate graphene
into polymers to formate polymer-based nanocomposites [92-95]. Nonetheless, the application of
pristine graphene have shown to be exciting because of interesting bottom-up synthesis [96], less
solubility [97] and agglomeration properties in solution because of van der Waals force [90].
Graphene can be isolated from graphite or any other source of carbon applying top-down method.
Beside this modified Hummers’ method is famous for synthesis of reduced graphene oxide (RGO).
Graphene oxide (GO) can be prepared by oxidizing of graphite. GO contains hydroxyl (-OH),
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carbonyl (=CO), carboxylic acid (-COOH) and further oxygen-based functional groups [98].
Beside this easy synthesis process, these oxygenated functional groups are liable for many helps
over graphene as well as higher solubility [90]. Moreover, GO can be preserved by a numeral of
methods to isolate reduced graphene oxide (RGO) [99]. Graphene Quantum Dots (GQDs) which
is another class of graphene has exceptional edge effects of graphene. GO, RGO, GQDs are
graphene derivatives which have ideal material behavior and dispersibility in polymer
mediums [100,101].Those have many applications such as packaging [100], safety for sensitive
electronic devices [102] or even corrosion-resistant materials [103,104]. Recently for excellent
electrical conductivity of RGO (Reduced Graphene Oxide) it can be applied as electrode after
adsorbing or wrapping on cellulose paper [105].

1.2 Objectives of the Research

Bangladesh is a developing country. The supply of electricity is very essential for the development
of country. But we have scarcity of electricity. This deficiency of electricity is a obstacle to
development. The progress of this country is subject to how much energy it can produce, use and
consume for the future generation. About 85% electricity is produced from traditional
source.There is 1500 MW gap between supply and demand of electricity in our country. In this
circumstances, Bangladesh is bound to explore various renewable energy resource options.
Renewable energy policy of Bangladesh sets a target of generating 5% of power from renewable
source by 2015 and 10% by 2020 and 15% by 2025 [24]. It is high time we took the necessary
steps to search the alternating energy source including renewable energy sources. In this
perspective, the electricity generation from biomass will be very much available if necessary
technology is developed. Electricity generation from Pathor Kuchi Leaf (PKL) and Arum Leaf
(AL) is an additional source of renewable energy. It’s developed in Bangladesh and it has
boundless benefits over other renewable resources as well. PKL and AL electricity can be
produced anywhere, anytime, any places without any complexity. Moreover, it can provide
electricity directly from the system which is very convenient and cheap. Maximum people in
Bangladesh live in rural zones and most of them are poor. For the alleviation of poverty, supplying
energy is very important. This is a massive challenge for the government of Bangladesh to fulfil
the future demand of electricity especially in rural zones. PKL and AL electricity can be a great
source to meet up the demand in rural areas. Beside this, Ag NPs and RGO are significantly applied
in PKL and AL bio-electrochemical cell so that it can be generated commercially. Especially main
vision of our works to supply electricity at the coastal areas, islands, i.e. the off-grid areas of
Bangladesh where providing electricity from grid is economically inefficient.
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The specific objectives of the research are given below:

(i) To design a new type of BVC

(i) To generate electricity from green plants (eco—friendly)

(iii) To compare cost analysis

(iv) To study the impact of different electrodes and electrolytes in BVC and TVC for power
production

(v) To study the performance of difference RGO based paper electrodes in BVC

1.3 Present Work

AL has been collected from Dhaka University campus and PKL from Jagannath University
campus. Then PKL and AL extract were prepared to use as electrolyte. Bio-Voltaic Cell is prepared
using various size of battery boxes and five type of electrode such as Zn/Cu (1 cm?) electrode,
Zn/(2 h) RGO adsorbed paper electrode, Zn/(24 h) RGO adsorbed paper electrode, Zn/(2 h) RGO
wrapped Ag Nano composite paper electrode and Zn/(24 h) RGO wrapped Ag Nano composite
paper electrode. Secondary salt is applied to enhance the power performance of the BVC. Ag NPs
are synthesized from PKL and AL and applied in BVC to enhance power. On the contrary, reduced
graphene oxide is prepared using modified Hummers’ method and adsorbed on cellulose paper to
fabricate new types electrode and this electrodes finally has been applied in BVC to reduce cost.
The outline of present work is as below:
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Figure 1.3: Outline of the present study
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Finally, 1 KW micro power plant has been developed for practical utilization. The loads are
2 street lights, 1 tube light, 1 ceiling fan, 1 table fan, 2 LED lights and one LED indicator light
etc which are also set up on the stand [Fig. 4]. There is a circuit board also one circuit breaker
is also set up there on the stand. The people who are living at the off-grid zones and are not
able to use computer in their areas, this work will help them to access to the electricity for Wi-
Fi connections.
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Fig. An Experimental Design for 1kw PKL Power System

Figure 1.4: An experimental design of 1IKW PKL/AL Power Plant
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1.4 Review of Literature

Alessandro Volta described the first electrochemical battery in 1800. The Daniell cell, discovred
in 1836 by British chemist John Frederic Daniell, was the first practical source of electricity.
Although, available capacity of all batteries drops with decreasing temperature.

Welsh physicist and barrister William Grove wrote about the improvement of his first crude fuel
cells in 1938. He used a combination of sheet iron, copper and porcelain plates and a solution of
sulphate of copper and dilute acid. In 1939, British engineer Francis Thomas Bacon effectively
developed a 5 KW stationary fuel cell. W. Thomas Grubb, a chemist working for the General
Electric Company (GE), further improved the original fuel cell project by using a sulphonated
polystyrene ion-exchange membrane as the electrolyte after sixteen years. Later in 1959, Bacon
and his co-workers demonstrated a practical five-kilowatt unit capable of powering a welding
machine. Finally the first hydrogen fuel cell automobile was developed by Roger Billings in 1991.
In 2002, Yet-Ming Chiang and his group at MIT exhibited a substantial development in the
performance of lithium batteries by enhancing the material's conductivity by doping it with
aluminium, niobium and zirconium. The particular mechanism causing the proliferation became
the subject of widespread debate. During 2004, Chiang once more improved the performance by
employing iron (l11) phosphate particles of less than 100 nanometers in diameter. This reduced
particle density almost one hundredfold, increased the positive electrode's surface area and
improved capability and performance. Commercialization led to a fast growth in the market for
advanced capacity LIBs, as well as a patent infringement battle between Chiang and Good enough.
In 2007, researched at Stanford University discovered a hanowire battery. A nanowire battery uses
to increase the surface area of one or both of its electrodes. Two designs, variants of the lithium-
ion battery has been proclaimed, although neither is commercially accessible. Both replace the
traditional graphite anode. One uses silicon, while the other uses germanium. Researchers at
Nissan have established at lithium-ion battery in 2009 using a lithium nickel manganese cobalt
oxide cathode (NMC). The new battery will offer twice the energy density. Scientists at
Massachusetts Institute of Technology made Nano ball batteries that are intensify charge rates 100
times in 2009. They are capable of a 10 second re-charge of a cell phone battery and a 5 minute
re-charges of an electric car battery. The cathode is composed of Nano sized balls of lithium iron
phosphate

As of 2009 a new technique of electricity production based on BPL was established at Solar Energy
Research Center, Department of Physics, Jagannath University, Dhaka, Bangladesh [25]. As a
extension, community BPL electricity generation system [105], Performance of PKL electricity
and its uses in Bangladesh [106], Development of portable PKL lantern [107], Performance study
on PKL electricity for using DC fan [108], PKL electricity for switching on the television and
radio [109], performance study of hybrid SPV and BPL electricity production and storage for
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practical application in Bangladesh [110], organic electricity generation, storage and utilization by
PKL cell [111], Studies on Bryophyllum pinnatum Leaf (BPL) and solar photovoltaic electricity
generation [112], demonstrating of a biomass energy based power generation plant and its features
in evaluation with other plants [113], Performance analysis of PKL electricity module [114], A
study on low power generation from PKL for practical utilization in Bangladesh [115], Electricity
Generation from BPL-an innovative approach for both physicist and chemist [116], A study on
internal resistance of the PKL Cell [117], A new approach of increasing the power output of PKL
Cell [118], BPL is an eternal source of renewable electrical energy for future world [119], Studies
on discharge characteristics and temperature effect of PKL Cell [120], A comparative learning on
BPL, Aloe Vera, Lemon and Tomato extract for electricity production [121], A study of
performance investigation of BPL electricity production parameters: An experimental analysis on
voltage regulation, capacity and energy efficiency of BPL cell [122], Studies on electrochemistry
for PKL Power System [123], Studies on energy efficiency for PKL power system in Bangladesh
[124], Examination on parameters performance of Zn/Cu electrodes of BPL, AVL, Tomato and
Lemon extract based electrochemical cells: A relative study [125], Experimental characterization
and identification of cell parameters in a BPL electrochemical device [126], PKL electrochemical
cell: physics and chemistry [127], Studies on performance Parameters of a practical transformer
for various utilizations, microsystem technologies [128], performance evaluation of PKL
electricity for use in television and radio [129], A performance analysis of product ion and reactant
ion during BPL electricity generation [130], PKL electricity - The role of physics [131], Leaf and
vegetative extract electrochemical cells - In comparative research for capacity study [132],
Prospects of PKL electricity [133], Effect of pH of the PKL extract during electricity production
[134], A study on current density for PKL electrochemical cell [135], Electrochemistry of green
Ag nanoparticles modified electrode surface [136], Development of a LED lamp using ginger
extract for practical utilization [137], energy competence and sustainability in outdoor lighting -
A bet for the forthcoming energy efficiency and sustainable lighting [138], voltage collecting from
fresh leaves of air plant, climbing spinach, mint, spinach and indian pennywort for practical
exploitation [139], A study on PKL electrochemical cell for three different conditions [140], A
study on development of PKL power [141], Green separation of magnetite (FesO4) nanoparticles
using azadirachta indica leaf extract and their characterization [142], A study on light traps for
attracting and killing the insects applying BPL electricity [143], A study on electrochemical
characterizations of Bryophyllum pinnatum Leaf (BPL) Electricity [144], Applications of PKL
electricity for use in DC instruments [145], 3R economy of a PKL electrochemical cell [146], PKL
backup LED bulb- an alternative source of electricity during load shading [147], electrochemical
conversion of CO; into useful chemicals and PKL electricity [148], An examination of energy
density for BPL, Aloe Vera, Myrobalan, Lemon, and Tomato electrochemical cell [149],
Comparative Studies of Vi, I, and P from different vegetative and fruits electrochemical cells
| 150], Electricity generation using soil and living PKL tree [151] have been studied.
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Chapter 2 Experimental
2.1 Materials

Arum Leaf (AL) scientifically known as Colocasia esculenta (C. esculenta) was collected from
Dhaka University campus and PKL (Pathor Kuchi Leaf) scientifically known as Briophyllum
pinnatum (B. pinnatum) was from Jagannath University campus. Thomas Baker Cellulose Filter
Paper (whatman 41 and 42), model name and number: TBF-P-040-110-1110-3. Natural Flake
Graphite (NFG) was purchased from LOBA Chemie India having a mean size of 60 mesh and
purity of 98%, Sulfuric acid (H2SOa), potassium permanganate (KMnOs), phosphorous pent oxide
(P20s) and hydrogen peroxide (H202) were procured from Merck India. De-ionized water was
used throughout the experiments whenever it was needed. Silver nitrate (AgNO3) purity of
98.99%, sodium borohydride (NaHB4,) purity of 98.99%, were purchased from D.F. Goldsmith-
Producer & distributers of precious metals, USA and Graphene oxide (GO) was purchased from
Sigma Aldrich purity of 999.99%,USA. Disodium hydrogen phosphate (Na2HPO,) were obtained
from Shanghai Aladin Biochemical Technology Co., Ltd. China.

All above reagents and chemicals applied in this study were analytical grade and used without
further purification

2.2 Instrumentation

Ampere-Volt-Ohm Meter (AVOM); model no. CD 800A 4000 counts, Sanwa Digital Multimeter,
Sanwa Electric Instrument Co. Ltd., Tokyo, Japan. Atomic Absorption Spectrophotometer (AAS),
Shimadzu, Japan and UV Visible spectrometer; UV—1650 PC, Shimadzu, Japan. Analysis of
different electro active metals Cu (1), Zn (1) in extract was analyzed by using Atomic Absorption
Spectrophotometer (AAS), Shimadzu, Japan. pH meter; PHS—25, LIDA Instrument, USA. Field
Emission Scanning Electron Microscopy (FESEM) images JSM-7610 F equipped with an energy
dispersion X-ray spectroscopy (EDX) attachment at 15 KeV. X-ray diffraction instrument, Rigaku
Ultima IV 2036E202. FT-IR spectrophotometer, IRPrestige-21, Shimadzu, Japan. GCMS, QP —
2010 SE Shimadzu, Japan. JSE Magnetic Stirrer, IndiaMART and Centrifuge machine,
JT&CLAND, Shanghai.

2.3 Energy harvesting from living PKL/AL plant

In this study 1:1 Zn/Cu electrode has been used to harvest energy from PKL/AL living plant. Here
the performance of PKL/AL living plant has also been investigated by increasing number of
electrode pair, changing the geometry of electrode and changing the embedded area of electrode.
Moreover, we have investigated open circuit voltage (Voc), short circuit current (Isc) and maximum
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power (Pmax) With the variation of time. This research will help to find several ways to harvest
living plant energy and utilizing in real life.

Figure 2.1: Energy harvesting from PKL/AL plant
2.4 Pathor Kuchi Leaf (PKL)/ Arum Leaf (AL) extract preparation

There are two types of electrolyte such as PKL and AL extract including various NPs have been
applied in bio-voltaic cell. PKL/AL are taken at first then it has been chopped. Thereafter it has
been blended in presence of water (1:1) by a hand blender machine [152]. As a result, 60% of
extract has been prepared. Then it has been filtrate. This extract has been applied in bio-voltaic
cell to generate electricity. Once a mixture is prepared for generating electricity. It serves the
purpose for 6 months constantly. On the contrary, remaining 40% extract can be applied after 6
months. Besides this process, produced byproduct can be applied as bio-fertilizer.

S i I Arum Leaf Extract Preparation At a Glance

PKL Extract
after filtration Solid Waste

.' -~
or
Bio Fertilizer PKL Extract without filtration Bio F::tllller Arum Leaf Extract without Filtration

Solid Waste

Figure 2.2: PKL and AL extract preparation
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2.5 Electrode Preparation

There are five types of electrode applied in bio-voltaic cell such as Zn/Cu, Zn/ RGO (2 h) absorbed
paper electrode, Zn/ RGO (24 h) absorbed paper electrode, Zn/ RGO (2 h) adsorbed and Ag NPs
wrapped paper electrode and Zn/ RGO (24 h) adsorbed and Ag NPs wrapped paper electrode.

Table 2.1: Various types of cell

No. | Types of electrodes

1. | Zn/Cu (1 cm?)

2. Zn/ RGO (2 h) absorbed paper electrode

3. Zn/ RGO (24 h) absorbed paper electrode

4, Zn/ RGO (2 h) absorbed paper electrode + Ag NPs from PKL/AL

5. Zn/ RGO (24 h) absorbed paper electrode + Ag NPs from PKL/AL

25.1 Metal Electrode Preparation

E-Cu58 Copper foil have been purchased from Jiangsu Xiguan Metal Product Co. Ltd. China and
Zinc sheet from Ing Co. Ltd. Japan. Then it has been scissored to prepare electrode. Various
parameters of electrode have been prepared for various types of electrode.

Figure 2.3: Various parameters of electrode for bio-voltaic cell
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2.5.2 Reduced Graphene Oxide (RGO) Preparation

1gm Graphite Power  After adding 1 gm NaNO3 5 gm KMnOu adding slowly Temp raise at 35°C 100 mL DI water
4 adding slowly
45 mL H2S04

RGO after thermal GO after Centrifuging & Quenching with mixture

6 hrs stirrin: Temp raise
reduction(at 350°C) of GO $ p

washing until pH 7 of 100mL DI water & 30% 3 mL H202 3¢ ro0m temp at 95°C

Figure 2.4: Preparation of reduced Graphene Oxide (RGO) using modified Hummers’ method

RGO has been prepared using modified Hummers’ method. At first, 1gm graphite powder with 45
mL H2SOs is taken in beaker. After 30 minutes 1gm NaNOs has been added. After 60 minutes
5gm KMnOg4 has been added slowly then temperature raised at 35°C using magnetic stirrer with
hot pot for mixing. After 60 minutes 100 mL DI water was added slowly then temperature raised
at 95°C then 6 hours stirred at room temperature. Afterwards, quenched with mixture of 100 mL
DI water and 30% 3 mL H20,. After centrifuging and washing up to pH 7, graphene oxide (GO)
has been prepared. Finally, after thermal reducing at 350°C of GO reduced graphene oxide has
been prepared.

2.5.3 RGO adsorbed paper electrode preparation
Four types of RGO adsorbed paper electrode have been prepared.

(a) Atfirst, RGO has been adsorbed on cellulose paper using auto suction pump. After 2 hours
adsorption it turns into brown colour then it is made as electrode according to specific
measurement. Finally this electrode is applied in cell in the substitute of Cu with Zn
electrode.
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Prepared RGO Cellulose paper Suction & Filtration  After 2h filtration 2 h RGO adsorbed

Paper electrode

Figure 2.5: Preparation of RGO adsorbed paper electrode for two hours

(b) Prepared two hours RGO adsorbing paper electrode is kept under Ag NPs solution then it
forms RGO-Ag Nano composite paper electrode. Finally, RGO-Ag Nano composite paper
electrode is applied on cell in the substitute of Cu with Zn electrode.

2 h RGO adsorbed
Prepared RGO  Cellulose paper During suction & Filtratior After 2h filtration Paper electrode

RGO —Ag NPs nanocomposite  Electrode kept under
Paper electrode Ag NPs solution

Figure 2.6: preparation of Ag NPs wrapped RGO adsorbed paper electrode for (2 h)
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(c) Onthe other hand, when RGO 48 hours is adsorbed on cellulose paper, it turns into blackish
colour. Then it is made as electrode according to specific measurement. Finally, it is
applied in cell with Zn electrode.

Prepared RGO Cellulose paper During suction &  After 24 h filtration ~ 24 ' RGO adsorbed
Filtration paper electrode

Figure 2.7: Preparation of RGO adsorbed paper electrode for (24 h)

(d) Prepared 48 hours adsorbed paper electrode is kept under Ag NPs solution. Then it forms
RGO-Ag Nano composite electrode. Then it turns into deep black colour. Finally RGO-Ag
Nano composite paper electrode is applied on cell with Zn electrode.

Prepared RGO Cellulose paper Suction & After 24 h filtration 24 N RGO adsorbed
Filtration paper electrode

RGO —Ag NPs nanocomposite  Electrode kept under
paper electrode Ag NPs solution

Figure 2.8: Preparation of Ag NPs wrapped RGO adsorbed paper electrode for (24 h)
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2.6 Synthesis of Ag Nanoparticle from Pathor Kuchi Leaf

20g fresh B. pinnatum is picked from Jagannath University area, then washed by Deionized (DlI)
water and chopped to make a paste. Thereafter, 100 mL DI water is added to the leaves paste.
During the pest preparation pH value was 5.5 then heated at 60 to 70°C for an hour with nonstop
magnetic stirrer. The solution from PKL pest is then kept onto magnetic stirrer for a while to make
it cool. When temperature downs at room temperature, the solution is filtered twice with
Whatman41 and Whatman 42 filter paper to remove residual solids. Finally, the PKL extract
solution is kept in refrigerator at 3 to 4 °C to prepare Ag NPs.

On the contrary, pure (99.98%) AgNO3s precursor is applied in this experiment to synthesis Ag
NPs which are purchased from Sigma Aldrich. 1.0mM of 45 mL AgNOs solution is prepared then
100mL solution is taken onto a conical flask and 5 mL PKL extract which is prepared and stored
in refrigerator is added drop wise into the above AgNOs solution. After shaking wisely the mixture
is kept in dark chamber. Then the colorless mixture turns into yellow to brown within three or four
hours. After two days, it is finally formed a dark-brown color solution with some black sediments
at the bottom of the flask, which indicates the development of Ag NPs.

Heat at 60° for an hour
With magnetic stirring

Bryophyllum pinnatum Grained the leaves

Leaves i:h
=
S
=]
o Se ' ‘
-
0=
cae -a- 4 - =je
O--0- \
eS'e e e ™y
Dried Ag NPs Formation of Ag NPs  AgNOj; solution Leaves extract

Figure 2.9: Steps diagram of green synthesis of AgNPs using B. pinnatum extract
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Figure 2.10: Schematic diagram of colour changes throughout the fromation of Ag NPs.

2.7 Synthesis of Ag Nanoparticle from Arum Leaf (AL)

C.esculenta leaves/AL were collected from Dhaka University campus, Bangladesh. 20g of leaves
were taken and appropriately washed with pure water to remove the unwanted particles.
Thereafter, the leaves were washed with Deionized (DI) water three times and chopped to blend
to make a fine paste. 100 mL of deionized water were mixed with leaves paste and placed on a hot
plate at 60°C for one hour. The hot solution was kept aside to cool. The solution was filtered twice
with Whatman41 and Whatman42 filter paper then the filtrated extract solution was kept in a
refrigerator at 4°C before use. A pure AgNOs precursor purchased from Sigma Aldrich has been
used in this experiment. Then 5 mL AL extract solution was added to the 1mM 45 mL AgNO:s.
After an hour, the color of mixture had been changing that was observed. The colorless mixture
solution was becoming brownish with the time, which indicated the formation of Ag NPs. To
complete the reduction of Ag* to Ag0 the solution was kept at room temperature for the next couple
of days in a dark chamber. The color change from light yellow to dark brown affirms the reduction
of Ag™ and the formation of Ag NPs. The fabrication steps are shown in Figure 2.11.
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Colocassia esculenta Filtration of leaves extract 1mM AgNO3 solution Mixture Solution
Leaves (1 mM 45 mL Ag NOs +
5 mL AL extract)

Dried Ag NPs after centrifuging Formation of Ag NPs After 3 hours
after 48 hour

After 1 hour

Figure 2.11: Schematic diagram for preparation of Ag NPs using AL extract
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2.8 GC-MS Analysis of PKL Extract

The constituents of the PKLare analyzed by GC/MS analysing. The Acetone extract of the leaves
of PKL on GC/MS analysis reveals eight peaks indicating the presence of eight compounds in the
plant leaves as shown in the figure 3.13.

Chromatogram PEL E\DATA IR I 220200PKL 28112021 ggd
1

11445 540 B B

i Al Wl 104 1o 124 130 144 130 16l I7n 1.0 194 20
il

Figure 3.12: Gas Chromatogram of the leaf essential oil of PKL.

The retention time, molecular weight, and percentage constituents of the compounds are shown in
Table 3.2. The compounds of the essential oil are Acetate (20.722%), 3-Hexamine (28.088%),2-
Propanone, 1-cyclopentyl- (12.398%),Pent-3-yne (7.742%), 2,5-Furandion, dihydro-3-methylene-
(25.843%), 5-Decen-1-ol, acetate, (E)- (1.536%), Benzofuran, 2,3-dihydro- (2.025%), and 2-
Furanone, 3,4-dihydroxxytetrahydro (1.646%).
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Table 2.2: Chemical compositions of B. pinnatum extract

SL No. | Compounds Retention Time (min) | Molecular weight (m/z) | Conc.

1 Acetate <butyl-> 8.383 56.00 20.722 %

2 3-Hexanamine 9.596 72.00 28.088 %

3 2-Propanone, 1-cyclopentyl- 9.920 59.00 12.398 %

4 Pent-3-yne <1-hydroxy-> 10.772 54.00 7.742 %

5 2,5-Furandione, dihydro-3- 12.625 68.00 25.843 %
methylene-

6 5-Decen-1-ol, acetate, (E)- 15.950 81.00 1.536 %

7 Benzofuran, 2,3-dihydro- 17.661 120.00 2.025 %

8 2-Furanone, 3,4- 18.460 55.00 1.646 %
dihydroxytetrahydro

2.9 Electrochemical cell Preparation

Eight types of electrochemical cell have been prepared in this experiment. Four types of cell hane
been prepared using Zn/Cu and four types of cell prepared using Zn/RGO adsorbed paper
electrode. On the contrary, electrolyte density and electrode parameter have been changed during
experiment. Secondary salt has been applied to amplify the performance of extract electrolyte.
Beside this, Ag NPs have been applied to form Ag — RGO Nano composite so that RGO adsorbed
paper electrode can transport electron rapidly.

2.9.1 PKL/AL cell preparation

When only one pair of electrode like one electrode used as anode and other electrode used as
cathode has been submerged in BVC, it is PKL/AL cell. Here, Zn electrode has been applied as
anode and Cu electrode as cathode to construct this cell. Because of applying plant extract as
electrolyte this cell is called bio-voltaic cell (BVC). Four types of bio-voltaic cell have been
prepared in this experiment: (a) Cell using only Zn/Cu electrode with PKL/AL extract electrolyte
(b) Cell using only Zn/Cu electrode with secondary salt mixed PKL/AL extract electrolyte (c) Cell
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using only Zn/ Ag NPs coted Cu with PKL/AL electrolyte (d) Cell using only Zn/Ag NPs coted
Cu with secondary salt mixed PKL/AL electrolyte. The performance of PKL/AL cell depends on

* Concentration of the PKL/AL extract electrolyte

» Parameter of the electrodes

« Space between the two electrodes

* The constituent elements of the electrodes
* The volume of the PKL/AL extract

* The temperature of the PKL/AL extract
* The age of the PKL/AL

* PH of the PKL/AL extract

« Absorptivity of the electrodes

« Adsorptivity of the electrodes

* Thickness of the electrodes

* Purity of the electrodes

Zn Anode Cu Cathode

(a) Bio-Yoltaic Cell using PRL/AL extract electrolyvte

Cu Cathode
Ag MPs coted

PEL/AL extract elecirolyie

() Bio-Voltaic Cell using PKL/ AL extract
electrolyte With Az NPs coted Cu cathode

Zn Anode Cu Cathode

PRL/AL extract
elecirolvie + CnSO4

(b)) Bio-Voltaic Cell using PKL/AL
electrolyte + CuS0s

Cu Cathode

Digita
S Ag NPs coted

Zn Anode

(d) Bio-Voltaic Cell using PRKL/AL extract electrolyte +
CuS50: With Ag NPs coted Cu cathode '

Figure 2.13: Various types of PKL/AL cell using various electrode and electrolyte
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2.9.2 PKL/AL module cell preparation

To construct PKL/AL module cell some instruction have been followed.
PKL/AL extract = 500 mL (PKL /AL: H,O = 1:1)

Anode = Zinc (Zn)

Cathode = Copper (Cu)

No. of Anode =12

No. of Cathode = 12

Thickness of anode = 0.71 mm

Thickness of cathode = 0.17 mm

Mass of anode = 27.71 gm

Mass of cathode = 6.77 gm

@ Area of each anode immersed in extract (A)) =73.34 cm?
@ Area of each cathode immersed in extract (Ai) =80.7 cm?
@ Distance between anode & cathode = 8 cm

@ volume of cell = 1000 mL

@® Concentration of extract = (X-Y)/Z

Where,

X = Weight for fresh leaves before blending,

Y = Weight of the fresh leaves after blending (g) and
Z = Weight of water after filtration (g)

Figure 2.14: PKL/AL module cell
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Figure 2.15: Schematic diagram for preparation of PKL/AL module cell

2.9.3 PKL/AL panel cell preparation

To construct PKL/AL panel cell, at first some module cell has been prepared. Then all of
modules are connected by parallel. Finally, PKL/AL panel cell has been prepared. As a result,
the performance of cell that means voltage, current, power has increased remarkably.

Figure 2.16: PKL/AL panel cell
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2.9.4 PKL/AL 1KW power plant fabrication

W

= L. T
IO Wy

Figure 2.17: Fabrication of an experimental setup of a 1 KW PKL power production from the
PKL/AL extract

It has been designed and fabricated with 6 insulated boxes (figure 2.16) which are available in the
local market of Bangladesh. The Copper and Zinc plates are set-up in the boxes scientifically with
parallel and series combinations. The plates Zn and Cu are parallel in connection with each boxes
and the boxes are connected in series connection with each other for getting required current,
voltages and power [153-159]. The boxes are set up in a standalone chamber. There is a small
insulated box filled up with Zn and Cu plates including with LED lantern on the top of the chamber.
There is also a small insulated box filled up with Zn and Cu plates under the bottom of the chamber.

