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Abstract

Paper bacterial battery (PBB) is a sustainable source of bioenergy derivate from bacterial activities, paper bacterial battery or microbial
fuel cell has unique features like biodegradable, cost- affordable, energy- effectiveness, and environmental sounds beside of complete
control by produced energy by increasing the number of folds and can made it in shapes and sizes appropriate for all use and type of devices,
which is characterized by high flexibility and wide uses. The current study described in detail the fabrication steps of a simply biodegradable
paper battery that mainly composed of a substrate of cellulose, Poly (amic) acid (PAA) and polyvinyl alcohol (PVA) as reducing and
stabilizing agent, immobilization matrix, for bacterial cells stability, this degradable network provides oxygen-blocking and proton ex-
change membrane (PEM). The fabricated bacterial battery gave power of 3.5 pW/cm2 and a current quantity of 127 pA/cmz2, this generated
power can be enhancement by more folding or compacting of the fabricated paper-polymer unit.
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1. Introduction

Energy production and waste administration are two important requests for sustainable societies. Paper Bacterial Battery (PBB) may pro-
vide the ideal solution for combining these two approaches [1], unique properties of promising batteries such as high energy productivity,
micro sizes, and biodegradation make scientists have worked to achieve them in future batteries to align with the shapes and sizes of
portable electronic devices for the most promising technologies in the fields of communications, medical and other sciences [2].

Paper Bacterial Battery (PBB) is completely built from biodegradable material have flexibility, with ultra-thin design fabricated by com-
bining carbon nanotubes with a classical layer of cellulose-based paper, to obtain unusually thin, and safe uses, enabling integration into a
wide range of products [3-6]. Their uses is alike to traditional chemical batteries with the sufficient differences that they are non-corrosive
and don’t need large housing [7].

Among all the electronic waste, energy storage devices still the most important because of their toxic metals and high reactivity [8], non-
biodegradable lithium-ion batteries, and super capacitors are considered as the hopeful batteries for flexible and transportable devices
because of their high effectiveness, lightweight, density, and ability to be linked into different substrates, but their toxic inorganic sub-
stances that cause environmental destruction and real treatments are required before disposal and landing, it has prompted serious thinking
for more environmentally friendly alternatives to energy harvesting technologies such as solar cells, biodegradable batteries and nanogen-
erators [7-9]. Esquivel etal designed a single-use biodegradable battery can be disposed to the soil without further treatment, this could be
the beginning of a new age of green electronics [4]. In the current study we designed a self-sustaining microbial paper battery it mainly
depends on the ability of bacteria to convert the energy stored in organic matter into electrical energy in a low-oxygen ambience. The
bacterial viability could be sustained by providing it with any organic source. Moreover, the bacterial cells