Figure 2.18: Front side experimental setup of a 1 KW PKL /AL power plant

Figure 2.18 shows the fabrication of the LKW PKL power production system. It is fabricated based
on the design of the PKL/AL power system. Here it is shown through the converter-1, converter-
2, converter-3, converter-4, converter-5, converter-6, converter-7 and converter-8. It is also shown
that, there are two street lights= 600W, two LED lights =60 W, one ceiling fan = 80 W, one table
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fan =30 W, one tube light = 40 W and oneself operated electric pump =50 W which carry PKL/AL
extract forcibly from the converter-8 to the converter-7 (red color). The light is used at the
converter-7 as an indicator of the 1IKW PKL/AL power system. The total power is used in the
system =860 W, which is around 80% of the source. It is mentioned that the output power should
be 80% of the source power [160-165].

Figure 2.19: Left side 1 KW PKL power plant

It is shown (figure 2.18) in the left side of the 1 KW PKL micro power plant where there is a
control board consisting of a circuit breaker, some switches and two LED lights. The total circuit
of the 1IKW PKL/AL micro power plant is controlled by the switches and the circuit board.

2.9.5 Electrochemical cell preparation using Zn/RGO adsorbed paper

Electrode
To reduce the cost of bio-voltaic cell construction; RGO adsorbed paper electrode has been
applied. RGO adsorbed paper electrode has been applied in bio-voltaic cell in the substitute of Cu.
RGO adsorbed paper electrode price is ¥ times less than Cu electrode. This type of paper electrode
is also lighter than Cu electrode.

2.9.5.1 Zn/(2 h) RGO adsorbed paper electrode cell preparation

At first prepared RGO has been adsorbed on cellulose paper using auto suction pump. After 2
hours adsorption it turns into brown colour. When Cellulose paper has adsorbed RGO for two
hours, it is sized according to the measurement of substituted Cu. Thereafter, Zn acts as anode and
2 hours RGO adsorbed paper electrode acts as cathode in the bio-voltaic cell. As a result, Zn/2 h
RGO adsorbed paper electrode cell have been prepared.

29



Prepared RGO Cellulose paper Suction & Filtration After 2h
filtration

Electrochemical cell using 7n electrode 2 h RGO adsorbed
PKL/ AL Electrolyte Paper electrode

Figure 2.20: Schematic diagram for preparation of Zn and 2 hours RGO adsorbed paper
electrode cell using PKL/AL electrolyte

2.9.5.2 Zn/ RGO (2 h) adsorbed and Ag NPs wrapped Nano composite paper electrode cell
preparation

At first prepared RGO has been adsorbed on cellulose paper using auto suction pump. After 2
hours adsorption it turns into brown colour. Then prepared two hours RGO adsorbed paper
electrode is kept under Ag NPs solution. Then it forms RGO-Ag Nano composite paper electrode.
This RGO-Ag Nano composite paper electrode is sized according to the measurement of
substituted Cu electrode. Thereafter. Zn acts as anode and RGO (2 h) — Ag Nano composite paper
electrode acts as cathode in the bio-voltaic cell. Finally, RGO-Ag Nano composite paper electrode
has been applied in bio-voltaic cell with Zn electrode. As a result, Zn/ RGO (2 h) —Ag Nano
composite paper electrode cell has been prepared.

30



Prepared RGO Cellulose paver  Suction & Filtration ~ After 2h filtration 2 h RGO adsorbed
Paper electrode

oon i
i)
00000

— e ——|”

o
Electrochemical cell using Zn electrode RGO -Ag NPs Electrode kept under
PKL/ AL Electrolyte Nano composite Ag NPs solution

paper electrode

Figure 2.21: Schematic diagram for preparation Zn and RGO (2 h) — Ag NPs Nano composite
paper electrode cell using PKL/AL electrolyte

2.9.5.3 Zn/24 (h) RGO adsorbed paper electrode cell preparation

At first prepared RGO has been adsorbed on cellulose paper using auto suction pump. After 24
hours adsorption it turns into blackish colour. When Cellulose paper adsorbs RGO for 24 hours, it
is sized according to the measurement of substituted Cu. Thereafter, Zn acts as anode and 24 hours
RGO adsorbed paper electrode acts as cathode in the bio-voltaic cell. As a result, Zn/24 (h) RGO
adsorbed paper electrode cell has been prepared.
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Prepared RGO Cellulose paper Suction & Filtration  After 24 hours filtration

" Pty
L
s — "

Electrochemical cell using 7Zn electrode 24 hours RGO adsorbed
PKL/ AL Electrolyte paper electrode

Figure 2.22: Schematic diagram for preparation Zn and 24 hours RGO adsorbed
paper electrode cell using PKL/AL electrolyte

2.9.5.4 Zn/ RGO (24 h) adsorbed and Ag NPs wrapped Nano composite paper electrode cell
preparation

At first prepared RGO has been adsorbed on Cellulose paper using auto suction pump. After 24
hours adsorption it turns into blackish colour. Then prepared 24 hours RGO adsorbed paper
electrode is kept under Ag NPs solution. Then it forms RGO-Ag Nano composite paper electrode.
This RGO-Ag Nano composite paper electrode has been sized according to the measurement of
substituted Cu. Thereafter, Zn acts as anode and RGO (24 h) adsorbed and Ag NPs wrapped Nano
composite paper electrode acts as cathode in the bio-voltaic cell. Finally, RGO-Ag Nano composite
paper electrode has been applied on cell with Zn electrode. As a result, Zn/ RGO (24 h) adsorbed
and Ag NPs Nano composite paper electrode cell has been prepared.
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Prepared RGO Cellulose paper Suction & Filtration  After 24 hours filtration

Electrochemical cell Zn electrode RGO —Ag NPs Electrode kept 24 hours RGO
using PKL/ AL Nano composite  under Ag NPs adsorbed
Electrolyte paper electrode solution paper electrode

Figure 2.23: Schematic diagram for preparation Zn and RGO (24 h) — Ag NPs Nano composite
paper electrode cell using PKL/AL electrolyte

2.10 UV- Visible Spectra Analysis

Green synthesized Ag NPs have been probed by using the UV—Vis spectrometer (UV-2102,
China), and the spectra of reaction solution (10 times diluted) have been measured in the range of
(200 nm-800 nm). The outline of UV- Visible spectra analysis of Ag NPs from PKL/AL is as
below:
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Pathor Kuchi Leaf (PKL) and Arum Leaf (AL)
(209)

l

Washing by DI water and chopping

l

100 mL DI water adding and heating up to 60°C

l

Continuous magnetic stirring for an hour

l

Cooling and filtering twice by Whatman41 and
Whatman 42 filter paper

l

Filtrate 5 mL PKL/AL extract added drop wise
With 1mM 45 mL AgNOs solution

l

Keeping in dark chamber for two days to form Ag NPs

l

Ag NPs isolated form PKL/AL

l

UV-Visible spectra analysis to confirm Ag NPs

Figure 2.24: Outline of UV- Visible spectra analysis of Ag NPs from PKL/AL
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2.11 X-ray Diffraction (XRD) Analysis

The crystalline phase of Ag NPs has been investigated by the Rigaku (Ultima IV 2036E202) X-
ray diffraction instrument. The CuKo radiation (A = 1.5405 A) source has been used for the XRD
measurements in different range of 20 angle (20°- 80°). The outline of X-ray Diffraction (XRD)
analysis of Ag NPs from PKL/AL is as below:

Pathor Kuchi Leaf (PKL) and Arum Leaf (AL) (209)

Washing by DI water and chopping

\4

100 mL DI water adding and heating up to 60°C

Continuous maanetic stirring for an hour

Cooling and filtering twice by Whatman41 and
Whatman 42 filter paper

Filtrate 5 mL PKL/AL extract added drop wise
With 1mM 45 mL AgNOs solution

Keeping in dark chamber for two days to form Ag NPs

Centrifuging and washing

A\ 4

Drying by magnetic hot plate

Powdering

A\ 4

X-ray Diffraction (XRD) Analysis

Figure 2.25: Outline of X-ray Diffraction (XRD) analysis of Ag NPs from PKL/AL
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2.12 FTIR Analysis

Fourier Transform Infrared (FTIR) measurements of PKL/AL extract mediated Ag NPs have been
conducted by using the Shimadzu (IRPrestige-21) FT-IR spectrophotometer. The outline of
Fourier Transform Infrared (FTIR) measurements analysis of Ag NPs from PKL/AL as below:

Pathor Kuchi Leaf (PKL) and Arum Leaf (AL) (20g) —l

Washing by DI water and chopping Washing by DI water and chopping
A 4 l
100 mL DI water addlng and heating up to 60°C 100 mL DI water addlng and heatlng up to
60°C
Continuous magnetic stirring for an hour l
v Continuous magnetic stirring for an hour
Cooling and filtering twice by l
Whatman 41 and Whatman 42 filter paper
l Cooling and filtering twice by
Whatman 41 and Whatman 42 filter paper
Filtrate 5 mL PKL/AL extract added dropwise
with ImM 45 mL AgNOs solution l
l Filtrated extract
Keeping in dark chamber for two days to form l
Ag NPs :
FTIR analysis

}

Prepared Ag NPs solution

\ 4

FTIR analysis

. Comparative FTIR analysis +—‘-’

Figure 2.26: Outline of FTIR analysis of Ag NPs from PKL/AL
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2.13 FESEM Analysis

The morphology of silver nanoparticles from PKL/AL has been analyzed using the Field Emission
Scanning Electron Microscopy (FESEM) images JSM-7610F equipped with an energy dispersion
X-ray spectroscopy (EDX) attachment at 15 KeV. Before taking the FESEM images, Ag NPs have
been inserted in JEC-3000FC auto fine platinum coater for 10 seconds. The outline of Field
Emission Scanning Electron Microscopy (FESEM) analysis of Ag NPs from PKL/AL is as below:

Pathor Kuchi Leaf (PKL) and Arum Leaf (AL) (209)

|

Washing by DI water and chopping

100 mL DI water adding and heating up to 60°C

Continuous magnetic stirring for an hour

Cooling and filtering twice by Whatman41 and
Whatman4z2 filter paper

\ 4

Filtrate 5 mL PKL/AL extract added drop wise
With1mM 45 mL AgNOs solution

Keeping in dark chamber for two days to form Ag NPs

Centrifuging and washing

Drying by magnetic hot plate

Powdering

Auto fine platinum coater for 10 seconds

\ 4

FESEM analysis
Figure 2.27: Outline of FESEM analysis of Ag NPs from PKL/AL
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2.14 GC-MS Analysis

The Gas-chromatography analysis of PKL/AL has been performed GCMS QP — 2010 SE
SHIMADZU, JAPAN with the helium gas carrier at 1.00 mL/min and the injection temperature
was 200 oC. The outline of Field Emission Scanning Electron Microscopy (FESEM) analysis of
Ag NPs from PKL/AL is as below:

Pathor Kuchi Leaf (PKL) and Arum Leaf (AL)
(149)

!

Washing by acetone and chopping

!

Pest preparation

!

50 mL acetone adding with gentle shaking

!

Magnetic stirring at 50 to 60 °C

|

Filtration by Whatman41 filter paper

!

Filtrated extract

!

GC-MS analysis

Figure 2.28: Outline of GC-MS analysis of Ag NPs from PKL/AL
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2.15 Chemical Analysis

2.15.1 Chemical component in AL

Colocsia esculenta leaves or Arum leaves contains calcium oxalate, fibers, minerals, starch and
vitamin A, B, C etc [166]. But from phytochemical investigation of AL, there are three compounds
found in AL which play an important role to flow electron. [167]. such as figure 2.29(a): Apigenin
figure 2.29(b): Luteolin and figure 2.29(c): Anthocyanins. Most of the compounds are phenolic
and show resonance. As a result, during resonance those compounds can donate proton. These
protons help to flow electron by reduction process.

OH
HO O
OH O
Figure (a): Apigenin Figure (b): Luteolin

Figure (c): Anthocyanin

Figure 2.29: Main compound in AL (a): Apigenin (b): Luteolin (c): Anthocyanin
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2.15.2 Chemical component in PKL

There are many organic acid, mineral, flavonoids and vitamins which have been found from GC-
MS result analysis of PKL (Described in 3.17). Especially, citric acid, iso-citric acid and malic
acid are main acetic ingredients which donate proton in electrolyte. As a result, transport number
including current and voltage increases during cell reaction.

HOOC — CH2— CH (OH) —-COOH

Figure 2.30(a): Malic acid
HOOC — CHZ— C‘(OH) — CH2 — COOH
COOH

Figure 2.30(b): Citric acid
HOOC — CH (OH) — CH- CHZ- COOH

COOH
Figure 2.30(c): Iso-citric acid

Figure 2.30: Chemical component of PKL

2.16 Voltage Efficiency (nv)

The Voltaic Efficiency of a cell is the ratio between the maximum voltage of load and open
circuit voltage i.e. no-load voltage.

VL
Vmax

That is, Voltaic Efficiency, (nv®) = XT00%0 cuveneeieee e (2.6)

Here, the Vmax is the voltage without any load (Vi) and Vi is the voltage with load.
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2.16.1 Experimental set-up of Voltage Efficiency (nv)

In this study, filament bulb of resistance 2Q in both type of cells was added. A voltmeter was
connected in parallel to the load or the filament bulb to give the value of load voltage. Another
voltmeter was also used to measure the terminal voltage when the load was disconnected from
both cells. At first the load voltage of each cell was taken and then the no-load voltage or the open
circuit voltage. There after data was taken by a short time interval in both type of cells.

2.17 Voltage Regulation (Vr) Analysis

Voltage sags or swells are caused by the disturbances or faults in power systems. The input voltage
fluctuation also affects the output voltage. Voltage regulation is the change of voltage from full
loaded to no loaded condition. When there is no load connected then the terminal voltage is equal
to the generated voltage. But when load is connected then the terminal voltage becomes less than
the no loaded condition [65]. This voltage drop is due to the internal resistance or impedance of
the system. An ideal voltage source has zero internal impedance. But practically internal
impedance is one. Once a load current is drawn there will be a voltage drop across the source of
internal impedance and then the terminal voltage will therefore drop. The higher the load current,
the higher the voltage drops. This phenomenon is expressed as voltage regulation. In electrical
power system the voltage regulation is the percentage of voltage difference between no load and
load voltages.

Mathematically,

No Load Volatge —Load Voltage
Load Voltage

Voltage Regulation, Vr =

Usually it is expressed as %.

Voltage Regulation in % Vg = VN]L/;VLX1OO% ......................................... 2.7)

Where, Vr = Voltage Regulation, Vi = No load Voltage, Vi = Load Voltage.

2.17.1 Experimental set-up of Voltage Regulation (Vr) Analysis

This experiment was also set as voltaic efficiency experiments. At first the filament bulb of
resistance 2€ in both type of cells was added. A voltmeter was connected in parallel to the load or
the filament bulb to give the value of load voltage. Another voltmeter was also used to measure
the terminal voltage when the load was disconnected from both cells. At first the load voltage of
each cell was taken and then the no-load voltage or the open circuit voltage. There after data was
taken by a short time interval in both type of cells.
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2.18 Power Efficiency (np)

The power supplied to electrical equipment is not all converted into useful power. Usually, some
power is wasted. The ability of an electrical component to convert power into a useful output is
defined in terms of power efficiency [68-170]. The symbol for power efficiency is 7.

Power output

Power Efficiency, np = XT00% vuveeiie i, (2.8)
Mp

Power input

2.19 Internal Resistance (Rint) Analysis

When currents flows from an electrochemical cell then electrons are transferred externally from
the negative electrode to the positive electrode. If the load current is very small then the terminal
voltage under load may not be noticeably different from the open-circuit output voltage. When the
load current is large then the terminal voltage falls below the open-circuit voltage level. If the load
current is made too large then the cell terminal voltage falls to near zero. Because the chemical
action cannot occur fast enough to replace the charges removed from the electrodes. The maximum
current taken from a voltage cell without a substantial drop in output voltage is proportional to the
surface area of the electrodes and to the composition of the electrolyte. During supplying current
if terminal voltage drop of an each cell then certain internal resistance occurred. On the other hand
a practical electrical power source which is a linear electric circuit represent as an ideal voltage
source in series with an impedance. This resistance is termed the internal resistance of the source.
When the power source delivers current then the measured voltage output is lower than the no-
load voltage and this difference is the voltage drop. This voltage drop occurred because of internal
resistance. The internal resistance found more or less in all kinds of electrical sources [171].The
internal resistance of an electrochemical is dependent on the specific cell's size, chemical
properties, age, temperature and the discharge current. It has an electronic component due to the
resistivity of the cell's component materials and an ionic component due to electrochemical factors
such as electrolyte conductivity, ion mobility, and electrode surface area. The internal resistance
of a battery can be calculated from its open circuit voltage, voltage on-load, and the load resistance:

VNL

RIN= (T2 = D)X RL ot (2.9)

Where Rint is the internal resistance, Vi is the no load voltage, V. is the full load voltage and R
is the resistance of the load connected to that cell.
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2.20 Columbic Efficiency of Cell (nq %)

The columbic efficiency is the ratio of the charge obtained to the total charge supplied by the anode
[172],i.e.

_ Qoutput

o = P 0
No% Qinput x100%

_Q obtained 0
Femptieg < 100% o, (2.10)

If the life time of the cell becomes t, with an outer circuit connection, and the current measured by
the ammeter is |.

Then the output charge, Qoutput = It ..oneneee i (2.11)

Again, the source of electron is the anode where electron produces by the oxidation reaction on
the metal used as anode. Thus with reaction the weight of the anode reduces with time. If the
weight of the anode used is = W1, and the weight after time t is = WS>,

The weight lost = W1- W»
=X g

Again the molecular weight of the metal used as anode is M, and the oxidation number is n. Then
the reaction taking place on the anode can be represented as

A — An+ + ne”
Where, A represents anode. Thus, one mole metal will produce n mole electron.
So, M gm. metal anode (A) will supply n mole electron.
. n.x
X gm. metal anode will supply = o mole electron

n.x.NA
= electron
M

_nx,NA

x 1.6x107*® coulomb charge

n

F
—— coulomb charge

Where, F = 1 Faraday.

That is x gm anode by decaying under oxidation process supply %F coulomb charge.
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So, the input charge Qinput = % coulomb charge .............coooiiiii (2.12)

From Equations-(2.10), (2.11) and (2.12) we get,

_ Qoutput

Now = Qinput x100%
= nITtF X 100%
™
= 2 100%
nxF
e Mit
So, columbic efficiency 17qw% = X L00% L (2.13)

So, by putting the values of the quantities in equation-(2.13) we can calculate the columbic
efficiency.

2.21 Self-discharge Characteristics of Cell

A cell subjected to self-discharge during operation. Self-discharge is caused by parasitic reactions,
such as corrosion. That occur even when the cell is not in use. Thus, the chemical energy may
slowly decrease with time. The self-discharge rate also depends on the temperature. The self-
discharge state is more spontaneous thermodynamically. The rate of self-discharge of the voltaic
cell is fairly rapid when no external load is applied. Further energy loss may occur due to
electrolyte consuming. But the rate of self-discharge can be reduced significantly by incorporating
certain design features [173].

Typical self-discharge rates for common rechargeable cells are given below: [174]
Nickel Cadmium 10% per month

Nickel Metal Hydride 30% per month

Lithium 5% to 10% per month

NiMH batteries 1.25% per month

Nickel Cadmium 10% per month

2.21.1 Experimental Set-up

In this study, six zinc plates as anode and six copper plates as cathode. The surface area of each
electrodes were uniform. The increasing the plates number means increasing the surface area of
each plates. The electrodes were immersed 120 mm deep in the PKL/AL extract in a rectangular
container. This depth was kept fixed throughout this experiment. A filament bulb of 2Q was
connected between the anode and cathode. The two leads of a voltmeter and an ammeter were
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connected to the two electrodes to measure the open circuit voltage and short circuit current and a
pH meter was immersed at the upper part of the container to get the pH value continuously. In this
experiment the PKL/AL in the extract was 85.308%, water was 14.214% and CuSO4 5H,0 was
0.4739% approximately. The gap between the electrodes was 5 mm and corresponding load-
current and pH readings were taken for several times. Here we used a term named “Cycle” which
is the number of uses of same extract for several periods. Cycle-1 means newly made extract was
used for the study. When the pH of the extract becomes 7 then the extract transfer from the cell to
another container. After some days this used extract was taken in the cell to second time
experiment for further study known as Cycle-2 investigation. Thus this experiment was continued
for Cycle-3.

2.22 Effect of Secondary Salt

In this study, the space between the electrodes has been kept constant at 5 mm by placing a plastic
separator to hold them. An electric balance has been used to measure the mass of secondary salt
(CuS04.5H,0). At first, 1000 (g) PKL/AL extract has been taken where PKL/AL and water ratio
is 1:1. Then the extract has been poured in cell and data have been collected i.e. open circuit voltage
and short circuit current have been measured using two digital multi-meters. After that 5 (g)
CuS04.5H20 has been added in the cell and mixed this secondary salt with glass rod. At that
moment second reading has been taken. As a results, voltage and current have increased. Again,
more 5 (g) CuSO4.5H20 has been added in the cell and shake with glass rod then third reading has
been taken. As a result, performance of cell has increased from previous state. Finally, this
experiment shows that addition of secondary salt gradually performance of BVC increases
gradually.

2.23 Effect of Reduced Graphene Oxide (RGO) Adsorbed Paper electrode

For excellent electrical conductivity of RGO (Reduced Graphene Oxide) it can be applied as
electrode by adsorbing or wrapping on cellulose paper [175]. Here, whatman 41 and 42 filter paper
has been applied to adsorb RGO. Beside this, when RGO adsorbed paper electrode is wrapped by
green synthesized Ag NPs then electrical conductivity increases abruptly. Because, Ag NPs have
more electrochemical performance with various electrolyte [176]. As a result, RGO- Ag Nano
composite has attained superior energy as well as power density. On the other hand, more adsorbed
RGO-Ag Nano composite has showed enhanced electrical conductivity and also reached nonlinear
current voltage characteristics. [176].This current voltage characteristics varied with the variation
electrolyte such as Arum Leaf (AL) and Pathor Kuchi Leaf (PKL) electrolyte.
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2.24 Effect ROG-Ag Nano composite Adsorbed Paper Electrode

Prepared RGO using modified Hummers’ method play an important rule to enrich conductivity of
electrode. When RGO is adsorbed on cellulose paper, then cellulose paper can be used as electrode
in the substitute of Cu electrode with Zn electrode in bio-voltaic cell. On the other hand, when
RGO adsorbed paper electrode has been kept under Ag NPs solution then it forms RGO-Ag Nano
composite. As a result, conductivity of electrode enriches abruptly from existing state. That’s why
voltage, current and power performance enrich from existing state. Using this procedure cost can
be reduced to fabricate the bio-voltaic cell.

2.25 How to act Ag NPs on RGO

When RGO adsorbed paper electrode is kept under Ag NPs solution, Ag NPs are wrapped on RGO
adsorbed paper electrode. As a result, RGO-Ag nanocomposit is formed. [175]. For excellent
conductivity power of RGO, voltage, current and power have been significantly improved from

previous condition.

Expanded

Figure 2.31: RGO-AgNPs nanocomposit [ 175]
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2.26 Cost Analysis

Generally a 6V cell consists of 12 copper plates and 18 zinc plates. The average area of these
electrodes is 10426 mm? or 1.04 cm? approximately. So, the total area of zinc and copper plate in
a 6V cell is approximately 18.72 cm? and 12.48 cm? and the weight of 18 zinc plates is 750 (g)
and for copper is 350 (g) approximately. These electrodes have been set in a blank plastic battery
box. The total cost of building a cell like this will be,

Cost of 1Kg Zinc = 250TK
Cost of 1Kg Copper = 1000TK
So, the cost of 750 (g) 18 zinc plates is 187.5TK and 350 (g) or 12 copper plates is 350TK.

The price of plastic box is 150TK. Rubber separator and electric wires only 50TK only. So, total
price of a single cell will not be greater than 750TK. To construct 10 similar kind of cell will cost
7500 TK-9000TK. The electrolyte or PKL/AL extract is free because it can cultivate or available
in local area. So, only 9000TK will be the cost of a 50W PKL/AL mini power plant. This 50W
power source can run 5-15 LED bulbs or other electrical components. This cells can work well up
to lyear. Only by changing zinc plates and washing the copper plates we can use again these cells.

On the contrary, to fabricate TVC single cell around 1200 TK required. Because, the price of
H2S04 (98%), is 30,000TK per ton currently.
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Chapter 3
RESULTS and DISCUSSION
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Chapter 3: Results and Discussion

3.1 Effect of AL living plant in bio-voltaic cell (BVC)

Three parameters such as open circuit voltage, Voc (V), short circuit current, Isc (A) and power,
Pmax = Voe X Isc (W) are measured to check the performance to develop BVC using Zn, Cu electrode
and AL living plant. The area of the Zn plate was 7.14 cm?, 5.06 cm? and 6.5 cm? for leaf 1, 2 and
3 respectively and the area of Cu plate was 9.6 cm?, 5.76 cm? and 6.5 cm? for leaf 1, 2 and 3
respectively. Embedded average area of three Zn is 3.57 cm? and three Cu is 2.53 cm?.

3.1.1 Open circuit voltage, Voc (V) of bio-voltaic cell (BVC) using AL living plant

An experimental investigation of open circuit voltage, Voc (V) from living AL plant has studied
and given below-

Figure 3.1: Measuring voltage from living AL plant

=== Open circuit voltage Voc (V) for single pair electrode using AL living plant
=== Open circuit voltage Voc (V) for double pair electrode using AL living plant
_ |==== Open circuit voltage Voc (V) for triple pair electrode using AL living plant
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Figure 3.2: Variation of Vo (volt) with time (min) in different pair of AL leaves.
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The figure 3.2 shows the open circuit voltage, Voc (V) of BVC using double and triple pair
electrctrode. The BVC using triple electrode pair shows better performer than that of double
electrode pair. As the exposed area of midrib of living plant increases, the electrolyte area
increases. As a result open circuit voltage (Voc) of BVC increases which is consistent wih the
published result [236].

The figure 3.2 also shows that at first open circuit voltage (Voc) of triple pair electrctrode decreased
rapidly from 1.4 volt to 1.17 volt covering 25 minutes. Then decreased very slowly and almost
linearly up to 1.14 volt. Beside this open circuit voltage (Voc) of double pair electrctrode did not
decreased abruptly. On the otherhand, open circuit voltage (Vo) of single pair electrctrode
fluctuate i.e. at first increased 0.1 volt then decreased and finally was almost linearly decreased.
We can conclude from the information that, with the increasing electrode pair of leaf, the voltage
of BVC increased.

3.1.2 Short circuit current, Isc (A) of BVC using AL living plant

=== Short circuit current, Isc (A) for single pair electrode using AL living plant
=== Short circuit current, Isc (A) for double pair electrode using AL living plant
=== Short circuit current, Isc (A) for triple pair electrode using AL living plant
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Figure 3.3: Variation of Isc (A) with time (min) in different pair of AL leaves

The figure 3.3 shows the short circuit current, lsc (A) of BVC using double and triple pair
electrctrode. The BVC using tripe electrode pairs are better performer than the short circuit current,
Isc (A) of double electrode pair with AL living plant electrolyte. As the exposed area of midrib of
living plant increases, the flow of electron increases. As a result the developed BVC shows better
performance which is consistent wih the published result [236, 237].



The figure 3.3 also shows that short circuit current, Isc (A) of triple pair is 0.15 (A) greater than
double pair in BVC. When, embedded area of Zn 5.06 cm? and embedded area of Cu 5.76 cm?.
The % of current, Isc (A) variation using double pair (0.4-0.23)/0.23 = 0.73 % and the % of current,
Isc (A) variation using triple pair (0.7-0.43)/0.43 = 0.62%.

3.1.3 Power (W) of BVC using AL living plant

Figure 3.4: Measuring power in AL leaves
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Figure 3.5: Variation of power (W) with time (min) in different pair of AL leaves.

The figure 3.5 shows that the power (W) of BVC using double and triple pair electrctrode.The
BVC using tripe electrode pairs are also better performer than double electrode pair. Because,
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when open circuit voltage (Voc) and short circuit current, Isc (A) increase than power increase
automatically [236, 237].

The figure 3.5 also shows that the power (W) of trriple electrode pair is 0.57 (W) greater than
double electrode pair in BVC using AL living plant electrolyte when embedded area of Zn 5.06
cm? and embedded area of Cu 5.76 cm?. The % of power (W) variation using double pair (0.43-
0.15)/0.15 = 1.86 % and the % of power (W) variation using triple pair (0.90-0.63)/0.63 = 0.27%.

3.2 Effect of PKL living plant in BVC

To study the performance of PKL living plant, here also measured three parameters of BVC such
as open circuit voltage, Vo (V), short circuit current, Isc (A) and power, Pmax = Voc X Isc (W) using
Zn and Cu electrode and PKL living plant as electrolyte. The area of the Zn plate 7.14 cm? , 5.06
cm? and 6.5 cm? for leaf 1,2 and 3 respectively and the area of Cu plate 9.6 cm?, 5.76 cm? and 6.5
cm? for leaf 1,2 and 3 respectively. Embedded average area of three Zn is 3.57 cm? and three Cu
is 2.53 cm?.

3.2.1 Open circuit voltage, Voc (V) of BVC using PKL living plant

The open circuit voltage, Voc (V) have been measured from PKL living plant as below:

y . " - i:
T 4

Figure 3.6: Measurin voltage and current from PKL leaves
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Open Circuit Voltage Voc (V) for double pair using PKL
194 Open Circuit Voltage Voc (V) for triple pair using PKL
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Figure 3.7: Variation of Vo (volt) with time (min) in different pair of PKL leaves.

The figure 3.7 shows the open circuit voltage, Voc (V) of BVC using double and triple pair
electrctrode. The BVC using tripe electrode pair are better performer than double electrode pair
using PKL living plant electrolyte. As the exposed area of midrib of living plant increases, the
electrolyte area increases. As a result open circuit voltage, Voc (V) of BVC increases which is
consistent wih the published result [236,237,238].

The figure 3.7 also shows that open circuit voltage, Voc (volt) of tripe electrode pair is 0.21 (W)
greater than double pair electrctrode using PKL living plant as electrolyte in BVC when embedded
area of Zn 5.06 cm? and embedded area of Cu 5.76 cm?. The % of voltage, Voc (V) variation using
double pair electrode (1.65-1.43)/1.43 = 0.15% and the % of voltage, Vo (V) variation using triple
pair electrode (1.87-1.62)/1.62 = 0.40%.
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3.2.2 Short circuit current, Isc (A) of BVC using PKL living plant

=== Short circuit current, Isc (A) of double electrode pair using PKL living plant
== Short circuit current, Isc (A) of triple electrode pair using PKL living plant
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Figure 3.8: Variation of Isc (A) with time (min) in different pair of PKL leaves

The figure 3.8 shows the short circuit current, lsc (A) of BVC using double and triple pair
electrctrode. The BVC using tripe electrode pairs are better performer than the short circuit current,
Isc (A) of double electrode pair with PKL living plant electrolyte. As the exposed area of midrib
of living plant increases, the flow of electron increases. As a result the developed BVC using triple
electrode pair shows better performance which is consistent wih the published result [236,
237,238].

The figure 3.8 also shows that short circuit current, Isc (A) of triple pair is 0.20 (A) greater than
double pair in BVC. When, embedded area of Zn 5.06 cm? and embedded area of Cu 5.76 cm?.
The % of current, Isc (A) variation using double pair electrode (0.60-0.40)/0.40 = 0.33 % and the
% of current, Isc (A) variation using triple pair (0.8-0.60)/0.60 = 0.33%.
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3.2.3 Power (W) of BVC using PKL living plant

= Power (W) for double pair using PKL living plant
1.6 - == Power (W) for triple pair using PKL living plant
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Figure 3.9: Variation of power (W) with time (min) in different pair of PKL leaves.

The figure 3.9 shows that the power (W) of BVC using double and triple pair electrctrode.The
BVC using tripe electrode pairs are also better performer than double electrode pair using PKL
living plant electrolyte. Because, when open circuit voltage (Voc) and short circuit current, Isc (A)
increase than power increase automatically [236, 237,238].

The figure 3.9 also shows that the power (W) of trriple electrode pair is 0.50 (W) greater than
double electrode pair in BVC using PKL living plant electrolyte when embedded area of Zn 5.06
cm? and embedded area of Cu 5.76 cm?. The % of power (W) variation using double pair electrode
(0.99-0.572)/0.572 = 0.73 % and the % of power (W) variation using triple pair electrode (1.496-
0.891)/0.891 = 0.68%.
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3.3 Comparative performance of BYC using PKL and AL living Plant

Table 3.1: Comparative performance of BVC using PKL and AL living Plant

No. | Performance parameters of Type of plant | Highest magnitude of measured parameters
BVC leaf used : : :
Double pair electrode | Tripe pair electrode
1 AL 0.78 1.4
Open circuit voltage, Voc (V)
PKL 1.65 1.87
2 AL 0.55 0.7
Short circuit current, Isc (mA)
PKL 0.60 0.80
3 AL 0.43 0.99
Power, Pmax= Voc X Isc (W)
PKL 1.00 1.50

It is clear from the above table 3.1 that BVC developed using PKL living plant showed better

performance than that of the cell developed using AL living plant. As the expose area of midrive

of living plant increases, the developed bio-voltaic cell (BVC) showed better performance which
is the consistent with the published result [236].

3.4 Effect of PKL extract in bio-voltaic cell

Parameters such as open circuit voltage, short circuit current, load voltage, load current, voltage
regulation, internal resistance and power are measured to check the performance analysis of PKL
bio-voltaic cell, which are described below:
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3.4.1 Open circuit voltouage, Voc (V) of BVC using PKL extract
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Figure 3.10: Variation of Vo (V) with time duration (hr)

The figure 3.10 shows the open circuit voltage, Voc (V) of BVC using PKL extract electrolyte. At
first open circuit voltage, Voc (V) reduced rapidly. Because, the independent function time duration
range was very high with the dependent function open circuit voltage (Vo) Volt range was very
low. That is why from the graph it is shown the open circuit voltage (Voc) Volt decreases very fast.
That means, only 0.3 Volt reduced covering 50 hours.

The figure 3.10 also shows that at first open circuit voltage (Vo) rapidly decreases from 5.30 (V)
to 5.00 (V) within 50.00 hour. Then it decreases from 5.00 (V) to 4.90 (V) within very short time.
But it steadily decreases from 4.90 (V) to 4.40 (V) covering 700 hours. Again, it abruptly decreases
from 4.40 (V) to 4.30 (V) and it changes from 4.30 (V) to 4.10 (V) in a steady way. Finally it
changes very slowly from 4.10 (V) to 4.05 (V).
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3.4.2 Short circuit current, Isc (A) of BVC using PKL extract
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Figure 3.11: Variation of lsc (A) with time duration (hr)

The figure 3.11 shows the short circuit current, Isc (A) of BVC using PKL extract electrolyte. At
first short circuit current, Isc (A) reduced rapidly. Because, the independent function time duration
range was also very high with the dependent function short circuit current, Isc (A) range was very
low. That is why from the graph it is shown the short circuit current, Isc (A) decreases very fast.
That means, only 2.97 (A) reduced covering 39 hours.

The figure 3.11 also shows that the short circuit current falls down sharply into two phases; from
0.35 (A) to 0.325 (A) and from 0.325 (A) to 0.280 (A) respectively within 21.5 hours. Then it
steadily decreases from 0.28 (A) to 0.26 (A). Then again it falls down sharply into to phases;
from 0.26 (A) to 0.23 (A) and from 0.23 (A) to 0.17 (A) respectively. Finally it changes steadily
from 0.17 (A) to 0.14 (A).
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3.4.3 Power (W) of BVC using PKL extract
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Figure 3.12: variation of power (W) with time (hr) using PKL extract electrolyte

The figure 3.12 shows the power Pmax = Voc X Isc (W) of BVC using PKL extract electrolyte. At
first power Pmax = Voc X Isc (W) reduced rapidly. Because, when open circuit voltage, Vo (V) and
short circuit current, Isc (A) reduced gradually then power Pmax = Voc X lsc (W) reduced
automatically. That is why from the graph it is shown the power Pmax = Voc X lsc (W) decreases
very fast. That means, only 0.18 (W) reduced covering 40 hours.

The figure 3.12 also shows that power Pmax = Voc X Isc (W) falls down sharply into two phases;
from 1.75 (W) to 1.60 (W) and from 1.60 (W) to 1.30 (W) respectively within 21.5 hours. Then it
steadily decreases from 1.30 (W) to 1.10 (W). Then again it falls down sharply into two phases;
from 1.10 (W) to 1.00 (W) and from 1.00 (W) to 0.75 (W) respectively. Finally it changes steadily
from 0.75 (W) to 0.50 (W).
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3.4.4 Load voltage, VL (V) of BVC using PKL extract
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Figure 3.13: Variation of load voltage (VL) with time duration (hr)

The figure 3.13 shows the load voltage, Vi (V) of BVC using PKL extract electrolyte. Here also
load voltage, VL (V) reduced rapidly. Because, at primary stage concentration of PKL extract
electrolyte reduced rapidly. That is why load voltage, VL (V) reduced sharply which is consistent
with the published result [ 13].

The figure 3.13 also shows that at first load voltage, V. (V) rapidly decreases from 3.40 (V) to
2.82 (V) within 10.00 hour. Then it decreases from 2.82 (V) to 2.88 (V) very slowly. Again it
rapidly decreases from 2.88 (V) to 2.50 (V) covering only 10 hours. Then it fluctuate three times
covering 200 hours. Finally it changes very steadily from 2.55 (V) to 2.56 (V) covering 400 hours.
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3.4.5 Load current, I (A) of BVC using PKL extract
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Figure 3.14: Variation of load current, I (A) with time duration (hour)

The figure 3.14 shows the the load current, I (A) of BVC using PKL extract electrolyte. The load
current, I (A) reduced rapidly. Because, at primary stage concentration of PKL extract electrolyte
reduced rapidly. That is why load current, IL (A) reduced sharply which is consistent with the
published result [13].

The figure 3.14 also shows that at first load current (I.) rapidly decreases from 5.50 (A) to 4.00
(A) within 10.00 hour. Then it decreases from 4.00 (A) to 3.00 (A) very slowly covering 640 hours.
Again it rapidly decreases from 3.00 (A) to 1.00 (A) covering only 70 hours. Then it fluctuate three
times covering 210 hours. Finally it changes very steadily from 1.00 (A) to 0.51 (A) covering 410
hours.
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3.4.6 Voltage regulation (Vr) of BVC using PKL extract
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Figure 3.15: Variation of voltage regulation (\Vr) with time duration (hr)

The figure 3.15 shows the voltage regulation (Vr) of BVC using PKL extract electrolyte. At first
voltage regulation reduced up to 0.55 then fluctuate and increased up to 0.75. Because voltage
regulation is the change of voltage from full loaded to no loaded condition. When there is no load
connected then the terminal voltage is equal to the generated voltage. But when load is connected
then the terminal voltage becomes less than the no loaded condition [65]. This voltage drop is due
to the internal resistance or impedance of the system.

The figure 3.15 also shows that at first voltage regulation (Vr) rapidly decreases from 0.94 to 0.87
within 15.00 hour. Then it decreases from 0.87 to 0.75 very slowly covering 615 hours. Again it
rapidly decreases from 0.75 to 0.70 covering only 20 hours. Then it was almost constant 35 hours.
Then it’s decreases very rapidly from 0.72 to 0.55. Finally voltage regulation (\Vr) increased very
rapidly from 0.55 to 0.65 within 5 hours. Then steadily increased 0.65 to 0.75.
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3.4.7 Internal resistance (€2) of BVC using PKL extract
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Figure 3.16: Variation of internal resistance (€2) with time duration (hr)

The figure 3.16 shows the internal resistance (2) of BVC using PKL extract electrolyte. The
internal resistance found more or less in all kinds of electrical sources [171].The internal resistance
of an electrochemical cell is dependent on the specific cell's size, chemical properties, age,
temperature and the discharge current. It has an electronic component due to the resistivity of the
cell's component materials and an ionic component due to electrochemical factors such as
electrolyte conductivity, ion mobility, and electrode surface area. The internal resistance of a
battery can be calculated from its open circuit voltage, voltage on-load, and the load resistance:

VNL
Rin = (W— 1)X RL
Where Rin is the internal resistance, VL is the no load voltage, V. is the full load voltage and R
is the resistance of the load connected to that cell.

The figure 3.16 also shows that at first Internal resistance (2) rapidly increases from 15 (Q2) to 40
(€2) within 1.00 hour. Then it sharply decreases from 40 (£2) to 22 (€2) covering 0.5 hours. Again
it gradually increases from 22 (2) to 80 (Q) covering 648.5 hours. Then it was turned from 80 (Q)
to 62 (€2) within 45 hours. Again its increases very rapidly from 62 () to 110 (€2) within 22 hours.
Finally internal resistance (€2) increased very slowly from 110 (2) to 115 () covering 500 hours.
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3.4.8 Load power (W) of BVC using PKL extract
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Figure 3.17: Variation of load power, Pout (W) with time duration (hr)

The figure 3.17 shows the load power, Pout = VL % I (W) of BVC using PKL extract electrolyte.
At first load power, Pout = VL x IL (W) has fluctuated then reduced gradually there after reduced
rapidly. As the load voltage, V. (V) and load current I (A) reduced, the load power, Pout = VL X
IL (W) reduced which is consistent with the published result [ 13].

The figure 3.17 also shows that at first power, Pout = VL x IL (W) fluctuate within 2 hours. Then
decreases very steadily from 1.30 (W) to 1.10 (W) covering 648 hour. Then it decreases very
rapidly from 1.10 (W) to 0.57 (W) within 30 minutes. Again it turn and decreases slowly from
0.57 (W) to 0.50 (W) covering only 10 hours. Then it fluctuate and decrease three times from 0.50
(W) to 0.10 (W) covering 210 hours. Finally it changes very slowly from 0.10 (W) to 0.02 (W)
covering 490 hours.
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3.4.9 Effect of adding 250 mL more PKL extract with previous PKL extract in BVC
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Figure 3.18: Variation of Vo (V) with time duration (hr)

The figure 3.18 shows that, after adding more extract with previous extract open circuit voltage,
Voc (V) has increased. Because of adding more extract with previous extract electrolyte has gained
more organic acid. As a result, open circuit voltage, Voc (V), short circuit current, lsc (A) and power
Pmax = Voc X Isc (W) has increased which is consistent with the published result [4].

The figure 3.18 also shows that after adding new extract with existing extract then open circuit
voltage upgrades up to 5.00 (V) from previous 4.05 (V). Here, the graph shows that open circuit
voltage (V) steadily decreases from 5.00 (V) to 4.60 (V). Then it remains unchanged. Then again
it starts to decrease steadily from 4.60 (V) to 4.10 (V).
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3.5 Effect of secondary salt in PKL extract BVC

3.5.1 Effect on open circuit voltage, Voc (V) of PKL extract BVC
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Figure 3.19: Effect of secondary salt on Vo (V) with time duration (hr).

The figure 3.19 shows the effect of secondary salt on open circuit voltage, Voc (V) of BVC using
PKL extract electrolyte. Without applying secondary salt open circuit voltage, Voc (V) decreased
gradually. But, when secondary salt applied on the cell then open circuit voltage, Voc (V) as well
as performance of cell increased from existing state. Because, secondary salt supply Cu?* in
electrolyte. As a result, InQ: reduced as well as Ecen increased which is consistent with the
published result [231].

The figure 3.19 also shows that at first open circuit voltage, Voc (V) rapidly decreases from 7.25
(V) to 6.75 (V) within 30 hour. Then it decreases very slowly from 6.75 (V) to 6.50 (V) covering
635 hours. Again it rapidly decreases from 6.50 (V) to 6.00 (V) covering only 10 hours. Then it
turned three times and decreased from 6.00 (V) to 4.6 (V) within 250 hours. At this moment
secondary salt added. Because of adding secondary salt voltage upgraded from 4.6 (V) to 5.25 (V)
within 30 minutes. Then it’s gradually increased from 5.25 (V) to 5.50 (V) covering 500 hours.
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3.5.2 Effect on power (W) of PKL extract BVC
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Figure 3.20: Effect of secondary salt on power (W) with time duration (hr)

The figure 3.20 shows the effect of secondary salt on power (W) of BVC using PKL extract
electrolyte. Without applying secondary salt power, Pmax = Voc X Isc (W) decreased. But, when
secondary salt applied on cell then power of cell increased from existing state. Because, secondary
salt supply Cu?" in electrolyte. As a result, open circuit voltage, Vo (V) and short circuit current,
Isc (A) increased as well as power, Pmax = Voc X Isc increased which is consistent with the published
result [231].

The graph also shows that at first power, Pmax = Voc % Isc (W) rapidly decreases from 6.90 W to
4.20 W within 20 hour. Then it decreases very slowly from 4.20 W to 3.70 W covering 660 hours.
Again it rapidly decreases from 3.70 W to 2.00 W covering only 10 hours. Then it turned four
times and decreased from 2.00 W to 0.66 V within 140 hours. At this moment secondary salt
added. Because of adding secondary salt power, Pmax = Voc X Isc (W) upgraded from 0.66 W to
2.40 W within 35 minutes. Then it’s gradually increased from 2.40 W V to 2.90 W covering 500
hours.
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3.6 Effect of Ag NPs in PKL extract BVC
3.6.1 Characterization of bio-synthesized Ag NPs
3.6.1.1 UV-visible spectra analysis

The bio reduction of AgNOz solution to Ag nanoparticles was also confirmed by the UV-vis
spectroscopy [UV-2102, China]. Generally, Ag NPs reveals the maximum UV-visible absorption
in the range of (400 nm-500 nm) due to the surface Plasmon resonance which depends on the size
of the Ag NPs [177,178]. Absorption at lower band indicates the smaller particle size whereas
higher absorption band affirms the lager nanoparticles [179]. The d-band electrons of Ag NPs are
uplifted by the absorbing the incident radiat\ion to higher electronic states in the sp-band which is
the main reason of fluorescence [180]. A surface Plasmon resonance absorption band is appeared
due to the combined vibration of free electrons of metal nanoparticles in resonance with exposed
light [181]. Ag NPs emits light between (400-700) nm varies with particle size, shape,
morphology, and solvents [182,183]. Figure 6 shows the UV- visible spectra of AgNOs solution,
B. pinnatum extract, and synthesized Ag NPs.

LA L L
() [ ==Ag NPs —=BPL Extracte=AgNO3 |

~

=
)
=

=
=

[ ]
A

=
=
=

Absorbance (a.u)

400 480 560 640 720
Wavelength (nm)

Absorbance (a.u)
[y ]
Absorbance (a.u)

:

200 300 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wave Length (nm)
Figure 3.21: UV-vis spectra of (a) Ag NPs, PKL Extract, and AgNO3z (b) Ag NPs

The maximum absorption is observed with a strong broad peak at around 465 nm [Figure 3.25 (b)]
due to the conversion of Ag* to Ag® which is related to the surface plasmon absorption of Ag NPs
[184]. The absorption peak at the higher wavelength near or above 400 nm is originated due to the
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larger particle size (around 40 nm) [185,186]. Moreover, color change of the solution is occurred
for the radiation absorption in the visible region of the electromagnetic spectrum due to the
localized surface plasmon of silver nanoparticles [187,188]. During the synthesis process addition
of B. pinnatum extract to AgNOs solution led to changes the color of solution to dark-brown
visually observed, which indicates the formation of Ag° from the AgNOs solution. The free
electrons of Ag NPs yield a surface resonance absorption band due to the mutual vibration of
electrons in resonance with light wave [189]. Hence, it is easy to explain that the reducing agent
of plant exact played an important role to oxidation of Ag and the color changes of mixture solution
along with the wide absorption peak at around 465 nm indicate the formation of Ag NPs.

3.6.1.2 Structural analysis of Ag NPs by XRD

The XRD measurements carried out in the Bragg-Brentano geometry to investigate the crystal
structure of as prepared Ag NPs. Powder samples of Ag NPs were subjected to the XRD
measurement and figure 4 shows the XRD pattern of Ag NPs. The XRD data reveals diffraction
peaks at around 38.12°, 46.26°, 64.56°, and 77. 36° that confirm the formation of face-centered
cubic (FCC) silver nanoparticles which corresponds to (111), (200), (220), and (311) planes
respectively [182,190-199].
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Figure 3.22: XRD pattern of green synthesized Ag NPs

An intense peak at 32.15 is may be appeared for the cubic structure to of AgKs [195]. Some of
other undefined peaks are also found in the XRD pattern those may be attributed due to the
crystallization of bio-organic phase existed in the B. pinnatum extract on the surface of green
synthesized Ag NPs [200,201]. The XRD pattern demonstrates naturally crystalline Ag NPs
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formed by the B. pinnatum extract reducing agent and capped with organic bio-molecular
compounds on the surface of NPs. The average crystal size of Ag NPs is calculated from the XRD
data using Debye-Scherrer formula,

D=0.89)/pcosb

Where, ) is the X-ray wavelength (A = 1.54056 A), 0 is Bragg’s diffraction angle, and B is the full
width at half maximum (FWHM) [199,202,203]. The calculated average crystal size of the green
synthesized Ag NPs is found ~18 nm.

3.6.1.3 Fourier transformed infrared spectroscopy (FT-IR) analysis

Different functional groups (like flavonoids, polysaccharides, polyphenols, and triterpenoids) of
bio-chemical compounds presence in plants extract are responsible for the reduction process of
metal nanoparticles from the precursor salt solution [204]. The reduction and the capping of
nanoparticles may strongly associate due to the stretching, wagging, and bending vibrations of
these functional groups. Possible functional groups which are responsible for the reducing,
capping, and efficiently stabilizing of B. pinnatum extract mediated Ag NPs were investigated by
the FT-IR analysis. The FT-IR spectra revealed from the aqueous Bryophyllum pinnatum leaves
extract and green synthesized Ag NPs are shown in figure 5.
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Figure 3.23: FT-IR spectrum of Ag NPs and aqueous B. pinnatum Extract

In the spectrum of B. pinnatum extract, three prominent peaks were appeared at the wave number
values of around 3426 cm™, 1618 cm™, and 1034 cm™ are corresponding the stretching vibration
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bands of -OH, —C=0, and C-O-C respectively [205,206]. There are some weak peaks also found
ataround 3770 cm™, 2924 cm, 2376 cm™, 1435 cm™, and 1236 cm™ and these peaks are obtained
due to the starching vibration bands of -OH, C-H, C=C, C-H of amine, C-OH respectively
[205,206]. Apart from these peaks, few weak signals are found at around 3693 cm™, 2854 cm™,
887 cm, 665 cm™ which can be originated to the stretching of -OH, alkynes, and N-H of amide
group respectively [204-206]. The functional groups may be evolved due to the large number of
bio-molecules, like flavones, alkaloids, etc presented in the aqueous leaves extract which can be
acted as the reducing and capping agents [205, 224, 225]. The FT-IR spectra of Ag NPs showed
almost similar functional groups with some shifting wave numbers due to stretching and bending
vibrations of molecular bands which were existed in the plant extract. The similar functional
groups, presented in the green synthesized Ag NPs are signifying the encapsulation of Ag NPs
with bio-molecules of B. pinnatum extract.

In the FT-IR spectra of Ag NPs, all peaks of corresponding functional groups present in the extract
were found with the shifting wavenumbers due to the interaction between plant extract and Ag
NPs. The FT-IR spectra of Ag NPs revealed several peaks at around 3774 cm™, 3695.61 cm™,
3429.43 cm™, 2922 cmt, 2856cmt, 2378 cm?, 1620 cm™?, 1396cm™, 1072 cm™, 887cm, 665cm”
1 and 480 cm™. These shifts indicated that Ag NPs may be interacted with the biomolecules such
as alcohols, phenols, alkaloids, tannins, terpenes and terpenoids during the reduction, capping and
stabilizing processes [196, 226, 227]. The bio-molecules may be attached with Ag NPs during the
reduction process of Ag+, alongside capping and stabilization of the Ag NPs.

The peak at around 3774 cm™ may be associated for the stretching vibration of both amide and —
OH bond [205,206] whereas the peak at around 3695 cm™ is appeared due to the stretching of -
OH [206, 228, 229]. A significant peak at 3429 cm™ is commonly assigned due to -OH stretching
of water, H-bonded, alcohol and phenol as functional group [196,201,204-207]. Another two peaks
at around 2922 cm™* and 2856 cmare associated due to the stretching vibration of C-H and alkynes
(flavonoids) and the most importantly those strong functional groups were referred as reducing as
well as capping agents during the synthesis of metal nanoparticles [198,205,206,208-210].
Moreover, the active band of bio molecular functional groups indicate that the surface of Ag NPs
may be coated with the protein layer [198, 230]. The peaks at around 2378 cm™ was appeared due
to the stretching vibration of C=C and a sharp peak at 1620 cm™ may be associated due to the
stretching oscillation of —C=0 and C-H bands [205,211]. The bending vibration of O-H and CH3
bond may be responsible for the peak at around 1396 cm™ [196,204]- Another sharp peak at around
1072 cmt is originated due to the stretching vibrations of O-C and C-N bond of aliphatic amines
[205,204,208]. This sharp band indicated the presence of flavanones which are generally absorbed
by the surface of metal nanoparticles [189, 222]. The peaks at around 665 cm™and 887 cm™ are
appeared due to the N-H stretching of amide group [204, 221, 223], the wagging of N-H primary
and secondary amines [208, 214-217]. Moreover, an additional peak at around 480 cm™ is found
for the spectrum of Ag NPs which may be appeared due to the O-Si-O stretching, the ring-opening
vibration, and deforming oscillations of silica [189,212].
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Eventually, it can ascertained that the reduction of Ag* to Ag® from the AgNOs3 solution may be
attributed due to the presence of flavonoids in plant extract because flavonoids compounds play
an important role as the reducing agent to the formation of metal nanoparticles from metal ions
[189, 218]. The details of functional groups, appearing on Ag NPs which may be acted as the
reducing, capping and stabilizing agents are summarized in table-1.

Table 3.2: Summary of FTIR interpretation of B. pinnatum extract mediated Ag NPs

Peak position of Ag Functional groups References
NPs (cm™)
3774 stretching vibration of amide and -OH [205,206]
bond
3695 stretching of -OH [206]
3429 -OH stretching of water, H-bonded, [204,206,207,208,210,212]
alcohol and phenol as functional group
2922 stretching vibration of C-H and alkynes [198,205,206,208,214]
(flavonoids)
2856 stretching vibration of C-H and alkynes [205,206,208,214]
(flavonoids)
2378 stretching vibration of C=C and [205]
—C=0 bonds respectively
1620 stretching vibration —C=0 and C-H [205,211]
bands
1396 bending of O-H [204]
1072 stretching vibrations of O-C and C-N [204,205,208]
bond of aliphatic amines
887 N-H stretching of amide group [204]
665 wagging of N-H primary and secondary [208]
amines
480 O-Si-0 stretching, the ring-opening, [189,212]

and deforming oscillations of silica
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3.6.1.4 Field emission scanning electron microscopy (FESEM) and EDX analysis

Figure 7(a,b) represent high resolution FESEM image of Ag NPs with different scale. From the
FESEM images the spherical nanoparticles are clearly observed and the average particle size to be
found in-between 35-40 nm. The particle size and the morphology of metallic nanoparticles may
depend on the concentration rate of the capping and stabilizing agents present in the plant extract
[213, 219]. EDX data confirm the concentration of Ag NPs with other residuals elements those
may be appeared from the environment as well as capping elements from extract. Figure 7c showed
the EDX data of green synthesized Ag NPs.
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Figure 3.24: (a,b) FESEM images of Ag NPs in different scale and (c) EDX data of Ag NPs
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Figure 3.25: Particle size histogram of green synthesized silver nanoparticles.

3.6.2 Effect of Ag NPs in power generation activities of PKL extract BVC

The green synthesized Ag NPs have been applied in the bio-electrochemical cell to understand the
impact of NPs on the power development system. Three types of bio-electrochemical cells were
designated to perform the electrical analysis of Ag NPs. Figure 3.28 represents the impact of Ag
NPs on three bio-electrochemical cells.
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Figure 3.26: Electrical activities of B. pinnatum bio-electrochemical cells (a) open circuit voltage
(b) short circuit current (c) power, and (d) internal resistance.

Figure 3.26a shows the open circuit voltage with the variation of time duration for different cases.
It is shown that the open circuit voltages for case 1 are higher than the other two cases of case 2
and case 3. It is very interesting to say that the voltage for case 1 was almost steady up to 50h
whereas the open circuit voltage for case 2 was less than case 3. It is clearly shown that the open
circuit voltage for case 3 is less than the other two cases but the change of voltage was almost
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constant up to 50 h for all the cases. The maximum voltage for first case is 1.07 volt and the
minimum is1.03 volt.

For case 2 the maximum is 1.046 voltage and minimum are 0.96 volt and for only B. pinnatum
extract [case 1] maximum open circuit voltage is 0.921 volt and minimum 0.75 volt. The difference
of maximum open circuit voltage between first and second cases is 0.024 volt. The difference of
open circuit voltage between first and third cases is 0.149 volt and the difference of open circuit
voltage between second and third cases is 0.125 volt. The results showed that the greater difference
was found between case 1 and case 3 that is 0.149 volt which claims the importance of
nanoparticles in the open circuit voltage generation on bio-electrochemical cell.

Figure 3.26b shows the short circuit current with variation of time duration for different cases. It
is clearly shown that the short circuit current of case 1 is higher than case 2 and case 3. It is also
very interesting to say that case 1 gives the maximum short circuit current (600 mA) compare with
other two cases and it remained same for 50 h. The minimum value of short circuit current for case
1 is 445 mA which is also greater than case 2 (430 mA) and case 3 (50 mA). Hence, it is evidently
shown that the presence of Ag NPs can play very import role to increase the supply of short circuit
current with the time duration on the B. pinnatum bio-electrochemical cell.

Figure 3.26¢ shows the calculated power of the cells with the time duration. For the casel the
maximum power is to be calculated 0.642 watt and the minimum value of power is 0.457 watt. For
the case 2 and case 3 the highest power is found at 0.575 watt and 0.087 watt respectively and the
lowest power for both cases are at 0.412watt, 0.035 watt respectively. It is surprisingly noticeable
that after applying the Ag NPs on B. pinnatum bio-electrochemical cell, the maximum power is
found which is also stable for next 50 h. Finally, the power for case 1 is started to decrease after
50 h but the minimum value is found at 0.458 watt which is even greater than the lowest values of
other two cases.

Figure 3.26d represents the internal resistance for all three cases. The internal resistance for only
B. pinnatum extract bio-electrochemical cell is found higher than the two other cases. After using
the secondary solution CuSO;4 for case 2 and Ag NPs on case 1, the internal resistance rapidly
decreased and the lowest internal resistance is found for case 1 which allows the more current the
bio-electrochemical cell.

Table 2 represents the values of average open circuit voltage, short circuit current, power, and
internal energy for all of three bio-electrochemical cells. Figure 9 also represents the summary of
average open circuit voltage, short circuit current, power, and internal resistance of bio-
electrochemical cell.
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Table 3.3: Average electrical performances of B. pinnatum bio-electrochemical cells

Name of the Average open Average short Average power  Average internal
case circuit voltage circuit current (watt) resistance (ohm)
(volt) (A)
Case 1 1.059 0.494 0.524 2.144
Case 2 1.035 0.463 0.480 2.234
Case 3 0.899 0.086 0.078 10.537
12
10
8
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2
—_— () p
Average Power (watt) Average open circuit Average Internal Average short citrcuit
voltage (volt) resistance (ohm) current (A)
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Figure 3.27: Average electrical performances of B. pinnatum bio-electrochemical cells.

After applying the Ag NPs on the cell, the open circuit voltage and short circuit current are rapidly
increased. As a result, the power of the B. pinnatum bio-electrochemical cell is significantly
increased. On the other hand, the internal resistance of the cell was found around 10.5 Q for only
B. pinnatum extract and it is surprisingly dropped at around 2.2Q for (B. pinnatum +CuSQO4
solution) bio-electrochemical cell and the resistance increased at 2.1Q after adding NPs in cell. In
a nutshell, the influences of Ag NPs in the bio-electrochemical cell are remarkable for the future

power development applications.
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3.7 Effect of AL extract in BVC

Electricity generation from AL extract using various electrode in BVC have been studied very
carefully.Various organic compound; especially Apigenin, Luteonin, Anthocyanidin and Cyanidin
-3- glucoside [177] are present in AL extract. All of existing compounds in AL are phenolic
compounds and form resonance structure. As a result hydrogen ion (H") release from compounds
and pH range lie between 4.50 to 5.75. In this BVC Zn use as anode and Cu used as cathode. AL
extract used as electrolyte. Using secondary salt (CuSO4 5H20), various NPs and RGO adsorbed
paper electrode; voltage, current and power can be increased from existing state.

3.7.1 Open circuit voltage, Voc (V) of BVC using AL extract
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Figure 3.28: Variation of Vo (V) with time duration (hr)

The figure 3.28 shows the open circuit voltage, Voc (V) of BVC using AL extract electrolyte. At
first open circuit voltage, Vo (V) rapidly decrease for a while. Because, the independent function
time duration range was very high with the dependent function open circuit voltage, Voc (V) range
was very low. That is why from the graph it is shown the open circuit voltage, Voc (V) decreases
very fast. That means, only 0.2 Volt reduced covering 45 hours.

The figure 3.28 also shows that at first open circuit voltage, Voc (V) rapidly decreases from 4.54
(V) to 4.3 (V) within 10 hour. Then it decreases from 4.3 (V) to 4.00 (V) very slowly. But it
abruptly decreases from 4.00 (V) to 3.00 (V) covering 100 hours. Again, it slowly decreases from
3.00 (V) to 2.50 (V) and it changes from 2.51 (V) to 2.00 (V) in a steady way. Finally it changes
almost constantly from 2.00 (V) to 2.10 (V).
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3.7.2 Short circuit current, Isc (A) of BVC using AL extract
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Figure 3.29: Variation of Isc (A) with time duration (hr).

The figure 3.29 shows the short circuit current, Isc (A) of BVC using AL extract electrolyte. At
first short circuit current, Isc (A) rapidly decrease for a while. Because, the independent function
time duration range was very high with the dependent function short circuit current, Isc (A) range
was very low. That is why from the graph it is shown the short circuit current, lsc (A) decreases
very fast. That means, only 0.75 (A) reduced covering 48 hours.

The figure 3.29 also shows that short circuit current falls down sharply into four phases. At first
from 0.30 (A) to 0.25 (A) decrease very sharply within10 hours then it decrease very slowly from
0.25 (A) to 0.20 (A) very slowly within 700 hours. Then it decreases very fast from 0.20 (A) to
0.14 (A). Then again it falls down sharply into two phases; from 0.14 (A) to 0.12 (A) and from
0.12 (A) to 0.10 (A) respectively. Finally it changes very steadily from 0.10 (A).
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3.7.3 Power (W) of BVC using AL extract

Pmax= Voc x Isc (W) \
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Figure 3.30: Variation of power (W) with time duration (hr)

The figure 3.30 shows the power Pmax = Voc X Isc (W) of BVC using AL extract electrolyte. At first
power Pmax = Voc X Isc (W) reduced rapidly. Because, when open circuit voltage, Vo (V) and short
circuit current, lsc (A) reduced gradually then power Pmax = Voc X Isc (W) reduced automatically.
That is why from the graph it is shown that the power Pmax = Voc X Isc (W) decreases very fast.
That means, only 0.16 (W) reduced covering 42 hours.

The figure 3.30 also shows that power Pmax = Voc X Isc (W) falls down sharply from 1.35 (W) to
1.15 (W) within 20 hours. Then it steadily decreases from 1.15 (W) to 0.80 (W) covering 680
hours. Then again it falls down sharply into three phases; from 0.80 (W) to 0.43 (watt) and from
0.43 (W) to 0.33 (W) and 0.33 (W) to 0.29 (W) respectively within 200 hours. Finally it changes
very steadily from 0.29 (W) to 0.520 (W) covering 478 hours.

3.8 Effect of Ag NPs in AL extract BVC

Silver nanoparticles have been applied in the BVC using Arum Leaf (AL) extract electrolyte and
the impact of nanoparticles has been monitored. Four types of BVC have been designated with
four different bio-electrolyte solutions. Figure 3.31 shows the comparative analysis of electrical
parameters for all cells. The open-circuit voltage, short circuit current, power and internal
resistance of four cells are shown in Figure 3.31 (a, b, c, d).
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Figure 3.31. Comparative analysis of (a) open-circuit voltage, (b) short circuit current, (c) power,
and (d) internal resistance of four bio-electrochemical cells.

The open circuit voltage and short circuit current were significantly increased after using Ag NPs
to extract electrolytes. The lowest values of voltage and current were found for only plant extract
electrolyte-based cells. After using CuSQO4 with extract, the electrical parameters were increased
due to the secondary salt effect. Moreover, the current and voltage were surprisingly increased
after using silver nanoparticles in bio-electrolyte and the maximum electrical performances were
recorded for this case. Since the current and voltage were dramatically enhanced in the presence
of nanoparticles. The highest power and the lowest internal resistance were calculated for this cell.
Table 3.4 shows the average electrical parameters for four types of cells.
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Table 3.4: The average power and capacity for different electrolyte-based BVC

Electrolyte of cell Average power (Watt) Average capacity (AH)
Extract 0.0024 0.0803

Extract + CuSOg4 0.4379 0.9619

Extract + Ag NPs 0.6224 1.7208

Extract + CuSO4+ Ag NPs 0.7024 2.0630
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Figure 3.32: (a) Average power and (b) average capacity of four different electrolyte based bio-

electrochemical cells.

Figure 3.32 represents the average power and the average capacity of four bio-electrochemical
cells. Only AL extract electrolyte-based bio-electrochemical cell shows the minimum power and
capacity and the maximum power and capacity were recorded for the (AL extract + CuSO4 + Ag
NPs) bio-electrolyte based cell. It is also noticeable that the (AL extract + Ag NPs) electrolyte-
based cell showed the second-highest power and capacity among four cells which are even more
significant than the (AL extract + CuSOs) electrolyte-based cell. Hence, it is clearly demonstrated
that the impact of Ag NPs on electrolyte solution is more effective than the secondary salt (CuSOa4)

effect.
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3.9 Comparative performance of BVC using AL and PKL NPs

Table 3.5: Comparative performance of BVC using various electrode including Ag NPs

Type of Types of electrolytes Types of performance parameter of BVC
electrode and highest magnitude
Open circuit Short circuit Power, Pmax =
voltage, Voc (V) | current, Isc (MA) | Voc X Isc (W)
AL extract 045V 110 mA 0.05 W
PKL extract 092V 260 mA 0.24 W
AL extract + CuSOg4 1.10V 450 mA 0.49W
Zn/Cu (10 cm?)
PKL extract + CuSO4 1.34V 545 mA 0.73 W
AL extract + Ag NPs 1.28V 820 mA 1.05W
PKL extract + Ag NPs 141V 915 mA 1.30 W
AL extract + CuSOg4 + 1.51V 960 mA 1.45W
Ag NPs
PKL extract + CuSQOg4 1.63V 981 mA 1.60
+ Ag NPs

It is clear from the above table 3.5 that BVC developed using Zn/Cu electrode and PKL extract +
CuSO4 + Ag NPs electrolyte showed better performance than that of the cell developed using
(1) PKL extract (i1) PKL extract + CuSOyq (i11)) PKL extract + Ag NPs and (i) AL extract (i1) AL
extract + CuSOs (iii) AL extract + Ag NPs (iv) AL extract + CuSOs + Ag NPs as electrolyte and
Zn/Cu electrode. As the expose area of CuSO4 and Ag NPs with PKL extract as electrolyte and
Zn/Cu electrode increases, the developed bio-voltaic cell (BVC) showed better performance which
is the consistent with the published result [220].
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3.10 Effect of RGO in AL extract BVC

Three parameters such as open circuit voltage, Voc (V), short circuit current, Isc (mA) and power,
Pmax= Vo X Isc (W) are measured to check the performance analysing of BVC using five types of
electrode such as Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24 h), Zn/RGO (2 h) wrapped Ag NPs
and Zn/RGO (24 h) wrapped Ag NPs two types of electrolyte such as PKL and AL electrolyte.

3.10.1 Effect on Voc (V) of BVC using Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode with AL
electrolyte
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Figure 3.33: Varuation of Voc (V) with time (min) using Zn/ RGO (2 h) electrode and AL electrolyte
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Figure 3.34: Variation of Vo (V) with time (min) using Zn/Cu (1 cm?) electrode and AL electrolyte
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=== Open Circuit voltage Voc (V) using Zn/Cu (1 cm2) & AL Electrolyte
=== Open Circuit voltage Voc (V) using Zn/ RGO (2hrs) and AL electrolyte
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Figure 3.35: Variation of V. (V) with time (min) between Zn/Cu (1 cm?) & Zn/ RGO (2 h)
electrode using AL electrolyte

The figure 3.35 shows the open circuit voltage, Voc (V) of BVC using Zn/Cu (1 cm?) and Zn/ RGO
(2 h) electrode with AL electrolyte. The open circuit voltage, Voc (V) of BVC using Zn/ RGO (2
h) electrode is better performer than Zn/Cu (1 cm?) electrode. Because, electrical conductivity of
RGO is better than Cu which is consistent with the published result [99].

The figure 3.35 also shows the performance of open circuit voltage, Voc (V) using Zn/ RGO (2 h)
electrode with AL electrolyte. The figure 3.34 shows performance open circuit voltage, Voc (V)
using Zn/Cu (1 cm?) electrode with AL electrolyte. The figure 3.35 also shows that performance
of open circuit voltage Vo (V) using Zn/ RGO (2 h) electrode is 0.4 V greater than Zn/Cu (1 cm?)
electrode with AL electrolyte.
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3.10.2 Effect on Isc (mA) of BVC using Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode with AL
electrolyte

== Short circuit current Isc (mA) using Zn/RGO (2hrs) & AL Electrolyte
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Figure 3.36: Variation of Isc (mA) with time (min) using Zn/ RGO (2 h) electrode and
AL electrolyte
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Figure 3.37: Variation of Ic (mA) with time (min) using Zn/Cu (1 cm?) electrode and AL electrolyte
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=== Short circuit current Isc (mA) using Zn/Cu (1 cm2) & AL Electrolyte
=== Short circuit current Isc (mA) using Zn/ RGO (2hrs) and AL electrolyte
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Figure 3.38: Variation of Isc (mA) with time (min) between Zn/Cu (1 cm?) and Zn/ RGO (2 h)
electrode using AL electrolyte.

The figure 3.38 shows the short circuit current, Isc (mA) of BVC using Zn/Cu (1 ¢cm?) and Zn/
RGO (2 h) lectrode with AL electrolyte. The short circuit current, Isc (mA) of BVC using Zn/ RGO
(2 h) electrode is better performer than Zn/Cu (1 cm?) electrode. Because, electrical conductivity
of RGO is better than Cu which is consistent with the published result [99].

The figure 3.36 also shows the performance of short circuit current, Isc (mA) using Zn/ RGO (2 h)
electrode with AL electrolyte. The figure 3.37 shows performance short circuit current, Isc (mA)
using Zn/Cu (1 cm?) with AL electrolyte. The figure 3.38 also shows that short circuit current, Isc
(mA) of Zn/ RGO (2 h) electrode is 105 mA greater than Zn/Cu (1 cm?) electrode using AL
electrolyte.
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3.10.3 Effict on power (W) of BVC using Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode with
AL electrolyte

) \— Power,Pmax= Voc x Isc (W) using Zn/RGO (2hrs) & AL Electrolyte
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Figure 3.39: Variation of power (W) with time (min) using Zn/ RGO (2 h) electrode and AL
electrolyte
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Figure 3.40: Variation of Power, Pmax = Voc X Isc (W) with time (min) using Zn/Cu (1 cm?)
electrode and AL electrolyte
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= Power,Pmax= Voc % Isc (W) using Zn/Cu (1 cm2) & AL Electrolyte
== Short circuit current Isc (mA) using Zn/ RGO (2hrs) and AL electrolyte
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Figure 3.41: Variation of power, Pmax= Voc X Isc (W) with time (min) between Zn/Cu (1 cm?) &
Zn/ RGO (2 h) electrode using AL electrolyte

The figure 3.41 shows the power, Pmax= Voc X Isc (W) of BVC using Zn/Cu (1 ¢cm?) and Zn/ RGO
(2 h) lectrode with AL electrolyte. The power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (2 h)
electrode is better performer than Zn/Cu (1 cm?) electrode. Because, open circuit voltage, Voc (V)
and short circuit current, Isc of Zn/ RGO (2 h) electrode is higher than Zn/Cu (1 cm?). As a result
POWET, Prmax= Voe X Isc (W) of Zn/ RGO (2 h) is better than Zn/Cu (1 cm?) which is consistent with
the published result [99].

The figure 3.39 shows the power Pmax= Voc X Isc (W) using Zn/ RGO (2 h) electrode with AL
electrolyte. The figure 3.40 shows the power, Pmax= Voc X Isc (W) of Zn/Cu (1 cm?) electrode with
AL electrolyte. The figure 3.41 also shows that power, Pmax= Voc % Isc (W) using Zn/ RGO (2 h)
electrode is 0.11W greater than Zn/Cu (1 cm?) electrode with AL electrolyte.
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3.10.4 Comparative study of Zn/Cu (1 cm?) and Zn/RGO (2 h) electrode performance in
BVC with AL electrolyte

Table-3.6: Comparative study of Zn/Cu (1 cm?) and Zn/RGO (2 h) electrode performance in
BVC with AL electrolyte

No. | Performance parameters of Type of Type of electrodes and highest magnitude
BVC electrolyte
Zn/Cu (1 cm?) | Zn/ RGO (2 h)
1 Open circuit voltage, Voc (V) | AL 095V 0.9V
2 Short circuit current, I« (mA) | AL 110 mA 215 mA
3 Power, Pmax= Voc X Isc (W) AL 0.10 W 021W

It is clear from the above table 3.6 that BVC developed using Zn/ RGO (2 h) electrode and AL
extract electrolyte showed better performance than that of the BVC developed using Zn/Cu (1
cm?) electrode and AL extract electrolyte. Because, electrical conductivity of RGO adsorbed
paper electrode is better than Cu electrode which is the consistent with the published result [99].

3.10.5 Effect on Voc (V) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h)
electrode with AL electrolyte
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Figure 3.42: Variation of V. (V) with time (min) using Zn/ RGO (24 h) electrode
and AL electrolyte
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=== QOpen Circuit voltage Voc (V) using Zn/Cu (1 cm2) & AL electrolyte
=== Qpen Circuit voltage Voc (V) using Zn/RGO (2 hrs) & AL electrolyte
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Figure 3.43: Variation of Vo (V) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h)
& Zn/ RGO (24 h) electrode using AL electrolyte

The figure 3.43 shows the open circuit voltage, Voc (V) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h) and Zn/ RGO (24 h) electrode with AL electrolyte. The open circuit voltage, Vo (V) of BVC

using Zn/ RGO (24 h) electrode is better performer than Zn/Cu (1 ¢m?) and Zn/ RGO (2 h)

electrode. Because, electrical conductivity of Zn/ RGO (24 h) is better than Zn/Cu (1 cm?), Zn/
RGO (2 h) electrode which is consistent with the published result [99].

The figure 3.42 also shows the open circuit voltage, Voc (V) of BVC using Zn/ RGO (24 h)
electrode with AL electrolyte. The figure 3.43 shows the comparative open circuit voltage Voc (V)
among Zn/Cu (1 cm?), Zn/ RGO (2 h) & Zn/ RGO (24 h) electrode of BVC using AL electrolyte.
The figure 3.43 also shows that open circuit voltage Vo (V) using Zn/ RGO (24 h) electrode is 0.1
(V) greater than Zn/ RGO (2 h) electrode and 0.5 (V) greater than Zn/Cu (1 cm?) electrode with
AL electrolyte.
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3.10.6 Effect on Isc (mA) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h)
electrode with AL electrolyte
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Figure 3.44: Variation of Isc (mA) with time (min) using Zn/ RGO (24 h) electrode
and AL electrolyte
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Figure 3.45: Variation of Isc (mA) among Zn/Cu (1 cm?), Zn/ RGO (2 h) &
Zn/ RGO (24 h) electrode with time (min) using AL electrolyte
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The figure 3.45 shows the short circuit current, Isc (mA) of BVC using Zn/Cu (1 ¢cm?), Zn/ RGO
(2 h) and Zn/ RGO (24 h) electrode with AL electrolyte. The short circuit current, Isc (mA) of BVC

using Zn/ RGO (24 h) electrode is better performer than Zn/Cu (1 cm?) and Zn/ RGO (2 h)

electrode. Because, electrical conductivity of Zn/ RGO (24 h) is better than Zn/Cu (1 ¢cm?), Zn/
RGO (2 h) electrode which is consistent with the published result [99].

The figure 3.44 also shows the short circuit current, Isc (mA) using Zn/ RGO (24 h) electrode with
AL electrolyte. The figure 3.45 shows the comparative performance of short circuit current (Isc)
among Zn/Cu (1 ecm?), Zn/ RGO (2 h) and Zn/RGO (24 h) electrode using AL electrolyte. The
figure 3.45 also shows that performance of short circuit current Isc (mA) using Zn/ RGO (24 h)
electrode is 82 mA greater than Zn/ RGO (2 h) electrode and 187 mA greater than Zn/Cu (1 cm?)
electrode with AL electrolyte.

3.10.7 Effect on power (W) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24
h) electrode with AL electrolyte

\— Power,Pmax= Voc x Isc (W) using Zn/RGO (24 hrs) & AL eIectronte\
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Figure 3.46: Variation of Power, Prnax= Voc X Isc (W) with time (min) using Zn/ RGO (24 h)
electrode and AL electrolyte
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= Power,Pmax= Voc x Isc (W) using Zn/Cu (1 cm2) & AL Electrolyte
== Power,Pmax= Voc x Isc (W) using Zn/ RGO (2hrs) and AL electrolyte
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Figure 3.47: Variation of power, Pmax= Vo X Isc (W) with time (min) among Zn/Cu (1 cm?),
Zn/ RGO (2 h) & Zn/ RGO (24 h) electrode using AL electrolyte.

The figure 3.47 shows the power, Pmax= Voc % Isc (W) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h) and Zn/ RGO (24 h) electrode with AL electrolyte. The power, Pmax= Voc * Isc (W) of BVC using

Zn/ RGO (24 h) electrode is better performer than Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode.

Because, electrical conductivity of Zn/ RGO (24 h) is better than Zn/Cu (1 cm?), Zn/ RGO (2 h)
electrode. As a result open circuit voltage, Voc (V) and short circuit current, Isc (mA) as well as
power, Pmax= Vo X Ise (W) of Zn/ RGO (24 h) electrode are higher which is consistent with the
published result [99].

The figure 3.46 also shows the performance of power, Pmax= Voc X Isc (W) using Zn/ RGO (24 h)
electrode with AL electrolyte. The figure 3.47 shows the comparative of power, Pmax= Voc X I
(W) among Zn/Cu (1 cm?), Zn/ RGO (2 h) & Zn/RGO (24 h) electrode using AL electrolyte. The
figure 3.57 also shows that power, Pmax= Voc X Isc (W) of Zn/ RGO (24 h) electrode is 0.8 W greater
than Zn/ RGO (2 h) electrode and 0.19 W greater than Zn/Cu (1 cm?) electrode with AL electrolyte.
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3.10.8 Comparative study of Zn/Cu (1 cm?), Zn/RGO (2 h) and Zn/RGO (24 h) electrode
performance in BVC with AL electrolyte

Table-3.7: Comparative performance of BVC using Zn/Cu (1 cm?), Zn/RGO (2 h) and Zn/RGO
(24 h) with AL electrolyte

No. | Performance parameters of | Type of Type of electrodes and highest magnitude
BVC electrolyte
Zn/Cu (1 cm?) | Zn/ RGO (2h) | Zn/ RGO (24 h)
1 Open circuit voltage, Voc (V) | AL 095V 0.9V 1.00V
2 Short circuit current, Isc (mA) | AL 110 mA 215 mA 297 mA
3 Power, Pmax= Voc X Isc (W) AL 0.10 W 021W 0.29 W

It is clear from the above table 3.7 that BVC developed using Zn/ RGO (24 h) electrode and AL
extract electrolyte showed better performance than that of the BVC developed using Zn/Cu (1
cm?) and Zn/ RGO (2 h) electrode and AL extract electrolyte. Because, electrical conductivity of
24 hours RGO adsorbed paper electrode is better than Cu and 2 hours RGO adsorbed paper
electrode which is the consistent with the published result [99].

3.11 Effect of RGO-Ag nanocomposite in AL extract BVC

3.11.1 Effect of Zn/RGO (2 h)-Ag nanocomposite electrode on Vo (V) in AL extract BVC

==mmm Open Circuit voltage Voc (V) using Zn/RGO(2hrs) + Ag NPs from AL+ AL electrolyte‘
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Figure 3.48: Variation of Vo (V) with time (min) using Zn/ RGO (2 h) wrapped Ag NPs
and AL electrolyte
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=mmmm Open Circuit voltage Voc (V) using Zn/Cu (1 cm2) & AL electrolyte

mmm=s Open Circuit voltage Voc (V) using Zn/RGO (2 hrs) & AL electrolyte
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Figure 3.49: Variation of Vo (V) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/
RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode using AL electrolyte

The figure 3.49 shows the open circuit voltage, Voc (V) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode electrode with AL electrolyte.
The open circuit voltage, Voc (V) of BVC using Zn/ RGO (2 h) wrapped Ag NPs electrode is better

performer than Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode. Because, electrical

conductivity of Zn/ RGO (2 h) wrapped Ag NPs electrode is better than Zn/Cu (1 cm?), Zn/ RGO
(2 h) and Zn/ RGO (24 h) electrode which is consistent with the published result [ 175].

The figure 3.48 also shows the performance of open circuit voltage, Voc (V) using Zn/ RGO (2 h)
wrapped Ag NPs electrode with AL electrolyte. The figure 3.49 shows the comparative open circuit
voltage, Vo (V) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h)
wrapped Ag NPs electrode using AL electrolyte. The figure 3.49 also shows that open circuit
voltage Vo (V) using Zn/ RGO (2 h) wrapped Ag NPs electrode is 0.12 (V) greater than Zn/ RGO
(24 h) electrode, 0.13 (V) greater than Zn/ RGO (2 h) electrode and 0.17 (V) greater than Zn/Cu
(1 cm?) electrode with AL electrolyte.
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3.11.2 Effect of Zn/RGO (2 h)-Ag nanocomposite electrode on Isc (mA) in AL extract BVC

=== Short circuit current Isc (mA) using Zn/RGO(2hrs) + Ag NPs from AL+ AL electrolyte
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Figure 3.50: Variation of Isc (mA) with time (min) using Zn/ RGO (2 h) wrapped Ag NPs
electrode & AL electrolyte
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Figure 3.51: Variation of Isc (mA) with time (mlnS among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
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The figure 3.51 shows the short circuit current, Isc (mA) of BVC using Zn/Cu (1 ¢cm?), Zn/ RGO
(2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode electrode with AL electrolyte.
The short circuit current, Isc (mA) of BVC using Zn/ RGO (2 h) wrapped Ag NPs electrode is better

performer than Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode. Because, electrical

conductivity of Zn/ RGO (2 h) wrapped Ag NPs electrode is better than Zn/Cu (1 cm?), Zn/ RGO
(2 h) and Zn/ RGO (24 h) electrode which is consistent with the published result [ 175].

The figure 3.50 indicates the performance of short circuit current, Isc (mA) using Zn/ RGO (2 h)
wrapped Ag NPs electrode with AL electrolyte. The figure 3.51 shows the comparative short circuit
current, I (mA) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h)
wrapped Ag NPs electrode using AL electrolyte. The figure 3.51 also shows the short circuit
current, Isc (mA) using Zn/ RGO (2 h) wrapped Ag NPs electrode is 49 mA greater than Zn/ RGO
(24 h) electrode, 131 mA greater than Zn/ RGO (2 h) electrode and 236 mA greater than Zn/Cu (1
cm?) electrode with AL electrolyte.

3.11.3 Effect of Zn/RGO (2 h)-Ag nanocomposite electrode on power (W) in AL extract
BVC

‘— Power,Pmax= Voc x Isc (W) using Zn/RGO(2hrs) + Ag NPs from AL+ AL electrolyte‘
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Figure 3.52: Variation of Power, pmax= Voc X Isc (W) with time (min) using Zn/ RGO (2 h) wrapped
Ag NPs electrode and AL electrolyte
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== Power,Pmax= Voc x Isc (W) using Zn/Cu (1 cm2) & AL electrolyte

=== Power,Pmax= Voc x Isc (W) using Zn/RGO (2 hrs) & AL electrolyte
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Figure 3.53: Variation of power, Pmax= Voc X 1sc (W) with time (min) among Zn/Cu (1 ¢cm?), Zn/ RGO (2
h), Zn/ RGO (24 h) & Zn/ RGO (2 h) wrapped Ag NPs electrode and AL electrolyte

The figure 3.53 shows the power, Pmax= Voc % Isc (W) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode electrode with AL electrolyte.
The power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (2 h) wrapped Ag NPs electrode is better

performer than Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode. Because, electrical

conductivity of Zn/ RGO (2 h) wrapped Ag NPs electrode is better than Zn/Cu (1 cm?), Zn/ RGO
(2 h) and Zn/ RGO (24 h) electrode which is consistent with the published result [ 175].

The figure 3.52 shows the power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (2 h) wrapped Ag
NPs electrode with AL electrolyte. The figure 3.53 shows the comparative power, Pmax= Voc % Isc
(W) of BVC among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped
Ag NPs electrode using AL electrolyte. The figure 3.53 also shows that power, Prnax= Vo X Isc (W)
of BVC using Zn/ RGO (2 h) wrapped Ag NPs electrode is 0.09 W greater than Zn/ RGO (24 h)
electrode, 0.17 W greater than Zn/ RGO (2 h) and 0.28 W greater than Zn/Cu (1 cm?) electrode
with AL electrolyte.



3.11.4 Comparative study of Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24 h) and Zn/RGO (2
h) wrapped Ag NPs electrode performance in BVC with AL electrolyte

Table-3.8: Comparative performance of BVC using Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO

(24 h) and Zn/RGO (2 h) wrapped Ag NPs with AL electrolyte

No. | Performance parameters Type of Type of electrodes and highest magnitude
of BVC electrolyte
Zn/Cu | Zn/ RGO | Zn/ RGO | Zn/ RGO
(1cm?) | (2h) (24 h) (2 h)
wrapped
Ag NPs
1 Open circuit voltage, Voc AL 095V 099V 1.00 V 1.12V
V)
2 Short circuit current, Is AL 110 mA | 215mA | 297 mA | 346 mA
(mA)
3 Power, Pmax= Voc X Isc (W) AL 0.10W | 0.21W 029 W 0.38752
Y

It is clear from the above table 3.8 that BVC developed using Zn/ RGO (2 h) wrapped Ag NPs
electrode and AL extract electrolyte showed better performance than that of the BVC developed
using Zn/Cu (1 ¢cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode and AL extract electrolyte.
Because, electrical conductivity of Ag NPs wrapped 2 hours RGO adsorbed paper electrode is

better than Cu, 2 hours RGO adsorbed paper electrode and 24 hours RGO adsorbed paper electrode
which is the consistent with the published result [99,175].
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3.11.5 Effect of Zn/RGO (24 h)-Ag nanocomposite electrode on Voc (V) in AL extract BVC
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Figure 3.54: Variation of Vo (V) with time (min) using Zn/ RGO (24 h) wrapped Ag
NPs electrode and AL electrolyte
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Figure 3.55: variation of Vo (V) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h),
Zn/ RGO (2 h) wrapped Ag NPs & Zn/ RGO (24 h) wrapped Ag NPs electrode and AL electrolyte
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The figure 3.55 shows that open circuit voltage, Voc (V) of BVC using Zn/Cu (1 ¢cm?), Zn/ RGO
(2 h), Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs
electrode with AL electrolyte. The open circuit voltage, Voc (V) of BVC using Zn/ RGO (24 h)

wrapped Ag NPs electrode is better performer than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. The electrical conductivity of Zn/ RGO (24 h)

wrapped Ag NPs electrode is better performer than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. Because, the more the time takes to form RGO
and Ag NPs nanocomposite the more the electrical conductivity increases which is the consistent
with the published result [175]. As a result Zn/ RGO (24 h) wrapped Ag NPs electrode is better

performer than Zn/Cu (1 ¢cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag
NPs electrode.

The figure 3.54 also shows the open circuit voltage, Voc (V) using Zn/ RGO (24 h) wrapped Ag
NPs electrode with AL electrolyte. The figure 3.55 shows the comparative open circuit voltage,
Voc (V) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs
and Zn/ RGO (24 h) wrapped Ag NPs electrode using AL electrolyte. The figure 3.55 also shows
the open circuit voltage (V) using Zn/ RGO (24 h) wrapped Ag NPs electrode is 0.09 (V) greater
than Zn/ RGO (2 h) wrapped Ag NPs, 0.21 (V) greater than Zn/ RGO (24 h) electrode, 0.22 (V)
greater than Zn/ RGO (2 h) and 0.26 (V) greater than Zn/Cu (1 cm?) electrode with AL electrolyte.

3.11.6 Effect of Zn/RGO (24 h)-Ag nanocomposite electrode on Isc (mA) in AL extract BVC

‘— Short circuit current Isc (mA) using Zn/RGO(24hrs) + Ag NPs from AL+ AL electrolyte
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Figure 3.56: Variation of Isc (mA) with time (min) using Zn/ RGO (24 h)
wrapped AgNPs electrode and AL electrolyte.
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mmmmm Short circuit current Isc (mA) using Zn/Cu (1cm2) & AL electrolyte
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Figure 3.57: Variation of Isc (mA) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h),
Zn/ RGO (2 h) wrapped Ag NPs & Zn/ RGO (24 h) wrapped Ag NPs electrode and AL electrolyte

The figure 3.57 shows the short circuit current, Isc (mA) of BVC using Zn/Cu (1 ¢cm?), Zn/ RGO
(2 h), Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs
electrode with AL electrolyte. The short circuit current, Isc (mA) of BVC using Zn/ RGO (24 h)

wrapped Ag NPs electrode is better performer than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. The electrical conductivity of Zn/ RGO (24 h)

wrapped Ag NPs electrode is better performer than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. Because, the more the time takes to form RGO
and Ag NPs nanocomposite the more the electrical conductivity increases which is the consistent
with the published result [175]. As a result Zn/ RGO (24 h) wrapped Ag NPs electrode is better

than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode.

The figure 3.56 shows the performance of short circuit current, Isc (mA) using Zn/ RGO (24 h)
wrapped Ag NPs electrode with AL electrolyte. The figure 3.57 shows the comparative short circuit
current, Isc (mA) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped
Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs electrode using AL electrolyte. The figure 3.57 also
shows that the short circuit current, Isc (mA) using Zn/ RGO (24 h) wrapped Ag NPs electrode is
77 mA greater than Zn/ RGO (2 h) wrapped Ag NPs, 126 mA greater than Zn/ RGO (24 h)
electrode, 208 mA greater than Zn/ RGO (2 h) and 313 mA greater than Zn/Cu (1 cm?) electrode
with AL electrolyte.
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3.11.7 Effect of Zn/RGO (24 h)-Ag nanocomposite electrode on power (W) in AL extract
BVC

‘— Power,Pmax= Voc x Isc (W) using Zn/RGO(24hrs) + Ag NPs from AL+ AL electrolyte‘
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Figure 3.58: Variation of Power, Pmax= Voc % Isc (W) with time (min) using
Zn/ RGO (24 h) wrapped Ag NPs electrode and AL electrolyte.
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Figure 3.59: Variation of power (W) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/
RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs & Zn/ RGO (24 h) wrapped Ag NPs using AL
electrolyte
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The figure 3.59 shows the power, Pmax= Voc X Isc (W) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h), Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs
electrode with AL electrolyte. The power, Pmax= Voc % Ise (W) of BVC using Zn/ RGO (24 h)

wrapped Ag NPs electrode is better performer than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. The electrical conductivity of Zn/ RGO (24 h)
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wrapped Ag NPs electrode is higher than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/
RGO (2 h) wrapped Ag NPs electrode. Because, the more the time takes to form RGO and Ag NPs
nanocomposite the more open circuit voltage, Voc (V), short circuit current, Isc (mA) as well as
power, Pmax= Voc X Isc (W) increases which is the consistent with the published result [175]. As a
result power, Pmax= Voc X Isc (W) of Zn/ RGO (24 h) wrapped Ag NPs electrode is better than

Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode.

The figure 3.58 indicates the performance of power, Pmax= Voc X Isc (W) using Zn/ RGO (24 h)
wrapped Ag NPs electrode with AL electrolyte. The figure 3.59 shows the comparative power,
Prax = Voe X Ise (W) of BVC among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h), Zn/ RGO (2
h) wrapped Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs electrode using AL electrolyte. The
figure 3.59 also shows the power, Pmax= Voc X Isc (W) using Zn/ RGO (24 h) wrapped Ag NPs
electrode is 0.124 W greater than Zn/ RGO (2 h) wrapped Ag NPs, 0.214 W greater than Zn/ RGO
(24 h) electrode, 0.299 W greater than Zn/ RGO (2 h) and 0.407 W greater than Zn/Cu (1 cm?)
electrode with AL electrolyte.

3.11.8 Comparative study of Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24 h), Zn/RGO (2 h)
wrapped Ag NPs and Zn/RGO (24 h) wrapped Ag NPs electrode performance in BVC with
AL electrolyte

Table-3.9: Comparative performance of BVC using Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24
h), Zn/RGO (2 h) wrapped Ag NPs and Zn/RGO (24 h) wrapped Ag NPs electrode with AL
electrolyte

No. | Performance | Type of Type of electrodes and highest magnitude
parameters of | electrolyte
BVC Zn/Cu | Zn/ RGO | Zn/ RGO | Zn/ RGO (2 | Zn/ RGO (24
(1 cm?) (2h) (24 h) h) wrapped h) wrapped
Ag NPs Ag NPs
1 Open circuit AL 095V 0.9V 1.00V 1.12V 121V
voltage, Voc
V)
2 Short circuit AL I1I0mA | 215mA | 297 mA 346 mA 423 mA
current, Isc
(mA)
3 | Power, Pmax= AL 0.I0W | 021W 029 W | 0.38752W 0.51183 W
Voe X Ise (W)

It is clear from the above table 3.9 that BVC developed using Zn/ RGO (24 h) wrapped Ag NPs
electrode and AL extract electrolyte showed better performance than that of the BVC developed
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using Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs
electrode and AL extract electrolyte. Because, electrical conductivity of Ag NPs wrapped 24 hours
RGO adsorbed paper electrode is better than Cu, 2 hours RGO adsorbed paper electrode, 24 hours
RGO adsorbed paper electrode and Zn/ RGO (2 h) wrapped Ag NPs which is the consistent with
the published result [99,175].

3.12 Effect of RGO in PKL extract BVC

Three parameters such as open circuit voltage, Voc (V), short circuit current, Isc (mA) and power,
max= Voe X Isc (W) are also measured to check the performance of BVC using five types of
electrode such as Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24 h), Zn/RGO (2 h) wrapped Ag NPs

and Zn/RGO (24 h) wrapped Ag NPs with two type of electrolyte such as PKL and AL electrolyte.

3.12.1 Effect on Voc (V) of BVC using Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode with PKL
electrolyte

=== Open Circuit voltage Voc (V) using Zn/RGO(2hrs) & PKL electrolyte\
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Figure 3.60: Variation of Vo (V) with time (min) using Zn/ RGO (2 h) electrode
and PKL electrolyte
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=== Open Circuit voltage Voc (V) using Zn/Cu (1cm2) & PKL electrolyte\
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Figure 3.61: Variation of V. (V) with time (min) using Zn/Cu (1 cm?) electrode and PKL electrolyte.
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Figure 3.62: Variation of Vo (V) with time (min) between Zn/Cu (1 cm?) and Zn/ RGO (2 h)
electrode using PKL electrolyte

The figure 3.62 shows the open circuit voltage, Voc (V) of BVC using Zn/Cu (1 cm?) and Zn/ RGO
(2 h) electrode with PKL electrolyte. The open circuit voltage, Voc (V) of BVC using Zn/ RGO (2
h) electrode is better performer than Zn/Cu (1 cm?) electrode. Because, electrical conductivity of
RGO is better than Cu which is consistent with the published result [99].

The figure 3.60 shows the open circuit voltage Voc (V) of BVC using Zn/ RGO (2 h) electrode
with PKL electrolyte. The figure 3.61 shows the open circuit voltage, Vo (V) using Zn/Cu (1 cm?)
electrode with PKL electrolyte. The figure 3.62 shows the open circuit voltage, Voc (V) using

Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode with PKL electrolyte. The figure 3.62 also shows that
Zn/ RGO (2 h) electrode is 0.1 (V) greater than Zn/Cu (1 cm?) electrode with PKL electrolyte.
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3.12.2 Effect on Isc (mA) of BVC using Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode with
PKL electrolyte

== Short circuit current Isc (mA) using Zn/RGO(2hrs) & PKL electrolyte‘
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Figure 3.63: Variation of Isc (mA) with time (min) using Zn/ RGO (2 h) PKL electrolyte
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Figure 3.64: Variation of Isc (mA) with time (min) between Zn/Cu (1 cm?)
and Zn/ RGO (2 h) electrode using PKL electrolyte

The figure 3.64 shows the short circuit current, Isc (mA) of BVC using Zn/Cu (1 ¢cm?) and Zn/
RGO (2 h) electrode with PKL electrolyte. The short circuit current, Isc (mA) of BVC using Zn/
RGO (2 h) electrode is better performer than Zn/Cu (1 c¢cm?) electrode. Because, electrical
conductivity of RGO is better than Cu which is consistent with the published result [99].

The figure 3.63 shows the short circuit current, Isc (mA) of BVC using Zn/ RGO (2 h) electrode
using PKL electrolyte. The figure 3.64 also shows the short circuit current, Isc (mA) of BVC using
Zn/ RGO (2 h) electrode is 32 (mA) greater than Zn/Cu (1 cm?) electrode with PKL electrolyte.
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3.12.3 Effect on power (W) of BVC using Zn/Cu (1 cm?) and Zn/ RGO (2 h) electrode with
PKL electrolyte

=== Power,Pmax= Voc x Isc (W) using Zn/RGO(2hrs) & PKL electrolyte\
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Figure 3.65: Variation of power (W) with time (min) using Zn/ RGO (2 h) electrode
and PKL electrolyte
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Figure 3.66: Variation of power (W) with time (min) between Zn/Cu (1 cm?) and Zn/
RGO (2 h) electrode using PKL electrolyte

The figure 3.66 shows the power, Pmax= Vo X Isc (W) of BVC using Zn/Cu (1 ¢cm?) and Zn/ RGO
(2 h) lectrode with PKL electrolyte. The power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (2 h)
electrode is better performer than Zn/Cu (1 cm?) electrode. Because, open circuit voltage, Voc (V)
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and short circuit current, Isc of Zn/ RGO (2 h) electrode is higher than Zn/Cu (1 cm?). As a result
POWET, Pmax= Voe X Isc (W) of Zn/ RGO (2 h) is better performer than Zn/Cu (1 cm?) which is
consistent with the published result [99].

The figure 3.65 also shows the power Pmax= Voc X Isc (W) of BVC using Zn/ RGO (2 h) electrode
using PKL electrolyte. The figure 3.66 shows that performance of power, Pmax= Voc X Isc (W) using
Zn/ RGO (2 h) electrode is 0.053 (W) greater than Zn/Cu (1 cm?) electrode with PKL electrolyte.

3.12.4 Comparative study of Zn/Cu (1 cm?) and Zn/RGO (2 h) electrode performance in
BVC with PKL electrolyte

Table-3.10: Comparative performance of BVC using Zn/Cu (1 cm?) and Zn/RGO (2 h) with PKL
electrolyte

No. | Performance parameters of Type of Type of electrodes and highest
BVC electrolyte | magnitude
Zn/Cu (1 cm?) Zn/ RGO (2 h)
1 Open circuit voltage, Vo (V) PKL 1.00 V .10V
2 Short circuit current, Isc (mA) PKL 178 mA 210 mA
3 Power, Pmax= Voc X Isc (W) PKL 0.178 W 0231 W

It is clear from the above table 3.10 that BVC developed using Zn/ RGO (2 h) electrode and PKL
extract electrolyte showed better performance than that of the BVC developed using Zn/Cu (1
cm?) electrode and PKL extract electrolyte. Because, electrical conductivity of RGO adsorbed
paper electrode is better than Cu electrode which is the consistent with the published result [99].
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3.12.5 Effect on Voc (V) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h)
electrode with PKL electrolyte

=== Open Circuit voltage Voc (V) using Zn/RGO (24 hrs) electrode and PKL electrolyte\
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Figure 3.67: Variation of V. (V) with time (min) using Zn/ RGO (24 h) electrode
and PKL electrolyte
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Figure 3.68: Variation of Vo (V) with time (min) between Zn/Cu (1 cm?), Zn/ RGO (2 h)
and Zn/ RGO (24 h) electrode using PKL electrolyte

111



The figure 3.68 shows the open circuit voltage, Voc (V) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h) and Zn/ RGO (24 h) electrode with PKL electrolyte. The open circuit voltage, Vo (V) of BVC

using Zn/ RGO (24 h) electrode is better performer than Zn/Cu (1 cm?) and Zn/ RGO (2 h)

electrode. Because, electrical conductivity of Zn/ RGO (24 h) is better than Zn/Cu (1 ¢cm?), Zn/
RGO (2 h) electrode which is consistent with the published result [99].

The figure 3.67 shows the open circuit voltage, Vo (V) using Zn/ RGO (24 h) electrode with PKL
electrolyte. The figure 3.68 shows the comparative performance of open circuit voltage Vo (V)
among Zn/Cu (1 cm?), Zn/ RGO (2 h) & Zn/ RGO (24 h) electrode using PKL electrolyte. The
figure 3.68 also shows that performance open circuit voltage Voc (V) using Zn/ RGO (24 h)
electrode is 0.10 V greater than Zn/ RGO (2 h) electrode and 0.14 V greater than Zn/Cu (1 cm?)
electrode with PKL electrolyte.

3.12.6 Effect on Isc (mA) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO

(24 h) electrode with PKL electrolyte

\— Short circuit current Isc (mA) using Zn/RGO(24hrs) & PKL electrolyte\
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Figure 3.69: Variation of Isc (mA) with time (min) using Zn/ RGO (24 h) electrode and PKL electrolyte
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=== Short circuit current Isc (mA) using Zn/Cu (1 cm2) electrode and PKL electrolyte
=== Short circuit current Isc (mA) using Zn/RGO (2 hrs) electrode and PKL electrolyte
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Figure 3.70: Variation of Isc (mA) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h) and
Zn/RGO (24 h) electrode using PKL electrolyte

The figure 3.70 shows the short circuit current, Isc (mA) of BVC using Zn/Cu (1 ¢cm?), Zn/ RGO
(2 h) and Zn/ RGO (24 h) electrode with PKL electrolyte. The short circuit current, Isc (mA) of

BVC using Zn/ RGO (24 h) electrode is better performer than Zn/Cu (1 ¢cm?) and Zn/ RGO (2 h)
electrode. Because, the more the time takes to adsorbe RGO on paper electrode, the more the
electrical conductivity increases which is the consistent with the published result [99,175].

The figure 3.69 shows the short circuit current, Isc (mA) of BVC using Zn/ RGO (24 h) electrode
with PKL electrolyte. The figure 3.70 shows the comparative performance of short circuit current,
Isc (mA) among Zn/Cu (1 cm?), Zn/ RGO (2 h) & Zn/RGO (24 h) electrode using PKL electrolyte.
The figure 3.70 also shows that performance of short circuit current, Isc (mA) using Zn/ RGO (24
h) electrode is 32 (mA) greater than Zn/ RGO (2 h) electrode and 142 (mA) greater than Zn/Cu (1
cm?) electrode with PKL electrolyte.
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3.12.7 Effect on power (W) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO
(24 h) electrode with PKL electrolyte

\— Power,Pmax= Voc x Isc (W) using Zn/RGO(24hrs) & PKL electrolyte\
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Figure 3.71: Variation of power (W) with time (min) using Zn/ RGO (24 h)
electrode and PKL electrolyte

=== Power,Pmax= Voc x Isc (W) using Zn/Cu (1 cm2) electrode and PKL electrolyte
== Power,Pmax= Voc x Isc (W) using Zn/RGO (2 hrs) electrode and PKL electrolyte
0.40 - |====Power,Pmax= Voc x Isc (W) using Zn/RGO (24 hrs) electrode and PKL electrolyte

o

. 0.35]
=S ]
8  0.30 1
< ]
8 0.25-
>
I 1
& 0.204
£ ]
o
$ 0.15
= |
(@)
0 010-
0.05 -

T T T T T T T T 1
100 200 300 400 500
Time Duration (min)

o -

Figure 3.72: Variation of power (W) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h)
and Zn/RGO (24 h) electrode using PKL electrolyte
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The figure 3.72 shows the power, Pmax= Voc X Iie (W) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h) and Zn/ RGO (24 h) electrode with PKL electrolyte. The power, Pmax= Voc X Isc (W) of BVC

using Zn/ RGO (24 h) electrode is better performer than Zn/Cu (1 cm?) and Zn/ RGO (2 h)

electrode. Because, electrical conductivity of Zn/ RGO (24 h) is better than Zn/Cu (1 ¢cm?), Zn/
RGO (2 h) electrode. As a result open circuit voltage, Vo (V) and short circuit current, Isc (mA) as
well as power, Pmax= Voc X Isc (W) of Zn/ RGO (24 h) electrode are higher which is consistent with
the published result [99,175].

The figure 3.71 shows the power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (24 h) electrode
with PKL electrolyte. The figure 3.72 shows the comparative performance of power, Pmax= Voc X
lsc (W) among Zn/Cu (1 cm?), Zn/ RGO (2 h) & Zn/RGO (24 h) electrode using PKL electrolyte.
The figure 3.79 also shows that performance of Power, Pmax= Voc X lIsc (W) using Zn/ RGO (24 h)
electrode is 0.053 (W) greater than Zn/ RGO (2 h) electrode and 0.186 (W) greater than Zn/Cu (1
cm?) electrode with PKL electrolyte.

3.12.8 Comparative study of Zn/Cu (1 cm?), Zn/RGO (2 h) and Zn/RGO (24 h) electrode
performance in BVC with PKL electrolyte

Table-3.11: Comparative performance of BVC using Zn/Cu (1 cm?), Zn/RGO (2 h) and Zn/RGO

(24 h) with PKL electrolyte

No. | Performance Type of Type of electrodes and highest magnitude
parameters of BVC electrolyte
Zn/Cu (1 cm?) | Zn/ RGO (2h) | Zn/ RGO (24 h)
1 Open circuit voltage, PKL 1.00 V 1.10V 1.14V
Voe (V)
2 Short circuit current, PKL 178 mA 210 mA 320 mA
Isc (MA)
3 Power, Pmax = Voc X Isc PKL 0.178 W 0231 W 0.3648 W
(W)

It is clear from the above table 3.11 that BVC developed using Zn/ RGO (24 h) electrode and PKL
extract electrolyte showed better performance than that of the BVC developed using Zn/Cu (1
cm?) and Zn/ RGO (2 h) electrode and PKL extract electrolyte. Because, electrical conductivity of
24 hours RGO adsorbed paper electrode is better than Cu and 2 hours RGO adsorbed paper
electrode which is the consistent with the published result [99].
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3.13 Effect of RGO-Ag nanocomposite in PKL extract BVC
3.13.1 Effect of Zn/RGO (2 h)-Ag nanocomposite electrode on Voc (V) in PKL extract BVC

\— Open Circuit Voltage Voc (V) using Zn/RGO (2hrs) + Ag NPs from PKL + PKL electro
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Figure 3.73: Variation of V. (V) with time (min) using Zn/ RGO (2 h) wrapped
Ag NPs electrode and PKL electrolyte
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Figure 3.74: Variation of V. (V) with time (min) among Zn/Cu (1 ¢cm?), Zn/ RGO (2 h), Zn/
RGO (2 h) wrapped Ag NPs electrode using PKL electrolyte
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The figure 3.74 shows the open circuit voltage, Voc (V) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode electrode with PKL electrolyte.
The open circuit voltage, Voc (V) of BVC using Zn/ RGO (2 h) wrapped Ag NPs electrode is better

performer than Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode. Because, electrical

conductivity of Zn/ RGO (2 h) wrapped Ag NPs electrode is better performer than Zn/Cu (1 cm?),
Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode which is consistent with the published result
[99,175].

The figure 3.73 shows the performance of open circuit voltage Voc (V) using Zn/ RGO (2 h)
wrapped Ag NPs electrode with PKL electrolyte. The figure 3.74 shows the comparative
performance of open circuit voltage, Voc (V) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
h) and Zn/ RGO (2 h) wrapped Ag NPs electrode using PKL electrolyte. The figure 3.74 also shows
the open circuit voltage, Vo (V) using Zn/ RGO (2 h) wrapped Ag NPs electrode is 0.16 (V) greater
than Zn/ RGO (24 h) electrode 0.14 (V) greater than Zn/ RGO (2 h) and 0.10 (V) Zn/Cu (1 cm?)
electrode with PKL electrolyte.

3.13.2 Effect of Zn/RGO (2 h)-Ag nanocomposite electrode on Isc (mA) in PKL extract BVC

\— Short Circuit Current using Zn/RGO (2hrs) +Ag NPs from PKL + PKL electrolyte\
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Figure 3.75: Variation of Isc (mA) VS Time duration (min) using Zn/ RGO (2 h) wrapped
Ag NPs electrode and PKL electrolyte
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mmmm Short circuit current Isc (mA) using Zn/Cu (1cm2) electrode and PKL electrolyte

mmmmm Short circuit current Isc (mA) using Zn/RGO (2hrs) electrode and PKL electrolyte
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Figure 3.76: Variation of Ic (mA) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h),
Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs electrode using PKL electrolyte

The figure 3.76 shows the short circuit current, Isc (mA) of BVC using Zn/Cu (1 ¢cm?), Zn/ RGO
(2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode electrode with PKL
electrolyte. The short circuit current, Isc (mA) of BVC using Zn/ RGO (2 h) wrapped Ag NPs

electrode is better performer than Zn/Cu (1 ¢m?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode.
Due to the formation of RGO and Ag NPs nanocomposite, the electrical conductivity increases
which is consistent with the published result [99,175].

The figure 3.75 shows the short circuit current, Isc (mA) of BVC using Zn/ RGO (2 h) wrapped
Ag NPs electrode with PKL electrolyte. The figure 3.76 shows the comparative performance of
short circuit current, Isc (mA) among Zn/Cu (1 ¢cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/
RGO (2 h) wrapped Ag NPs electrode using PKL electrolyte. The figure 3.76 also shows that short
circuit current, Isc (mA) using Zn/ RGO (2 h) wrapped Ag NPs electrode is 232 (mA) greater than
Zn/ RGO (24 h) electrode, 142 (mA) greater than Zn/ RGO (2 h) and 32 (mA) greater than Zn/Cu
(1 cm?) electrode with PKL electrolyte.
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3.13.3 Effect of Zn/RGO (2 h)-Ag nanocomposite electrode on power (W) in PKL extract
BVC

‘— Power,Pmax= Voc x Isc (W) using Zn/RGO(2hrs) + Ag NPs from AKL +PKL Eletrolyte
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Figure 3.77: Power, Pmax= Voc X Isc (W) VS Time duration (min) using Zn/ RGO
(2 h) wrapped Ag NPs (from PKL) electrode & PKL electrolyte
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Figure 3.78: Variation of power (W) with time (min) among Zn/Cu (1 ¢cm?), Zn/ RGO (2 h), Zn/
RGO (2 h) wrapped Ag NPs electrode using PKL electrolyte.
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The figure 3.78 shows the power, Pmax= Voc X Iie (W) of BVC using Zn/Cu (1 cm?), Zn/ RGO (2
h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode electrode with PKL extract
electrolyte. The power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (2 h) wrapped Ag NPs electrode

is better performer than Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode. Because,
electrical conductivity as well as open circuit voltage, Voc (V), short circuit current, lsc (mA) and
power, Pmax= Voc X Isc (W) of Zn/ RGO (2 h) wrapped Ag NPs electrode is better than Zn/Cu (1

cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode which is consistent with the published result
[99,175].

The figure 3.77 shows the power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (2 h) wrapped Ag
NPs electrode with PKL electrolyte. The figure 3.78 shows the comparative performance of power,
Pmax= Voe X lsc (W) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h)
wrapped Ag NPs electrode using PKL electrolyte. The figure 3.78 also shows that performance of
power, Pmax= Voc % lsc (W) using Zn/ RGO (2 h) wrapped Ag NPs electrode is 0.169 (W) greater
than Zn/ RGO (24 h) electrode, 0.302 (W) greater than Zn/ RGO (2 h) and 0.355 (W) Zn/Cu (1
cm?) electrode with PKL electrolyte.

3.13.4 Comparative study of Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24 h) and Zn/RGO (2
h) wrapped Ag NPs electrode performance in BVC with PKL electrolyte

Table-3.12: Comparative performance of BVC using Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24
h) and Zn/RGO (2 h) wrapped Ag NPs with PKL electrolyte

No. Performance Type of | Type of electrodes and highest magnitude
parameters of BVC | electrolyte
Zn/Cu | Zn/ RGO | Zn/ RGO | Zn/ RGO (2 h)
(1 cm?) (2h) (24h) | wrapped Ag NPs
1 Open circuit voltage, PKL 1.00 V .10V 1.14V 1.16 V
Voc (V)
2 Short circuit current, PKL 178 mA | 210 mA | 320 mA 410 mA
Isc (mA)
3 Power, Pmax= Voc % Isc PKL 0.178 W | 0.231 W | 0.3648 W 0.533 W
(W)

It is clear from the above table 3.8 that BVC developed using Zn/ RGO (2 h) wrapped Ag NPs
electrode and PKL extract electrolyte showed better performance than that of the BVC developed
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using Zn/Cu (1 cm?), Zn/ RGO (2 h) and Zn/ RGO (24 h) electrode and PKL extract electrolyte.
Because, electrical conductivity of Ag NPs wrapped 2 hours RGO adsorbed paper electrode is
better than Cu, 2 hours RGO adsorbed paper electrode and 24 hours RGO adsorbed paper electrode
which is the consistent with the published result [99,175].

3.13.5 Effect of Zn/RGO (24 h)-Ag nanocomposite electrode on Voc (V) in PKL extract
BVC

|=== Open Circuit voltage Voc (V) using Zn/RGO(24hrs) + Ag NPs from AKL +PKL Eletrolyte]
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Figure 3.79: Variation of Vo (V) with time (mmg using Zn/ RGO (24 h) wrapped

Ag NPs electrode and PKL electrolyte
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Figure 3.80: Variation of V. (V) with time (min) among Zn/Cu (1 ¢cm?), Zn/ RGO (2 h), Zn/
RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs electrode
using PKL electrolyte

The figure 3.80 shows the open circuit voltage, Voc (V) of BVC using Zn/ RGO (24 h) wrapped
Ag NPs electrode and PKL extract electrolyte. The open circuit voltage, Voc (V) of Zn/ RGO (24

h) wrapped Ag NPs electrode is better performer than Zn/Cu (1 ¢cm?), Zn/ RGO (2 h), Zn/ RGO
(24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. Because, the more the time takes to form
RGO and Ag NPs nanocomposite, the more the electrical conductivity increases which is the
consistent with the published result [99,175].

The figure 3.79 shows the open circuit voltage, Voc (V) using Zn/ RGO (24 h) wrapped Ag NPs
electrode with PKL electrolyte. The figure 3.80 shows the comparative performance of open circuit
voltage, Vo (V) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped
Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs electrode using PKL electrolyte. The figure 3.80
also shows that performance of open circuit voltage, Voc (V) using Zn/ RGO (24 h) wrapped Ag
NPs electrode is 0.18 (V) greater than Zn/RGO (2 h) wrapped Ag NPs 0.20 V greater than Zn/
RGO (24 h) electrode 0.33 (V) greater than Zn/ RGO (2 h) and 0.34 (V) greater than Zn/Cu (1
cm?) electrode with PKL electrolyte.
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3.13.6 Effect of Zn/RGO (24 h)-Ag nanocomposite electrode on Isc (mA) in PKL extract

BVC

\— Short circuit current Isc (mA) using Zn/RGO(24hrs) + Ag NPs from PKL + PKL electrolyte\
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Figure 3.81: Variation of V. (V) with time (min) using Zn/ RGO (24 h) wrapped Ag
NPs electrode and PKL electrolyte
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Figure 3.82: Variation of Isc (mA) with time (min) among Zn/Cu (1 cm?), Zn/ RGO (2 h),
Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs and Zn/ RGO (2 h) wrapped Ag NPs

electrode using PKL electrolyte
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The figure 3.82 shows the short circuit current, Isc (mA) of BVC using Zn/ RGO (24 h) wrapped
Ag NPs electrode and PKL extract electrolyte. The short circuit current, Isc (mA) of Zn/ RGO (24

h) wrapped Ag NPs electrode is better performer than Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO
(24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. Because, the more the time takes to form
RGO and Ag NPs nanocomposite, the more the electrical conductivity increases which is the
consistent with the published result [99,175].

The figure 3.81 shows the performance of short circuit current, Isc (mA) of BVC using Zn/ RGO
(24 h) wrapped Ag NPs electrode with PKL electrolyte. The figure 3.82 shows the comparative
performance of short circuit current, Isc (mA) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24
h), Zn/ RGO (2 h) wrapped Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs electrode using PKL
electrolyte. The figure 3.82 also shows that short circuit current, Isc (mA) using Zn/ RGO (24 h)
wrapped Ag NPs electrode is 86 (mA) greater than Zn/ RGO (2 h) wrapped Ag NPs 176 (mA)
greater than Zn/ RGO (24 h) electrode 286 (mA) greater than Zn/ RGO (2 h) and 318 (mA) greater
than Zn/Cu (1 cm?) electrode with PKL electrolyte.

3.13.7 Effect of Zn/RGO (24 h)-Ag nanocomposite electrode on power (W) in PKL extract
BVC

\— Power,Pmax= Voc x Isc (W) using Zn/RGO(24hrs) + Ag NPs from PKL + PKL electrolyte\
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Figure 3.83: Variation of power (W) with time (min) using Zn/ RGO (24 h) wrapped
Ag NPs and PKL electrolyte
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mmmm Power,Pmax= Voc x Isc (W) using Zn/Cu (1cm2) electrode and PKL electrolyte
mmmm Power,Pmax= Voc x Isc (W) using Zn/RGO (2hrs) electrode and PKL electrolyte
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Figure 3.84: Variation of power (W) with time (min) among Zn/Cu (1 ¢cm?), Zn/ RGO (2 h),

Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped Ag NPs and Zn/ RGO (2 h) wrapped Ag NPs
electrode using PKL electrolyte.

The figure 3.84 shows the power, Pmax= Voc % Isc (W) of BVC using Zn/ RGO (24 h) wrapped Ag
NPs electrode and PKL extract electrolyte. The power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO
(24 h) wrapped Ag NPs electrode and PKL extract electrolyte is better performer than Zn/Cu (1

cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs electrode. Because the
more the time takes to form RGO and Ag NPs nanocomposite the more open circuit voltage, Vo

(V), short circuit current, Isc (mA) and power, Pmax= Voc X Isc (W) increases which is the consistent
with the published result [99,175].

The figure 3.83 shows the power, Pmax= Voc X Isc (W) of BVC using Zn/ RGO (24 h) wrapped Ag
NPs electrode with PKL electrolyte. The figure 3.84 shows the comparative performance of power,
Pmax= Voe X Isc (W) among Zn/Cu (1 cm?), Zn/ RGO (2 h), Zn/ RGO (24 h), Zn/ RGO (2 h) wrapped
Ag NPs and Zn/ RGO (24 h) wrapped Ag NPs electrode using PKL electrolyte. The figure 3.84
also shows the power, Pmax= Voc X Isc (W) using Zn/ RGO (24 h) wrapped Ag NPs electrode is
0.136 (W) greater than Zn/ RGO (2 h) wrapped Ag NPs 0.305 W greater than Zn/ RGO (24 h)
electrode, 0.438 (W) greater than Zn/ RGO (2 h) and 0.491 (W) greater than Zn/Cu (1 cm?)
electrode with PKL electrolyte.
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3.13.8 Comparative study of Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24 h), Zn/RGO (2 h)
wrapped Ag NPs and Zn/RGO (24 h) wrapped Ag NPs electrode performance in BVC with
PKL electrolyte

Table-3.13: Comparative performance of BVC using Zn/Cu (1 cm?), Zn/RGO (2 h), Zn/RGO (24
h), Zn/RGO (2 h) wrapped Ag NPs and Zn/RGO (24 h) wrapped Ag NPs with PKL electrolyte

No. | Performance Type of Type of electrodes and highest magnitude
parameters of | electrolyte
BVC Zn/Cu | Zn/ RGO | Zn/ RGO Zn/ Zn/ RGO
(1 cm?) (2 h) (24 h) RGO (2 (24 h)
h) wrapped
wrapped | Ag NPs
Ag NPs
1 Open circuit PKL 1.00 V 1.10V 1.14V 1.16 V 1.34V
voltage, Vo (V)
2 Short circuit PKL 178 mA | 2I0mA | 320mA | 410 mA | 496 mA
current, Isc
(mA)
3 Power, Pmax= PKL 0.178 W | 0.231 W | 0.3648 W | 0.533 W | 0.6696 W
Voc X Isc (W)

It is clear from the above table 3.13 that BVC developed using Zn/ RGO (24 h) wrapped Ag NPs
electrode and PKL extract electrolyte showed better performance than that of the BVC developed
using Zn/Cu (1 ¢cm?), Zn/ RGO (2 h), Zn/ RGO (24 h) and Zn/ RGO (2 h) wrapped Ag NPs
electrode and PKL extract electrolyte. Because, electrical conductivity of Ag NPs wrapped 24
hours RGO adsorbed paper electrode is better than Cu, 2 hours RGO adsorbed paper electrode, 24
hours RGO adsorbed paper electrode and Zn/ RGO (2 h) wrapped Ag NPs which is the consistent
with the published result [99.175].
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3.14 Comparative study of RGO related various electrode in BVC using PKL and AL
electrolyte

Table-3.14: Comparative performance of BVC using various electrode with AL and PKL
electrolyte

Performance | Type of Type of electrodes and highest magnitude
parameters electrolyte
No. | rpvc Zn/Cu Zn/ RGO | Zn/ RGO | Zn/ RGO Zn/ RGO
(Iecm?) | (2h) (24 h) (2 h) (24 h)

wrapped wrapped
Ag NPs Ag NPs

AL 095V 099V 1.00 V 1.12V 1.21V
1 Open circuit
voltage, Voc PKL 1.00 V 1.10V 1.14V 1.16 V 1.34V
V)

AL I1I0mA |215mA |297mA | 346 mA 423 mA

2 Short circuit

current, I PKL |178mA [210mA [320mA [410mA | 496 mA
(mA)

AL 0.I0W |021W 029 W 038752 W | 0.51183 W

3 Power, Pmax=

Voe X Isc (W) PKL 0.178 W | 0.231 W | 0.3648 W | 0.533 W 0.6696 W

The table 3.14 shows that BVC developed using various electrode such as (i) Zn/Cu (1 cm?) (ii)
Zn/ RGO (2 h) (ii1)) Zn/ RGO (24 h) (iv) Zn/ RGO (2 h) wrapped Ag NPs (v) Zn/ RGO (24 h)
wrapped Ag NPs electrode and two types of electrolyte, such as (i) PKL extract electrolyte (ii) AL
extract extract electrolyte. It is also clear from the above table 3.14 that Zn/ RGO (24 h) wrapped
Ag NPs electrode using PKL extract electrolyte showed better performance than any other
electrode and electrolyte. Because, electrical conductivity of Ag NPs wrapped and 24 hours RGO
adsorbed paper electrode is better than Cu, 2 hours RGO adsorbed paper electrode, 24 hours RGO
adsorbed paper electrode as well as Ag NPs wrapped and 2 hours RGO adsorbed paper electrode
which is the consistent with the published result [99,175].

127



3.15 Measuring cell potential of PKL and AL cell

3.15.1 Chemical reaction in PKL/AL cell

Before adding secondary Salt-
Zn—-2e = Zn**
2H +2¢ = H»
Zn+2H" = Zn*"+H,

After adding secondary salt-
7n -2¢ = Zn*

Cu’"+2¢ = Cu

Adding: Zn + Cu*" =Zn®" + Cu
The total chemical reaction: 2Zn + Cu*" +2H"

Here, the reactant ions = H* and Cu?*

And the product ions= Zn**

3.15.2 Nernst Equation in PKL/AL Cell

4 e—
— 27n*" +Cu+H>
or,4F

In the late 19th century, Josiah Willard Gibbs had formulated a theory to predict whether a
chemical reaction is spontaneous based on the free energy,

AG=AG’+RTINQ...................

Here, AG is change in Gibbs free energy, AG® is change in standard Gibbs free energy, T is
absolute temperature (Kelvin), R is the molar gas constant and Q is reaction quotient which can be
found by dividing products ion concentration by reactants ion concentration. Based on Gibbs'
work, Nernst extended the theory to include the contribution from electric potential on charged
species [168]. The change in Gibbs free energy for an electrochemical cell can be related to the

cell potential. Thus, Gibbs' theory becomes,

NFE=NFE°~RTInQ....................
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Here n is the number of transport electrons during cell reaction F is the Faraday constant
(coulombs/mole), and E is cell potential. Now, dividing equation (2.3) by the amount of charge
transferred (nF) to arrive at a new equation which now bears his name, that is Nernst equation:

—_p0_RT
E=E — INQc. oo, (2.4)

Here, If Qc=1 then InQ¢= 0 value
If Qc >1 then InQ.= + value
If Qc<1 then InQ. = - value
In Qc = - value is desired. Because, increasing reactant ion increased In Q¢ = - value. As a result
Ecen value is increased.

Assuming standard conditions (T = 25 °C) and R = 8.3145 J/K/mole, the equation above can be
expressed on base-10 logarithm as shown below [168, 169]:

0.05916V
n

E=E°

log Qc

0.05916V
4

Where, n = Number of transfer electron = 4 in PKL/AL cell.

E=E° log Qc

Here, Qc = Quotient constant = [Product lon] / [Reactant lon]
- [Zn2+]2/[Cu2+][H+]2

From cell reaction of PKL/AL cell in equation 2.1

0.05916V | [zn2*]2
4 [cu2*][H*]2

Ecen = EO —

Here E° is standard cell potential. From AAS result observation [Zn?*] and [Cu?*] can be
calculate.

Here, Ecen value can be increased increasing

1. Reactantion
2. Concentration of extract
3. Secondary salt
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3.15.3 A simple example to measure cell potential
Let us calculate the cell potential for the following system:
Zn/ZnS0, (0.1M) H CuSO4 (0.05) / Cu
Where, at 25°C E%2n%*/Zn =-0.76 V and Ecy®*/cu=+ 0.34 V
Cell reaction,
Zn -2¢ = Zn*'

Cu**+2¢ = Cu

Adding: Zn + Cu?* %P Zn*" + Cu

2.303RT

According to Nernst equation, Ecell = E%en — — log Qc
_ 0 2303RT [Zn?t]
= Eleen nF | [cu?*]

Here, R= Molar gas constant = 8.314 J Kt mol*!
T=298 K
[Zn?*]=0.10 molL™*
[Cu?*] = 0.05 molL™*
E%2*/Zn=-0.76 V
E%?*cu=+0.34 V
n=2
and F= 96500 C

Now we can get from Nernst equation

2.303 xX8.314X%298 [0.10]
2X96500 9 [0.05]

Ecell = 034 V- ('076 V) —

= (1.10 — 0.008897) V
=1.0911 V
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3.15.4 Determination of [Zn?*] and [Cu?*] using Atomic Absorption Spectroscopy (AAS)
method

The concentration of [Cu®*] and [Zn?'] can be estimate by applying Atomic Absorption
Spectroscopy (AAS) method [231-235]. AAS is a spectro analytical process for quantitative
determination of chemical element employing the absorption of optical radiation by free atoms in
gaseous state. This method can be apply to determine over 70 different elements in solution
[234,235]. On the other hand this AAS method can be used directly in solid samples employed in
pharmacology, biophysics and toxicology research [233].

3.15.5 Effect of concentration of [Cu?*] (moleL™) in BVC using PKL extract
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Figure 3.85: Variation of concentration of [Cu?*] (moleL™) with of time (min)

The figure 3.85 shows the variation of concentration of [Cu?*] (moleL™) in BVC using PKL extract
electrolyte. The concentration of [Cu?*] (moleL™) of PKL extract electrolyte of BVC decreased
gradually. As the streangth of PKL extract reduced, the concentration of [Cu?*] (moleL™) reduced
gradually which is the consistent with the published result [231].

The figure 3.85 also shows that at first concentration of [Cu?*] (moleL?) of PKL extract electrolyte
of BVC decreased rapidly up to 300 minutes. Secondly concentration of [Cu?*] (moleL™) also
decrerased very slowly up to 770 minutes. Finally concentration of [Cu?*] (moleL™) decreased
almost linearly and very slowly covering up to 870 minutes.
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3.15.6 Effect of concentration of [Cu?*] (moleL™!) on voltage of BVC
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Figure 3.86: Variation of voltage with the variation of concentration of [Cu?*] (moleL™)

The figure 3.86 shows the variation of concentration of [Cu?*] (moleL™) with the variation of
voltage using PKL extract electrolyte in BVC. The concentration of [Cu?*] (moleL™) increased
with increasing voltage. As the concentration of [Cu?"] (moleL?) increases, the voltage of BVC
increased which is the consistent with the published result [231].

The figure 3.86 also shows that at first concentration of [Cu?*] (moleL™) increased rapidly from
0.01 to 0.25 moleL* covering 0.2 Volt. Then concentration of [Cu?*] (moleL™) increased very
steadily but voltage increased very rapidly from 4.7 Volt to 5.4 Volt. Finally concentration of
[Cu?*] (moleL™) was almost constant but voltage increased very sharply from 5.4 Volt to 6.1 Volt.
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3.15.7 Effect of concentration of [Zn?*] (moleL!) in BVC using PKL extract
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Figure 3.87: Variation of concentration of [Zn?*] (moleL™) with time (min)

The figure 3.87 shows the variation of concentration of [Zn?*] (moleL™) in BVC using PKL extract
electrolyte. The concentration of [Zn?*] (moleL™?) of PKL extract electrolyte of BVC increased
gradually. Bercause, the more the time passes, the more concentration of [Zn?*] (moleL™)
increases in BVC which is the consistent with the published result [231].

The figure 3.87 also shows that at first concentration of [Zn?] (moleL™?) increased rapidly from
0.01 to 0.33 moleL* covering 180 minutes. Then concentration of [Zn?*] (moleL™) increased very
steadily up to 0.35 moleL™ covering 720 minutes. Finally concentration of [Zn?*] (moleL™) was
started decreasing from 0.35 (moleL™?) to 0.37 (moleL ™) covering 40 minutes.
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3.15.8 Effect of concentration of [Zn?*] (moleL!) on voltage of BVC

m— \/0lt] (VOIt)]

0.0 0.2 0.4 0.6 0.8 1.0
Concentration of [Zn?*] (moleL™)

Figure 3.88: Variation of voltage with the variation of concentration of [Zn?*] (moleL™?)

The figure 3.95 shows the concentration of [Zn?*] (moleL™) increased with increasing voltage in
BVC using PKL extract electrolyte. As the concentration of [Zn?*] (moleL™) increases with time,
voltage of BVC decreases which is the consistent with the published result [231,232,233,234].

The figure 3.93 also shows that, at first concentration of [Zn?*] (moleL™) increased rapidly from
0.01 to 0.48 moleL*whereas voltage was almost constant. Then voltage decrease in two phase. At
first from 6.00 Volt to 5.97 Volt secondly from 5.97 Volt to 5.96 Volt whereas concentration of
[Cu?] (moleL™) increased from 0.48 moleL™ to 0.6 moleL™ Finally voltage decreased very
rapidly in two phases. At first from 5.97 Volt to 5.72 Volt secondly from 5.72 Volt to 5.66 Volt
but concentration of [Cu?*] (moleL™) increased very slowly from 0.6 moleL*to 0.9 moleL™?
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3.15.9 pH determination of AL extract

To determine pH value of AL, at first fresh AL are taken. Then it has chopped with DI water.
There after digital pH meter (Hanna instruments pH - 211) set on AL paste. After every 10 minutes
the pH value has been recorded.

Figure 3.89: pH determination of AL extract.
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Figure 3.90: Variation of pH value with time (min).
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The figure 3.11 shows the pH value of AL paste which is applied in BVC as electrolyte. The pH
value of AL paste increased gradually. As the steangth of AL extract decreases, the concentration
of [H*] dcreases. As a result the pH value of AL paste increased which is consistent with the
published result [4].

The figure 3.11 also shows that the pH value of AL extract increased slowly up to 40 min then
decreased up to 50 min. Thereafter increased rapidly up to 220 min. Finally pH value increased
very steadily up to 280 min.

3.15.10 pH determination of PKL extract

To determine pH value of PKL; at first fresh PKL are collected from Dhaka university campus.
Then it has washed with DI water and chopped. There after digital pH meter (Hanna instruments
pH - 211) set on PKL paste. After every 10 minutes the pH value of PKL extract has been
recorded.
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Figure 3.91: Variation of pH value with time (min).

The figure 3.12 shows the pH value of PKL paste which is applied in BVC as electrolyte. The pH
value of PKL paste increased gradually. As the steangth of PKL extract decreases, the
concentration of [H*] dcreases. As a result the pH value of PKL paste increased which is consistent
with the published result [85].

The figure 3.12 also shows that, the pH value of PKL extract was stable up to 40 minutes. Then
increased abruptly up to 50 minutes. Then steadily increased up to 250 min. Finally pH value was
very stable up to 280 minutes.
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3.15.11 Effect of concentration of [H*] (moleL) of PKL with the variation of time (h)
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Figure 3.92: Variation of concentration of [H*] (moleL ™) of PKL with time (min)

The figure 3.92 shows the variation of concentration of [H*] (moleL™?) of PKL in BVC. The
concentration of [H*] (moleL™?) of PKL in BVC decreased gradually. As the steangth of PKL
extract decreases, the pH value of PKL extract increased. As a result the concentration of [H']
dcreases which is consistent with the published result [85].

The figure 3.92 also shows that at first concentration of [H*] (moleL™) did not decreased up to 25
minutes. Secondly concentration of [H*] (moleL™) also decrerased very slowly up to 50 minutes.
There after concentration of [H*] (moleL?) decreased rapidly from 0.0001000 moleL? to
0.0000994 moleL™ covering 180 minutes. Finally concentration of [H*] (moleL™) decreased
almost linearly and very slowly within 40 minutes.
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3.15.12 Determination of concentration of [H*] (moleL!) of AL with the variation of time
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Figure 3.93: Variation of concentration of [H*] (moleL™?) of AL with time (min)

The figure 3.93 shows the variation of concentration of [H*] (moleL?) of AL in BVC. The
concentration of [H*] (moleL™?) of AL in BVC decreased gradually. As the steangth of AL extract
decreases, the pH value of AL extract increased. As a result the concentration of [H*] dcreases
which is consistent with the published result [4].

The figure 3.97 also shows that at first concentration of [H*] (moleL™?) from AL extract decrerased
very slowly and almost linearly up to 160 minutes. There after concentration of [H*] (moleL™?)
decreased rapidly from 0.0000999 moleL* to 0.000092 moleL? covering 80 minutes. Finally
concentration of [H*] (moleL™?) decreased almost slowly from 0.000092 moleL* to 0.000090
moleL" covering 40 minutes.
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3.15.13 Determination of cell potential (Volt) of BVC using PKL extract

Table-3.15: Concentration of [Zn?*], [Cu?"], [H*] (moleL?) and cell potential (V) of BVC using

PKL extract
Time Concentrati | Concentration | Concentrati | E% = Ecen =
duration | on of [Cu?'] | of [Zn?'] on of [H'] | E%,2*/c, - E%42*/Zn EO, . 205916V [Zn?*]2
(min) (moleL™) | (moleL™) (moleL™?) 4 [Cu?*] [H*]2
0 0.4 0.01 1E-4 1.10 0.9107
10 0.39 0.04 1E-4 1.10 0.8926
20 0.38 0.07 1E-4 1.10 0.885
30 0.37 0.09 1E-4 1.10 0.8815
40 0.36 0.11 9.999E-5 1.10 0.8815
50 0.35 0.13 9.999E-5 1.10 0.8785
60 0.34 0.15 9.999E-5 1.10 0.8738
70 0.33 0.17 9.98403E-5 | 1.10 0.8718
80 0.32 0.19 9.98004E-5 | 1.10 0.8699
90 0.31 0.21 9.98004E-5 | 1.10 0.8682
100 0.3 0.23 9.97506E-5 | 1.10 0.8666
110 0.29 0.25 9.97208E-5 | 1.10 0.865
120 0.28 0.26 9.96904E-5 | 1.10 0.8642
130 0.27 0.27 9.96711E-5 | 1.10 0.8632
140 0.26 0.28 9.96512E-5 | 1.10 0.8627
150 0.25 0.29 9.96214E-5 | 1.10 0.8613
160 0.24 0.3 9.96016E-5 | 1.10 0.8603
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170 0.23 0.31 9.9552E-5 | 1.10 0.8593
Time Concentrati | Concentration | Concentrati | EO,, - Ecen =
dur'ation on of [(_31u2+] of [anzl on of [H;] 0 2+ 0_ 2+ 0.05916V [Zn?*]2
(min) (moleL™) (moleL™) (moleL™) E’cvicu - E'zn™"Zn | po_ — log TR
180 0.22 0.315 9.95322E-5 | 1.10 0.8697
190 0.21 0.32 9.95323E-5 | 1.10 0.8586
200 0.2 0.325 9.95025E-5 | 1.10 0.8569
210 0.19 0.329 9.94728E-5 | 1.10 0.8561
220 0.18 0.33 9.9453E-5 | 1.10 0.8554
230 0.17 0.333 9.94233e-5 | 1.10 0.8545
240 0.16 0.335 9.939376-5 | 1.10 0.8536
250 0.15 0.337 9.939376-5 | 1.10 0.8527
260 0.145 0.339 9.939376-5 | 1.10 0.8522
270 0.13 0.341 9.93838E-5 | 1.10 0.8507
280 0.125 0.342 9.93838E-5 | 1.10 0.8502
290 0.12 0.343 9.938E-5 1.10 0.8496
300 0.115 0.344 9.933E-5 1.10 0.849
310 0.11 0.345 9.93E-5 1.10 0.8484
320 0.105 0.346 9.925E-5 1.10 0.8484
330 0.1 0.347 9.921E-5 1.10 0.8471
340 0.095 0.348 9.915E-5 1.10 0.8464
350 0.09 0.349 1E-5 1.10 0.8464
360 0.088 0.35 9.89E-5 1.10 0.8453
370 0.086 0.351 9.8E-5 1.10 0.8447
380 0.084 0.352 9.75E-5 1.10 0.8443
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390 0.082 0.353 9.7E-5 1.10 0.8439
Time Concentrati | Concentration | Concentrati | E% = Ecen =
duration | on of [Cu?"] | of [Zn*"] onof [H'] | E%2*cy - E%2Zn | go_ 295916V 0, [zn?*]2
(min) (moleL™Y) | (moleL™) (moleL™?) 4 [cuz*] [H*]2
400 0.08 0.354 9.65E-5 1.10 0.8434
410 0.078 0.355 9.6E-5 1.10 0.8429
420 0.076 0.356 9.55E-5 1.10 0.8423
430 0.074 0.357 9.5E-5 1.10 0.8418
440 0.072 0.358 9.45E-5 1.10 0.8412
450 0.07 0.359 9.4E-5 1.10 0.8407
460 0.068 0.36 9.36E-5 1.10 0.8402
470 0.067 0.3611 9.32E-5 1.10 0.8398
480 0.066 0.3615 9.29E-5 1.10 0.8396
490 0.065 0.3619 9.24E-5 1.10 0.8392
500 0.064 0.3621 9.21E-5 1.10 0.8404
510 0.063 0.3624 9.18E-5 1.10 0.8386
520 0.062 0.3626 9.15E-5 1.10 0.8383
530 0.061 0.3628 9.11E-5 1.10 0.838
540 0.06 0.363 9.07E-5 110 0.8377
550 0.059 0.3631 9.04E-5 1.10 0.8374
560 0.058 0.3632 9E-5 1.10 0.837
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Figure 3.94: Variation of cell potential (V) with time (min)

The figure 3.94 shows the variation of cell potentials (V) of BVC using PKL extract electrolyte.
The cell potentials (V) of BVC using PKL extract electrolyte decreased gradually. From egation
(2.4) we know that,

If Qc=1 then InQc= 0 value
If Qc >1 then InQ.= + value
If Qc <1 then InQ. = - value

In Q¢ = - value is desired. Because, increasing reactant ion increased In Q. = - value. As a result
Ecen value is increased. But in this study, cell potentials (V) of BVC using PKL extract electrolyte
decreased gradually. Because, reactant ion of BVC decreased gradually.

The figure 3.94 also shows that at first cell potentials (V) of BVC using PKL extract electrolyte
decreased rapidly from 0.9107 Volt to 0.8815 Volt covering 40 minutes. Secondly, cell potentials
(V) also decrerased up to 0.8593 Volt within 170 minutes. Finally cell potentials (V) of PKL bio-
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voltaic cell decreased almost linearly and very slowly from 0.8586 Volt to 0.837 Volt up to 560
minutes.

3.16 Comparative performance between traditional voltaic cell and bio-voltaic cell

=== Open circuit voltage, Voc (V) using only H2SO4 (10% 100 mL)

=== Open circuit voltage, Voc (V) using only PKL (100 mL)

=== Open circuit voltage, Voc (V) using PKL (100 mL) and CuSO4 (5 gm)

=== Open circuit voltage, Voc (V) using PKL (100 mL) and Ag NPs (5 mL)

=== Open circuit voltage, Voc (V) using PKL (100 mL) + CuSO4 (5 gm) + Ag NPs (5 mL)
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Figure 3.95: Variation of open circuit voltage, Voc (V) with time (min) using traditional
Voltaic cell and BVC

The figure 3.95 shows the comparative performanc of open circuit voltage, Voc (V) betwwen
traditional Voltaic cell and bio — voltaic cell (BVC). The graph shows that open circuit voltage, Voc
(V) of traditional voltaic cell shows the lowest performance wherease all of the forms of BVC
show better performance than traditional voltaic cell. The figure 3.95 also shows that the highest

open circuit voltage, Voc (V) of traditional voltaic cell is 0.912 (V) wherease the highest value of
BVCis 0.99 (V).
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=== Short circuit current, Isc (A) using only H2SO4 (10% 100 mL)

== Short circuit current, Isc (A) using only PKL (100 mL)

=== Short circuit current, Isc (A) using PKL (100 mL) and CuSO4 (5 gm)

== Short circuit current, Isc (A) using PKL (100 mL) and Ag NPs (5 mL)

0.6 Short circuit current, Isc (A) using PKL (100 mL) + CuSO4 (5 gm) + Ag NPs (5 mL)
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Figure 3.96: Variation of short circuit current, Isc (A) with time (min) using traditional
Voltaic cell and BVC

The figure 3.96 shows the comparative performanc of short circuit current, Isc (A) betwwen
traditional Voltaic cell and bio — voltaic cell (BVC). The graph shows that short circuit current, I
(A) of traditional voltaic cell shows the lowest performance wherease all of the forms of BVC
show better performance than traditional voltaic cell. The figure 3.96 also shows that the highest

short circuit current, Isc (A) of traditional voltaic cell is 0.03 (A) wherease the highest value of
BVCis 0.57 (A).
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=== Power (W) using only H2SO4 (10% 100 mL)
== Power (W) using only PKL (100 mL)

(
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Figure 3.97: Variation of power (W) with time (min) using traditional Voltaic cell and BVC

The figure 3.97 shows the comparative performanc of power, Pmax = Vo X I,c (W) betwwen
traditional Voltaic cell and bio — voltaic cell (BVC). The graph shows that power, Pmax = Voc X Isc
(W) of traditional voltaic cell shows the lowest performance wherease all of the forms of BVC
show better performance than traditional voltaic cell. The figure 3.97 also shows that the highest
power, Pmax = Vo X Isc (W) of traditional voltaic cell is 0.02736 (W) wherease the highest value
of BVC is 0.5643 (W).

From the above analysis, as carried out by three distinct graphs showed above, it is clearly seen
that the performance of BVC is higher than that of Traditional Voltaic Cell which is consistent with
the published result [220, 239].
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CONCLUSION
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Conclusion

The whole research is mainly focused on developing a new type of BVC (Bio-Voltaic Cell) using
various electrodes and plant extract electrolytes. It was found that with the increase of electrode
areas and percentage of PKL and AL extract and addition of small amound secondary salt with
plant extract electrolyte can increases the performances of BVC. Besides this, the performance of
BVC developed using Ag NPs and RGO and RGO wrapped Ag Nano composite paper electrode
have also been investigated. On the other hand, with increase of number of electrodes and
decreasing the distance between electrodes, increased the performances of BVC. In this study,
effect of PKL and AL living plant as electrolyte in BVC has been investigated and it was found
that PKL living plant shows better electrical performance than that of AL. The thickness and
midrib area of PKL is more than that of AL and it was observed that as the exposed area of midrib
of living plant increases, it can act as better electrolyte and show better performance in the BVC.
As aresult, open circuit voltage, Voc (V), short circuit current, Isc (A) and power (W) of BVC using
PKL living plant were found to be higher than that of AL living plant. Ag NPs were successfully
synthesized using the PKL and AL extract for the first time through an eco-friendly, cost-effective
and rapid green synthesis approach. This green synthesized Ag NPs played a potential role in
improving the power production of BVC. Besides this, in substitute of Cu electrode, RGO
adsorbed paper electrode and RGO — Ag NPs composite adsorbed paper electrode have been
applied in this BVC for the first time.

Apart from these, the BVC constructed using AL and PKL extract electrolytes with Zn/Cu (1cm?)
electrode, Zn/ (2 h) RGO absorbed paper electrode, Zn/ (24 h) RGO absorbed paper electrode, Zn/
(2 h) RGO wrapped Ag Nano composite paper electrode and Zn/ (24 h) RGO wrapped Ag Nano
composite paper electrode and their performance have also been examined. It has been observed
that PKL and Zn/ (24 h) RGO wrapped Ag Nano composite paper electrode generates enough
electricity for the longest period. In addition, the developed BVC has been compared with
Traditional Voltaic Cell (TVC) using various types of electrodes and electrolytes and it is observed
that BVC shows better performance for longer time than that of TVC.

Finally, it has been shown that a 1 KW mini power plant can be constructed using this procedure
with an affordable price. This mini power plant can be a promising issue in case of rural
development by distributing electricity, where the nationwide grid is out of reach.
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HIGHLIGHTS GRAPHICAL ABSTRACT

e An ecofriendly, cost-effective green
synthesis of silver nanoparticles (Ag
NPs) is described.

e Bryophyllum Pinnatum leaves extract has
been used as the reducing and capping
agent.

o Flavonoid compounds of plant extract
are the strong functional groups to the
reduction of Ag * to Ag’.

e A wide absorption peak is found at
around 465 nm and the average particle
size is 35.49 nm.

B. pinnatum Leaves .
Leaves Extract  AgNO; solution

Formation of Ag NPs

eAg NPs play a significant role to Clamsriatonsole NEs i b
improve the power generation system of
BPL bio-electrochemical cell.
ARTICLE INFO ABSTRACT
Keywords: In this work, silver nanoparticles (Ag NPs) have been synthesized through an eco-friendly, cost-effective green
Bryophyllum pinnatum approach by using Bryophyllum pinnatum leaves (BPL) extract and the power generation activity of the BPL bio-

BPL bio-Electrochemical cell
Green synthesis

Plant extract

Power generation

Silver nanoparticles

electrochemical cell has been investigated with these Ag NPs. The formation of Ag NPs was probed by X-ray
diffraction (XRD), UV-visible spectroscopy, Fourier transforms infrared (FT-IR), Energy dispersion X-ray spec-
troscopy (EDX), and Field emission scanning electron microscopy (FESEM). The XRD studies indicated the for-
mation of face-centered cubic (FCC) Ag NPs of an average crystallite size of about 18 nm. The FESEM images
have shown spherical Ag NPs, and the average particle size was found as 35.49 nm after size distribution
analysis. A significantly broad absorption peak centered at around 465 nm was revealed by the UV-visible
spectra of Ag NPs, which indicated the formation of Ag® from Ag*. Moreover, the NPs have been applied on BPL
bio-electrochemical cells to examine the power generation performance of the cell. It is observed that Ag NPs
exhibited a potential role in improving open circuit voltage, short circuit current, and the power generation of
BPL bio-electrochemical cells. This study demonstrates a simple, cost-effective, and eco-friendly synthesis
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approach of Ag NPs and the excellent performances of Ag NPs on electricity generation systems of bio-
electrochemical cells. The impact of Ag NPs in the bio-electrochemical cell is a meaningful research work that
may open a new platform to develop potential bio-electrochemical cells.

1. Introduction

Since the past few decades, nanomaterials have been widely inves-
tigated due to their distinguishable properties and the versatile appli-
cations in numerical fields such as electronics, optical, bioimaging,
biosensor, medicines, cancer therapeutics, targeted drug delivery, agri-
culture, food industry, textile, renewable energy, water treatment, ma-
terials science, biotechnology [1-8]. Among all the nanomaterials, noble
metal nanoparticles (eg; platinum, gold, silver) are being extensively
used in interdisciplinary fields, such as physical, chemical, industrial,
and biomedical applications [6,9]. Moreover, the metal nanoparticles
exhibit one of the most important characteristics of surface plasmon
resonance (SPR) which allows them to show unique optical properties
[10]. Different shapes of nanostructures and small particle sizes with a
large surface-to-volume ratio are of great interest, leading to startling
differences between the chemical and physical properties of nano-
particles [11,12]. In addition, the properties of nanoparticles are
switched with different synthesis approaches and depend on the size,
shape, and morphology varieties of nanoparticles [5,10].

Over the few years, the promising antibacterial and anticancer ac-
tivities of Ag NPs made it a potential candidate to the researchers for
extensive investigations of silver nanostructures [9,13]. Along with the
significant nano medicinal activities, Ag NPs have enormous applica-
tions like nonlinear optics, selective coating for solar energy absorption,
intercalation materials for electrical batteries as optical receptors,
catalyst in chemical reactions, antibacterial materials, and good elec-
trical conductors [10,14,15]. Moreover, the applications of Ag NPs have
been grown rapidly due to their tremendous influences on agriculture,
food industries, water treatments, textile industries, targeted drug de-
livery [11,12].

To date, numerous chemical synthesis methods of silver nano-
particles are reported in the literature where commercially available
reducing agents like sodium borohydride, ascorbic acid, trisodium cit-
rate, and polyols have been used to reduce silver ions from the precursor
solution [16]. However, most chemical and physical synthesis methods
are time-consuming and expensive. They may also have harmful effects
on the environment due to the toxicity of chemicals and the difficulties
of removing them from NPs [12,16,17].

Nature benign, cost-effective synthesis processes of NPs are now a
keen interest of the researchers. Consequently, there has been an
increased emphasis on introducing the plant extract mediated synthesis
(green synthesis) methods of NPs to reduce the chemical waste from the
environment, which promotes non-toxic, natural, economical, and eco-
friendly reducing and capping agents during the synthesis process [10].
Most of the parts of a plant such as leaves, roots, seeds, latex, bark, stem
are now widely being used to synthesize the NPs, which are easily
available in nature. The varieties of active functional groups of plants
reduce silver ions to silver nanoparticles [18].

The use of plant and fruit extracts may be an alternative approach to
eliminate the residuals toxic compounds from the synthesized NPs that
can accelerate the usage of NPs in medicinal applications [12]. Plant
extract contains many essential compounds (e.g., polyphenols, ascorbic
acids, flavonoids, terpenoids, alkaloids, enzymes, amino acids, ascorbic
acid, caffeine, linalool, and proteins), which can play a vital role in the
reaction mechanism of metal ion reduction from precursor solution and
NPs can be encapsulated by the bio-molecules [18,19].

For the last few years, various explorations of green synthesis of
silver NPs have been reported for the promising anticancer and anti-
bacterial activities such as Plant extracts of Sesbania grandiflora [20],
Rubus glaucusBenth [21], Alpinia calcarate [22], Thymbra Spicata [23],

Aloe vera leaves [16], and Artocarpus heterophyllus [24]. The use of
L. acapulcensis extract is demonstrated as the suitable antimicrobial ac-
tivities of Ag NPs [19], and the formation kinetics role for the shape
direction of silver NPs using with Neem leaf (Azadirachta indica) extract
has also been reported [25].

Green synthesized Ag NPs have widely been investigated for their
antibacterial, anticancer activities. Nevertheless, the applications of
green synthesized NPs in electricity generation still require more in-
vestigations. This study aimed to synthesize Ag NPs by using Bryo-
phyllum pinnatum leaves (BPL) extract and investigate the electrical
activities of Ag NPs on bio-electrochemical cells for power generation
systems.

The fleshy BPL contains the herbal medicinal compound, and it is
helpful as the remedy for many diseases, including hypertension, dia-
betes mellitus, bruises, insect bites, diarrhea, vomiting, anticancer,
antitumor, antiulcer, arthritis, rheumatism, joint pains, headaches, and
body pains [26-28]. The chemical constituents of Bryophyllum. pinnatum
has been analyzed by Gas Chromatography-Mass Spectrometry (GC-MS)
by many reporters [27-29]. Bryophyllum pinnatum contains various
active bio-molecular compounds such as flavonoids, triterpenes, organic
acids, alkaloids, glycosides, steroids, tannins, saponins, and minerals
[27-31]. Among these, flavonoid compounds play an active role in the
bio-reduction of metal ions to metal nanoparticles [10]. Several flavo-
noid group compounds were identified in Bryophyllum pinnatum,
including quercetin and kaempferol, as well as a few flavone glycosides
[29]. Besides the excellent medicinal activities of Bryophyllum pinnatum,
the aqueous extract of this plant was used as a promising bio-electrolyte
to generate electricity in Bryophyllum pinnatum leaf extract-based Zn/Cu
bio-electrochemical cell [32-34].

In this study, the reduction of Ag * to Ag® atom was conducted by the
existing functional group of BPL extract during the formation of Ag NPs,
and the power development of BPL extract-based Zn/Cu electrochemical
cells by using Ag NPs has been investigated for the first time. A
comparative study has been performed with and without Ag NPs for a
BPL bio-electrochemical cell. Different electrical parameters of the cells
have been studied, and Ag NPs on the improvement of power production
are examined. After implying Ag NPs on bio-electrochemical cells, the
open circuit voltage and short circuit current have been increased with
the duration. As a result, the power generation of the designated cells
has been improved significantly. This study will enhance the use of Ag
NPs in electricity generations for power development applications.

2. Materials and methods
2.1. Preparation of plant extract

20 g fresh BPL were collected from the Jagannath University Campus
and washed thoroughly with tap water then with deionized (DI) water
several times. Then clean leaves were crushed to make a fine paste. After
that, 100 mL DI water was added to the leaves paste, and the temper-
ature was raised at 60 °C for an hour with continuous magnetic stirring.
The extract solution was cooled. After cooling, the solution was filtered
twice with Whatman 41 and Whatman 42 to eliminate residual solids.
Finally, the BPL extract solution was stored in the refrigerator at 4 °C for
further use.

2.2. Synthesis of Ag nanoparticles

A highly pure AgNO3 precursor was used in this experiment, pur-
chased from Sigma Aldrich. 1.0 mM of 45 mL AgNOs solution was taken
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onto a 100 mL conical flask, and 5 mL BPL extract was added dropwise
into the above AgNOs solution. After gentle handshaking, the mixture
was kept in the dark then the colorless mixture turned yellow to brown
within 3 h. After a couple of days, it formed a blackish solution with
some black sediments at the bottom of the flask, affirming the formation
of Ag NPs. Fig. 1 shows the steps diagram of Ag NPs synthesis using BPL
plant extract, and Fig. 2 represents the schematic diagram of the for-
mation of Ag NPs.

2.3. Characterizations of biosynthesized Ag NPs

Green synthesized Ag NPs were probed by using the UV-Vis spec-
trometer (UV-2102, China), and the spectra of reaction solution (10
times diluted) were measured in the range of (200 nm-800 nm). The
morphology of silver nanoparticles was analyzed using the field emis-
sion scanning electron microscopy (FESEM) images JSM-7610 F equip-
ped with an energy dispersion X-ray spectroscopy (EDX) attachment at
15 KeV. Before taking the FESEM images, Ag NPs were inserted in JEC-
3000FC auto fine platinum coater for 10 s. The crystalline phase of Ag
NPs was investigated by the Rigaku (Ultima IV 2036E202) X-ray
diffraction instrument. The CuKa radiation (A = 1.5405 10\) source has
been used for the XRD measurements in a different range of 26 angle
(20°-80°). The Fourier transforms infrared (FTIR) spectra of BPL extract
and BPL extract mediated Ag NPs were recorded using the Shimadzu
(IRPrestige-21) FT-IR spectrophotometer. The Gas-chromatography
analysis of Bryophyllum pinnatum was performed GCMS QP - 2010 SE
SHIMADZU, JAPAN with the helium gas carrier at 1.00 mL/min, and the
injection temperature was 200 °C.

2.4. The basic principle of bio-electrochemical cell

A Zn/Cu-BPL bio-electrochemical cell was designed using Zn and Cu
plates as electrodes, BPL extract as an electrolyte, and green synthesized
silver nanoparticles were used as a catalyst [shown in Fig. 3]. In this cell,
the zinc plate losses the electrons, the copper plate gains those electrons,
and the electrons react with H" and Cu?" ions. Eventually, ions are
converted into Hp, Cu atoms respectively. Then Hp gas is released from
the cell, and copper atoms are deposited onto the Cu plate [32].

2.5. Design of bio-electrochemical cells

Three different bio-electrochemical cells were designed to investi-
gate the influences of Ag NPs on the power generation system. For case

Bryophyllum pinnatum
Leaves

’°’;°’«w" +!

Formation of Ag NPs

Dried Ag NPs

Grained the leaves
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1, Zn and Cu plates were used as electrodes where the surface areas of
both electrodes were equal. 100 mL of BPL extract and 5 mL of 0.4006 M
CuS04.5H20 solution were used as the cell’s electrolyte. Then 10 mL
solution of Ag NPs (1 mg) was added to the electrolyte solution of the
cell. For case 2, Zn and Cu plates were used as electrodes. 100 mL of BPL
extract and 5 mL of 0.4006 M CuSO4.5H20 were taken to make elec-
trolyte for case 2. For case 3, only 100 mL of BPL extract was taken as the
electrolyte. The design of three bio-electrochemical cells is shown in
Fig. 3.

2.6. Power generation activities of Ag NPs

Open circuit voltage and short circuit current were monitored with
the time duration for case 1, case 2, and case 3. The power of individual
cells was calculated by using the formula

P =V, x I

And the internal resistance of the cells was also measured by the
equation of

Rin = Voe + I

Where P = power of the cell.

R;, = internal resistance of the cell
V,c = open circuit voltage of the cell
I = short circuit current of the cell

3. Result and discussions
3.1. Structural analysis of Ag NPs by XRD

The XRD measurements were carried out in the Bragg-Brentano ge-
ometry to investigate the crystal structure of as-prepared Ag NPs.
Powder samples of Ag NPs were subjected to the XRD measurement, and
Fig. 4a shows the XRD pattern of Ag NPs. The XRD data reveal diffrac-
tion peaks at around 38.12°, 44.6°, 64.560, and 77. 36° that confirm the
formation of face-centered cubic (FCC) silver nanoparticles which cor-
responds to (111), (200), (220), and (311) planes respectively (JCPDS
No. 65-2871) [4,5,8,9,12,17,19,35-38].

An intense peak at 32.15 may have appeared for the cubic structure
of AgK3 [19]. The XRD pattern demonstrates naturally crystalline Ag
NPs formed by the BPL extract reducing agent and capped with organic
bio-molecular compounds on the surface of NPs. The average crystal size

Heat at 60° for an hour
With magnetic stirring

AgNO; solution
Leaves extract

Fig. 1. Steps diagram of green synthesis of AgNPs using Bryophyllum pinnatum leaves extract. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)



M.A. Hossain et al. Materials Chemistry and Physics 282 (2022) 125943

l After 48 hrs. I

Fig. 2. Schematic diagram of color changes during the formation of Ag NPs.
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Fig. 3. Experimental set-up of the basic principle of Zn/Cu based BPL bio-electrochemical cells.
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Fig. 4. XRD pattern of (a) green synthesized Ag NPs, and (b) dry Bryophyllum pinnatum leaf. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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of Ag NPs is calculated from the XRD data using Debye-Scherrer
formula,

D = 0.89M/Bcosd

Where A is the X-ray wavelength (A = 1.54056 A), 0 is Bragg’s diffraction
angle, and p is the full width at half maximum (FWHM) [38-40]. The
calculated average crystal size of the green synthesized Ag NPs is found
~18 nm. Some peaks were obvious (marked as *) in the XRD pattern,
and many reports found similar results [15,41-46]. However, most of
the literature reported that crystallization of various bio-compounds
over the surface of green synthesized Ag NPs might be the source of
these undefined peaks, but it is still controversial. In this report, XRD
was carried out for dry powder of Bryophyllum pinnatum leaves (Fig. 4b)
for the first time. Though few weak signals were found for the BPL
powder, no significant peak was appeared in the dry BPL XRD pattern
due to the complex bio-organic compounds. Since tap water was used
several times to clean the Bryophyllum pinnatum leaves and leaves
grinder, the Cl™ can come from these water sources. During the synthesis
process of Ag NPs few Ag™' reacted with ClI~ and AgCl crystals formed.
Hence, it is concluded that these peaks appeared due to the formation of
AgCl crystal structure. The peaks (*) at 20 = 27.5%, 32.1°, 46.2°, 54.4°,
and 57.2° attributed due to the corresponding planes of [111], [200],
[220], [311], and [222] respectively (JCPDS No. 31-1238) for cubic
structure of AgCl [47-50].

3.2. Fourier transformed infrared spectroscopy (FT-IR) analysis

Different functional groups (like flavonoids, polysaccharides, poly-
phenols, and triterpenoids) of biochemical compounds present in plant
extract are responsible for the reduction process of metal nanoparticles
from the precursor salt solution [10,51].

The reduction and capping of nanoparticles may be strongly associ-
ated with these functional groups’ stretching, wagging, and bending
vibrations. The FT-IR analysis investigated possible functional groups
responsible for reducing, capping, and efficiently stabilizing BPL extract-
mediated Ag NPs.

The FT-IR spectra revealed from the aqueous Bryophyllum pinnatum
leaves extract and green synthesized Ag NPs are shown in Fig. 5.

In the spectrum of BPL extract, three prominent peaks appeared at
the wave number values of around 3426 cm™), 1618 ecm ™!, and 1034
cm™ Y corresponding to the stretching vibration bands of -OH, — C= O,
and C-O-C respectively [26,52]. Some weak peaks are also found at
around 3770 cm !, 2924 cm ™!, 2376 em ™!, 1435 cm !, and 1236 cm
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Fig. 5. FT-IR spectrum of Ag NPs and Aqueous BPL Extract.
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and these peaks are obtained due to the stretching vibration bands of
—OH C-H, C = C, C-H of amine, C-OH respectively [26,52]. Apart from
these peaks, few weak signals are found at around 3693 cm™}, 2854
em !, 887 ecm™!, 665 cm !. These peaks can be attributed to the
stretching of ~OH, alkynes, and N-H of the amide, respectively [51-53].
The functional groups may evolve due to many bio-molecules such as
flavones, alkaloids, etc. presented in the aqueous leaves extract, which
can be acted as the reducing and capping agents [26]. The FT-IR spectra
of Ag NPs showed almost similar functional groups with some shifting
wave numbers due to stretching and bending vibrations of molecular
bonds in the plant extract. The similar functional groups presented in the
green synthesized Ag NPs signify the encapsulation of Ag NPs with
bio-molecules of BPL extract.

In FT-IR spectra of Ag NPs, all peaks of corresponding functional
groups of extract were found with the shifting wavenumbers due to the
interaction between plant extract and Ag NPs. The FT-IR spectra of Ag
NPs revealed several peaks at around 3774 em L, 3695.61 ecm™ L,
3429.43 em™?, 2922 ecm !, 2856 em~?, 2378 em !, 1620 em™?, 1396
em™}, 1072 em™), 887 em ™!, 665 cm™!, and 480 cm™!. These shifts
indicated the interaction of Ag NPs with the biomolecules such as fla-
vonoids, alcohols, phenols, alkaloids, tannins, terpenes, and terpenoids
during the reduction, capping, and stabilizing processes [35]. The
bio-molecules can be attached with Ag NPs during the reduction process
of Ag*, capping, and stabilization of the Ag NPs.

The peak at around 3774 cm ™! may be associated with the stretching
vibration of both amide and ~OH bond [26,52]. The peak at around
3695 cm™! is appeared due to the stretching of ~OH [52]. A significant
peak at 3429 cm™! is commonly attributed to ~OH stretching of water,
H-bonded, alcohol, and phenol as a functional group [26,35,42,51-55].
Another two peaks at around 2922 cm ™! and 2856 cm ™ 'are associated
due to the stretching vibration of C-H and alkynes (flavonoids). Most
importantly, those strong functional groups were referred to as reducing
and capping agents during the synthesis of metal nanoparticles [26,37,
52,53,56,57].

Moreover, the active band of bio-molecular functional groups in-
dicates that the surface of Ag NPs may be coated with the protein layer
[37]. The peak at around 2378 cm™! appeared due to C = C stretching
vibration, and a sharp peak at 1620 cm-1 may be associated with the
stretching vibration of — C= O and C-H bands [26,58]. The bending
vibration of O-H and CH3 may be responsible for the peak at around
1396 cm ™! [35,51]" Another sharp peak at around 1072 em s origi-
nated due to the stretching vibrations of the O-C and C-N bond of
aliphatic amines [26,51,53]. This sharp band indicated the presence of
flavanones which are generally absorbed by the surface of metal nano-
particles [15]. The peaks at around 665 cm ™ 'and 887 cm ™! appear due
to the amide group’s N-H stretching [51], the wagging of N-H primary
and secondary amines [53]. Moreover, the peak at around 480 em s
found for the spectrum of Ag NPs. This peak may be appeared due to the
0-Si-O stretching, the ring-opening vibration, and deforming oscilla-
tions of silica [15,54].

Eventually, it can be ascertained that the reduction of Ag ™ to Ag®
from the AgNOs3 solution can be attributed due to the presence of fla-
vonoids in the plant extract. The flavonoids compounds play an
important role as the reducing agent to forming metal nanoparticles
from metal ions [10,15]. The details of functional groups acting as the
reducing, capping, and stabilizing agents to forming the Ag NPs are
summarized in Table 1.

3.3. UV-VIS analysis of biosynthesized Ag NPs

The reduction of AgNO;3 solution to Ag nanoparticles was also
confirmed by UV-vis spectroscopy [UV-2102, China]. Generally, Ag NPs
reveal the maximum UV-visible absorption in the range of (400 nm-500
nm) due to the surface Plasmon resonance, which depends on the size of
the Ag NPs [59]. Absorption at the lower band indicates a smaller par-
ticle size, whereas the higher absorption band affirms the larger
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Table 1
Summary of FTIR interpretation of BPL extract mediated Ag NPs.

Peak position of Ag  Active functional groups References

NPs (cm™ 1)

3774 stretching vibration of amide and ~-OH [26,52]
bond

3695 stretching of -OH [52]

3429 -OH stretching of water, H-bonded, alcohol [26,42,
and phenol as functional group 51-55]

2922 stretching vibration of C-H and alkynes [26,37,52,53,
(flavonoids) 56]

2856 stretching vibration of C-H and alkynes [26,52,53,
(flavonoids) 56]

2378 stretching vibration of C = C and — C= O [26]
bonds respectively

1620 stretching vibration — C= O and C-H bands [26,58]

1396 bending of O-H [51]

1072 stretching vibrations of O-C and C-N bond [26,51,53]
of aliphatic amines

887 N-H stretching of amide group [51]

665 wagging of N-H primary and secondary [53]
amines

480 0-Si-O stretching, the ring-opening, and [15,54]

deforming oscillations of silica

nanoparticles [2]. The d-band electrons of Ag NPs are uplifted by
absorbing the incident radiation to higher electronic states in the
sp-band, which is the main reason for fluorescence [9]. A surface Plas-
mon resonance absorption band is appeared due to the combined vi-
bration of free electrons of metal nanoparticles in resonance with
exposed light [1]. Ag NPs emit light between (400-700) nm, and the
range varies with particle size, shape, morphology, and solvents [4,10].

Fig. 6a shows the UV-visible spectra of AgNOj3 solution, BPL extract,
and synthesized Ag NPs. The maximum absorption is observed with a
broad peak at around 465 nm [Fig. 6b] due to the transformation of Ag®
from Ag™, which corresponds to the surface plasmon absorption of silver
nanoparticles [2]. The absorption peak at the higher wavelength (above
400 nm) is originated due to the large particle size (around 40 nm) [60,
61]. The color change of the solution indicates the radiation absorption
in the visible region of the electromagnetic spectrum due to the localized
surface plasmon of silver nanoparticles [7,62]. During the synthesis
process, adding BPL extract to AgNOs solution led to changes in the
color of the solution to dark-brown, which indicates the formation of
Ag® from the AgNOj solution.

The free electrons of Ag NPs yield a surface resonance absorption
band due to the mutual vibration of electrons in resonance with light
waves [15]. Hence, it is evident that the reducing agent of BPL extract
played a vital role in the color change of mixture solution, which indi-
cated the formation of Ag NPs.
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3.4. Field emission scanning electron microscopy (FESEM) and EDX
analysis

The particle size and the morphology of metallic nanoparticles
depend on the concentration rate of the reducing, capping, and stabi-
lizing agents present in the plant extract [63]. Fig. 7 (a,b) represent a
high-resolution FESEM image of Ag NPs with different scale, and par-
ticles are found spherical. The size distribution of green synthesized Ag
NPs is shown in Fig. 7d, where the particle size is in the range of 20
nm-55 nm (calculated using ImageJ software). The average particle size
is to be calculated at 35.49 nm. Fig. 7c shows the concentration of green
synthesized Ag NPs with other residuals elements that may appear from
the environment and capping agents present in the extract.

3.5. Gas chromatography/mass spectrometry analysis

The constituents of the Bryophyllum pinnatum leaf were analyzed by
the GC/MS analysis. The Acetone extract of the leaves of Bryophyllum
pinnatum on GC/MS analysis revealed eight peaks indicating the pres-
ence of eight compounds in the plant leaves as shown in Fig. 8. The
retention time, molecular weight, and percentage constituents of the
compounds are shown in Table 2. The compounds of the essential oil
were Acetate <butyl-> (20.722%), 3-Hexamine (28.088%),2-Prop-
anone, 1-cyclopentyl- (12.398%),Pent-3-yne<1-hydroxy-> (7.742%),
2,5-Furandion, dihydro-3-methylene- (25.843%), 5-Decen-1-ol, acetate,
(E)- (1.536%), Benzo furan, 2,3-dihydro- (2.025%), and 2-Furanone,
3,4-dihydroxxytetrahydro (1.646%).

3.6. Power generation activities of bio-electrochemical cells

The green synthesized Ag NPs have been applied in the bio-
electrochemical cell to understand the role of NPs in the power devel-
opment system. Three types of bio-electrochemical cells were desig-
nated to perform the electrical analysis of Ag NPs. Fig. 9 represents the
impact of Ag NPs on three bio-electrochemical cells. Fig. 9a shows the
open circuit voltage with the variation of time duration for different
cases. It is shown that the open circuit voltages for case 1 are higher than
the other two cases of case 2 and case 3. It is very interesting to say that
the voltage for case 1 was almost steady up to 50hrs, whereas the open
circuit voltage for case 2 was less than case 3. It is clearly shown that the
open circuit voltage for case 3 is less than the other two cases but the
change of voltage was almost constant up to 50 h for all the cases. The
maximum voltage for the first case is 1.07 V, and the minimum is1.03 V.

For case 2, the maximum open circuit voltage is 1.046, the minimum
is 0.96 V; for only BPL extract [case 1], the maximum voltage is 0.921 V,
and the minimum voltage is 0.75 V. The maximum open circuit voltage
difference between the first and second cases is 0.024 V. The difference
of open circuit voltage between the first and third cases is 0.149 V and
the difference of open circuit voltage between second and third cases is

0.40 —r . . .
(b) —AgNPs
0.324 465 nm
0.24-
0.16+
400 500 600 700 800

Wave Length (nm)

Fig. 6. UV-vis spectra of (a) Ag NPs, BPL Extract, and AgNO3 (b) Ag NPs.
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Fig. 8. Gas Chromatogram of the leaf essential oil of Bryophyllum pinnatum.

Table 2
Chemical compositions of Leaf of Bryophyllum pinnatum.
SL. Compounds Retention Molecular Conc.
No Time (Min) weight (%)
1 Acetate <butyl-> 8.383 56 20.722
2 3-Hexamine 9.596 72 28.088
3 2-Propanone, 1-cyclopentyl-  9.920 59 12.398
4 Pent-3-yne<1-hydroxy-> 10.772 54 7.742
5 2,5-Furandion, dihydro-3- 12.625 68 25.843
methylene-
6 5-Decen-1-ol, acetate, (E)- 15.950 81 1.536
7 Benzo furan, 2,3-dihydro- 17.661 120 2.025
8 2-Furanone, 3,4- 18.460 55 1.646
dihydroxxytetrahydro

0.125 V. The results showed that the largest difference of open circuit
voltage is found between case 1 and case 3 is 0.149 V, which indicates
that the nanoparticles play a potential role in the increasing open circuit
voltage of a bio-electrochemical cell.

Fig. 9b shows the short circuit current with the variation of time
duration for different cases. It is clearly demonstrated that the short

circuit current of case 1 is higher than those of case 2 and case 3. It can
be interpreted that case 1 gives the maximum short circuit current (600
mA) compared with the other two cases, and it remained constant for 50
h. The minimum short circuit current value for case 1 is 445 mA, which
is also greater than case 2 (430 mA) and case 3 (50 mA). Hence, it is
evident that Ag NPs can play a significant role in increasing the short
circuit current of the BPL bio-electrochemical cell with the time
duration.

Fig. 9c shows the calculated power of the cells with the time dura-
tion. For case 1, the maximum power is estimated at 0.642 W, and the
minimum power value is 0.457 W. For case 2 and case 3, the highest
power is found at 0.575 W and 0.087 W respectively, and the lowest
power for both cases is at 0.412 W, 0.035 W respectively. It is noticeable
that after applying the Ag NPs on BPL bio-electrochemical cell, the
maximum power is found, which is also stable for the next 50 h. Finally,
the power for case 1 started to decrease after 50 h, but the minimum
value is found at 0.458 W, which is even greater than the lowest values
of the other two cases.

Fig. 9d represents the internal resistance for all three cases. The in-
ternal resistance for only BPL extract bio-electrochemical cells is higher
than in the two other cases. The internal resistance rapidly decreased
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Fig. 9. Electrical activities of BPL bio-electrochemical cells (a) open circuit voltage (b) short circuit current (c) power, and (d) Internal resistance.

after using the secondary salt (CuSO4.5H20) solution for case 2 and Ag
NPs on case 1. The lowest internal resistance is found for case 1,
allowing more current to flow through the bio-electrochemical cell.

Table 3 represents the values of average open circuit voltage, short
circuit current, power, and internal resistance for all three bio-
electrochemical cells. Fig. 10 also represents the summary of average
open circuit voltage, short circuit current, power, and internal resistance
of the bio-electrochemical cell.

After applying the Ag NPs on the cell, the open circuit voltage and
short circuit current are rapidly increased. As a result, the power of the
BPL bio-electrochemical cell is significantly increased. On the other
hand, the internal resistance was found around 10.5Q for only BPL
extract, and it is surprisingly dropped at around 2.2Q for (BPL + CuSO4
solution) bio-electrochemical cell. The resistance decreased at 2.1Q after
adding NPs in the cell. It can be predicted that the influences of Ag NPs
in the bio-electrochemical cell are remarkable for future power devel-
opment applications.

4. Conclusion

Ag NPs were successfully synthesized using the BPL extract for the
first time in this study through an eco-friendly, cost-effective, and rapid
green synthesis approach. The bio reduction of Ag ions to Ag NPs was
demonstrated by maximum absorption at 465 nm in the UV-vis spectra
of Ag NPs, and dispersed spherical Ag NPs were found in the morpho-
logical characterization where the average particles size was found
35.49 nm. The FT-IR spectra of Ag NPs also exhibited the active

Table 3
Average electrical performances of BPL bio-electrochemical cells.

Name of Average open Average short Average Average internal

the case circuit voltage circuit current power resistance (ohm)
(volt) (] (watt)

Case 1 1.059 0.494 0.524 2.144

Case 2 1.035 0.463 0.480 2.234

Case 3 0.899 0.086 0.078 10.537

Averzge Interna

ance (ohm

mBPL m BPL+CuSO4 BPL+CuSO4+Ag NPs
Fig. 10. Average electrical performances of BPL bio-electrochemical cells.

functional groups responsible for the reduction process of silver nano-
particles. Though several studies were reported for the green synthesis
of silver nanoparticles with different plant extracts and their antibac-
terial activities were investigated, Ag NPs in the development and
longevity of power production of the bio-electrochemical cell is reported
for the first time in this study. In a nutshell, green synthesized Ag NPs
played a potential role in improving the power production of BPL bio-
electrochemical cells. This study will open a new avenue for the
power generation of bio-electrochemical cells.
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Abstract: The bio-voltaic cell (BVC) is an electrochemical cell in which plant extract solution is
used as an electrolyte. In this report, four types of BVC were developed by varying the electrolyte
solution. The electrical performances of these cells were monitored with the time duration.
Colocasia.esculenta or Aurum leaves (AL) extract, green synthesized silver nanoparticles (Ag
NPs), and secondary salt (CuSO4.5H20) were used to make different types of bio-electrolyte
solutions for bio-voltaic cells. A rapid, cost-effective and eco-friendly green synthesis method was
applied to synthesize the silver nanoparticles (Ag NPs) using AL extract reducing agent. The bio-
reduction of Ag® ions to Ag NPs was confirmed by the UV-visible spectrometer, where the
maximum absorption peak was found at 420 nm. The functional groups that acted as reducing and
capping agents were investigated by FTIR analysis. The crystal structure and morphological
analysis of Ag NPs were probed by X-ray diffraction spectroscopy (XRD) and Field emission
scanning electron microscopy (FESEM), respectively. Green synthesized Ag NPs have been used
in the electrolyte solution, and comparative electrical performances were observed for four types
of bio-electrolyte-based voltaic cells. After using Ag NPs in bio-electrolyte solution, the internal
resistance was decreased, and the average power and the capacity of the BVC were significantly
increased. Hence, the Ag NPs can play a vital role in the electrolyte solution to amplify the
performance of a cell. This study can take a frontier forward to integrate the electrical
performances of the bio-electrochemical cell by using Ag NPs.

Keywords: Green synthesis, Ag NPs, reducing agent, bio-electrochemical cell, electricity,
capacity, power.

Introduction: Over this decade, green synthesis has been one of the most exciting methods of
synthesizing nanomaterials. Various plant extracts such as A. ciniformis [1], Vitas vinifera [2],
Blumea eriantha DC [3], Crocus Haussknechtii Boiss [4], Peganum harmala [5], Veronica
amygdalina [6], Salvia hispanica L. seeds [7] have been reported to synthesis the semiconductor
oxide and metal NPs (Ag, Au, ZnO, CuO, TiO: etc) as the reducing agent for the remarkable
antibacterial and anticancer activities. The simplicity of the synthesis process has made this
method very popular in the research community. The active functional groups of bio compounds
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exist in the different parts of plants (polyphenols, ascorbic acids, flavonoids, terpenoids, alkaloids,
enzymes, amino acids, caffeine, linalool, proteins) play an important foreword to reduce metals
ion to metals NPs [11-14]. In this report, Colocasisa. esculenta or Aurum leaves (AL) extract was
used to synthesize the silver nanoparticles (Ag NPs) by the green synthesis process.
Colocasia.esculenta is a familiar plant available in the tropical regions, especially in Bangladesh
and India. The local name of this plant is ‘kochu’, and the English name of this plant leaf is called
Aurum Leaf (AL). The important biomolecular compounds, including flavonoids, steroids,
ascorbic acid, thiamine, riboflavin, niacin, carbohydrates, and fats, are available in
Colocasia.esculenta leaves, which are responsible for the bioreduction of NPs [15-17]. Different
structures of nanomaterials such as Ag, Au, ZnO, CuO, and TiO2 are the most common
nanoparticles which have widely been synthesized by the green method for the last decade to be
used in pharmaceutical applications (eg; targeted drug delivery, tumor therapeutic, cancer
therapeutic, antifungal, antibacterial, and nanomedicines) [2,8]. Among these, Ag NPs have drawn
significant attention due to their multidimensional uses in physical, chemical, industrial,
agricultural, and biomedical applications [9,10]. Besides the antibacterial activities of green
synthesized Ag NP, it has a significant influence on electrochemical cells as a catalyst to integrate
the electrical performances. Nowadays, various plant extracts (vegetables and fruits) have been
used as the electrolyte solution in an electrochemical cell to generate electricity, and such a plant
extract electrolyte-based cell is called by the name of bio-electrochemical cell [18-22]. To develop
the BVC, different kinds of plant exacts, fruits, and vegetable extract (such as Bryophyllum
pinnatum leaf, Aloe vera, Tomato, and Lemon) are generally used as an electrolyte solution of the
electrochemical cell instead of chemical electrolyte. In this study, a novel BVC is developed to
generate electricity, and Ag NPs have been used to integrate the electrical performances of the cell.
Four types of low-cost and portable bio-electrochemical cells have been designed by varying the
electrolyte solution. Different electrical parameters have been examined to understand the impact
of nanoparticles on cells. Comparative electrical performances were recorded to monitors the role
of Ag NPs on electricity generation. The short circuit current and open circuit voltage were
recorded for all cells with the time duration, and it was found that both the voltage and current
were changing by varying the electrolyte solution of cells. The power and capacity of all bio-
voltaic cells were calculated, and it is noted that after using Ag NPs in the electrolyte solution, the
power and capacity of cell have been significantly integrated. This novel mini BVC power plant
can be constructed by any person or even school-going students at an affordable price. Hence, this
innovative renewable power plant may open a new window for low-cost electricity generation.

2. Materials and Methods
2.1. Plant extract Preparation

C.esculenta leaves were taken from the local market in Bangladesh. 20g of leaves were taken and
appropriately washed with tap water to dispel the unwanted particles. After then, leaves were
washed with Deionized (DI) water three times and blended to make a fine paste. 100 mL of
deionized water with leaves paste were placed on a hot plate at 600 C for one hour. The hot solution
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was kept aside to cool. The solution was filtered with Whatman42, and the extract was kept in a
refrigerator at 40 C before use.

2.2. Biosynthesis of silver nanoparticles

A pure AgNOs precursor purchased from Sigma Aldrich has been used in this experiment. The
plant extract (5 mL) was added to the ImM AgNOz (45 mL). After an hour, the color change of
the mixture solution was observed. The colorless mixture solution was becoming brownish with
the time, which indicated the formation of Ag NPs. To complete the reduction of Ag* to AgP the
solution was kept at room temperature for the next couple of days in a dark chamber. The color
change from light yellow to dark brown affirms the reduction of Ag* and the formation of Ag NPs.
The fabrication steps are shown in Fig.1.

| |

Colocassia esculenta Leaves

OO

Dried Ag NPs after centrifuging Formation of Ag NPs

¢

e
Mixture Solution

. . s AgNO, solution
Filtration of leaves extract £3%%s (1 mM 45 mL Ag NO3 + 5 mL AL extract)

4
———

After 48 hours AR A After 1 hour

Fig.1. Steps diagram of green synthesis of silver nanoparticles.
2.3. Characterizations of biosynthesized silver nanoparticles

Ag NPs were primarily confirmed by the color change of the mixture solution from light yellow
to dark brown which was further confirmed by UV-Vis spectrometer (UV-2102, China) in the
range of (150 nm -900 nm). The crystalline structure of biosynthesized silver nanoparticles was
probed by the X-ray diffraction instrument Rigaku (Ultima 1V 2036E202) in a different range of
20 angle (35°- 90°). The morphology of Ag NPs was observed by using the field emission scanning
electron microscopy (FESEM) images (JSM-7610F) at 15 KeV. Moreover, the functional groups
of plant extract were investigated by Fourier transform infrared (FTIR) measurements Shimadzu
(IRPrestige-21).
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2.4. Fabrication of bio-electrochemical cells

Four types of bio-electrochemical cells were constructed, namely A, B, C, and D by varying the
electrolyte solutions of the cell.

In cell A, 100 mL of AL extract bio-electrolyte was used in the cell. For cell B, 10 mL of 0.4006M
CuS04.5H,0 secondary salt with 100 mL of AL extract has been taken as the electrolyte, and the
influences of secondary salt in a cell have been investigated. Bio-electrolyte was made of 100 mL
AL extract with 15 mL of Ag NPs (1.5 mg) and 10 mL of 0.4006M CuSQ4.5H0 for cell C.

100 mL of AL extract and 15 mL of Ag NPs (1.5mg) were mixed to prepare the bio-electrolyte for
cell D. Open circuit voltages, short circuit currents, internal resistances, and maximum power were
monitored for all bio-voltaic cells. Fig.2. is shown the diagram of four bio-electrochemical cells.

Zn Anode Digital Cu Cathode

AL extract electrolyte +
Cus0s

(n) Bio-Voltaic Cell using AL extract electrolyte (b) Bio-Voltaic Cell using AL
electrolyte + CuS04

eIt Cu Cathode
Digital Cu Cathode Zn Anode . Ag NPs coted

R T [

() Bio-Voltaic Cell using AL extract electrolyte (d) Bio-Voltaic Cell using AL extract electrolvte + CoS04
With Az NPs coted Cu cathode With Ag NPs coted Cu cathode '

Fig. 2. Design of bio-voltaic cell with (a) AL extract bio-electrolyte, (b) (AL+ CuSOa)
bioelectrolyte, (c) (AL+ Ag NPs) bio-electrolyte and (d) (AL+CuSO4+ Ag NPs) bio-electrolyte.

2.5. Study the impacts of bio-electrolyte on bio-electrochemical cells

To observe the significance of different bio-electrolytes on cells A, B, C, and D, the power and the
internal resistance were found by using the following formulas
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P = Vocxls
And Rin = Vo + lsc
And the capacity (AH) is also determined by C = Is¢ x tg

Where P is denoted for the cell's power, Rin is for internal resistance, Vo is for open-circuit voltage,
Isc represents the short circuit current, C is capacity (ampere per hour), and td is the discharge time
of the cells.

3. Result and Discussions

3.1 UV-Vis analysis of green synthesized Ag NPs

Fig.3. reveals the UV-visible spectra of green synthesized Ag NPs, AgNO3 solution, and colocasia
esculenta extract. Due to the formation of Ag NPs from Ag ions, the maximum absorption was
appeared at 420 nm. Hence, the plant extract acted as a reducing agent to reduce the silver ions.

Ag NPs
= CoJocasia esculenta extract
AgNO3

Absorbance

200 300 400 500 600 700 800
Wave Length (nm)

Fig.3. UV-vis spectra of AgNO3 solution (blue line), Colacasia esculenta Extract (red line), and
Ag NPs (black line).

The light yellow color mixture solution became dark brown color with the time duration, which
indicates the bio-reduction of Ag ions and the formation of Ag NPs. The color change of the
mixture solution occurs due to the surface Plasmon vibrations, a unique optical property of novel
metal nanoparticles [23]. Metal nanoparticles have free electrons, and the combined vibrations of
those free electrons are responsible for a surface Plasmon resonance absorption band [24]. Silver
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nanoparticles reveal a maximum absorption peak in between 400 nm to 500 nm [25-27]. The range
of maximum UV-visible absorption depends on the size, shape, and type of solvent of
nanoparticles [5,11,28].

3.2 XRD analysis of Ag NPs

The X-ray Diffraction measurements probed the crystal structure of green synthesized Ag NPs.
Fig.4. reveals the XRD spectra of green synthesized Ag NPs. The face-centered cubic (FCC) 200
300 400 500 600 700 800 0 1 2 3 4 Absorbance Wave Length (nm) Ag NPs Colocasia esculenta
extract AQNO3 420 nm structure of Ag NPs was confirmed by the diffraction peaks of at around
38.120 , 46.260 , 64.560 , and 77. 360 due to the planes of (111), (200), (220), and (311)
respectively [1,10,13,28-31]. The formation of Ag Nano crystal corresponds to the JCPDS No.
04-0783 [4,6,13,28].

200 r T T

\ Green Synthesized Ag NPS\

150 =

1004 [F111 [200]  [220]  [311]

Intensity (a.u)

50

40 60 80
2 Theta (Degree)

Fig.4. XRD pattern of green synthesized Ag nanoparticles from Aurum Leaf Extract.
The crystal size was estimated by using the Debye-Scherrer formula,
D=0.89)\/BcosH

Here, A represents the wavelength of X-ray (A= 1.54056 A), 0 is represents the Bragg’s diffraction
angle, and the full width at half maximum (FWHM) is denoted by B [6,32,33]. The crystal size of
Ag NPs is found to be around 8.0 nm. Moreover, two unassigned peaks (*) were appeared due to
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the crystalline structure of biomolecular compounds on the surface of plant extract mediated Ag
NPs. Similar results are reported for the green synthesized Ag NPs in a range of articles [34-39].

3.3 Fourier transformed infrared spectroscopy (FT-IR) analysis:

The bio-reduction of metal NPs is mainly associated with the active functional groups of
biochemical compounds like polysaccharides, flavonoids, triterpenoids, and polyphenols present
in the plants [11,40]. The stretching, wagging, and bending vibrations of functional groups are 40
5060 708090-2502550 75100 * [311] [220] [200] [111] Intensity (a.u) 2 Theta (Degree) Green
Synthesized Ag NPs * considered the reasons for bio-reduction metal NPs. The FT-IR spectra of
silver nanoparticles were carried out to investigate the possible functional groups of plant extract.
Fig.5. represents the FT-IR spectra of C esculenta leaves extract mediated Ag NPs.

110
\ C esculenta leaf extarct mediated Ag NPs \
100+
S
Q o
Q90
C
s
= 804
=
c
s 01 X
= o
[oN]
604 3
50
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Fig.5. FT-IR spectra of Colacasia esculenta extract mediated Ag NPs.

The FTIR spectra expressed three prominent peaks at 3427.51 cm-1, 1635.64 cm-1, and 1074.35
cm-1 among other weak signals. The peaks at 3427.51 cm-1 and 1074.35 cm-1 mainly appeared
to stretch hydroxyl groups (-OH) and the stretching of —C-O-C- bond of polyol groups on the
surface of nanoparticles, respectively [1,5,16,17,41-43]. The peak at 1635.64 cm is attributed to
the C=0 stretching vibration of amide, peptides, flavonoid, and protein groups [44,45]. Moreover,
C=C stretching vibration of ascorbic acid, —CO stretch of the amide group of plant extract are
responsible for this significant peak at 1635.64 cm-1 [16,17,42]. Amide groups and polyphenol



OCoO~NOUTAWNE

Dhaka University Institutional Repository

are the effective reducing and stabilizing agent compounds of plant extract for the biosynthesis of
nanoparticles [46]. Another peak at 2922 cm-1 generally appears due to the stretch of C-H bond,
and the alkynes of flavonoid compounds. The alkynes and the flavonoid bio-compounds play an
essential role in forming metal nanoparticles [4,47—49].

3.4 Morphology analysis of Ag NPs:

The size and shape of green synthesized NPs depend on the concentration rate of extract, P H of
the solution, and reaction temperature [5,11,28,50]. Fig.6a. shows FESEM image of silver NPs,
and most of the particles are found to be almost spherical. Fig.6b. represents the size distribution
3600 3000 2400 1800 1200 600 50 60 70 80 90 100 110 2922.16 2856.581236.37 3427.51 603.72
1074.35 1635.64 1388.75 Transmittance (%) Wave Number (cm-1) Plant extract mediated Ag NPs
480.28 histogram of nanoparticles. The diameter of particles is in the range of 12 nm-26 nm. The
average diameter of plant extract mediated Ag NPs is ~21 nm.
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Fig.6. (a) FESEM image of green synthesized silver nanoparticles and (b) the particle size
histogram of green synthesized silver nanoparticles.

3.5 Significance of silver nanoparticles on bio-electrochemical cells:

Silver nanoparticles have been used in the bio-electrochemical cell, and the impact of nanoparticles
has been monitored. Four types of bio-electrochemical cells have been designated with four
different bio-electrolyte solutions. Fig.7. shows the comparative analysis of electrical parameters
for all cells. The open-circuit voltage and short circuit current of four cells are shown in Fig.7 (a,b).
Fig.7(c,d) represents all electrochemical cells' power and internal resistance.
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Fig.7. Comparative analysis of (a) open-circuit voltage, (b) short circuit current, (c) power, and (d)
internal resistance of four bio-electrochemical cells.

The open circuit voltage and short circuit current were significantly increased after using Ag NPs
to extract electrolytes. The lowest values of voltage and current were found for only plant extract
electrolyte-based cells. After using CuSO4 with extract, the electrical parameters were increased
due to the secondary salt effect. Moreover, the current and voltage were surprisingly increased
after using silver nanoparticles in bio-electrolyte, and the maximum electrical performances were
recorded for this case. Since the current and voltage were dramatically enhanced in the presence
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of nanoparticles, the highest power, and the lowest internal resistance were calculated for this cell.
Table.1 shows the average electrical parameters for four types of cells. Fig.8 represents the average
power and the average capacity of four bio-electrochemical cells. Only AL extract electrolyte-
based bio-electrochemical cell shows the minimum power and capacity, and the maximum power
and capacity were recorded for the (Extract + CuSO4 + Ag NPs) bio-electrolyte based cell. It is
also noticeable that the (Extract + Ag NPs) electrolyte-based cell showed the second-highest power
and capacity among four cells which are even more significant than the (Extract + CuSO4)
electrolyte-based cell. Hence, it is clearly demonstrated that the impact of Ag NPs on electrolyte

solution is more effective than the secondary salt (CuSO4) effect.

Tablel: The average power for different electrolyte-based bio-voltaic cells.

Electrolyte of cell

Average Power (watt)

Extract 0.0024
Extract + CuSO4 0.4379
Extract + Ag NPs 0.6224
Extract + CuSO4+ Ag NPs 0.7024
25 Y Y T
2.0+
T 1.72085
<
> 15
I3
©
=3 0.96197
©)
0.0803

Average Capacity (AH)
0.0803
0.9619
1.7208

2.0630

(Extract) (Extract+CuSO,) (Extract+Ag NPs) (Extract+CuSO,+Ag NPs)

Electrolyte of Cell

Fig.8. avarage capacity of four different electrolyte based bio-voltaic cells
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Conclusion

The rising electricity demand is becoming a trend of development throughout the world in the near
future. In this study, an alternative source of electricity generation has been proposed by
developing a unique bio-electrochemical cell. The electrical performance of this cell is improved
by incorporating green synthesized Ag NPs. The silver nanoparticles have been fabricated by a
low-cost and eco-friendly method by using Colocasia esculenta leaves extract reducing agent. The
antibacterial activities of green synthesized silver nanoparticles have been reported in various
articles. This report introduced the impact of green synthesized silver nanoparticles on the bio-
electrochemical cell. The electrical performances surprisingly increased after applying the
nanoparticles in the electrolyte of cell. This new model of the bio-electrochemical cell may open
a new era in supplying low-cost electricity throughout any remote area around the world.
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Fig.1. Steps diagram of green synthesis of silver nanoparticles.
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Fig. 2. Design of bio-voltaic cell with (a) AL extract bio-electrolyte, (b) (AL+ CuSOa)
bioelectrolyte, (c) (AL+ Ag NPs) bio-electrolyte and (d) (AL+CuSO4+ Ag NPs) bio-electrolyte.
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Fig.3. UV-vis spectra of AgNO3 solution (blue line), Colacasia esculenta Extract (red line), and
Ag NPs (black line).
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Fig.4. XRD pattern of green synthesized Ag nanoparticles from Aurum Leaf Extract.
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Fig.5. FT-IR spectra of Colacasia esculenta extract mediated Ag NPs.
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Fig.6. (a) FESEM image of green synthesized silver nanoparticles and (b) the particle size
histogram of green synthesized silver nanoparticles.
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Fig.7. Comparative analysis of (a) open-circuit voltage, (b) short circuit current, (c) power, and (d)
internal resistance of four bio-electrochemical cells.
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Tablel: The average power for different electrolyte-based bio-voltaic cells.

Electrolyte of cell
Extract

Extract + CuSO4
Extract + Ag NPs

Extract + CuSO4+ Ag NPs

Average Power (watt)
0.0024

0.4379

0.6224

0.7024

Average Capacity (AH)
0.0803
0.9619
1.7208
2.0630
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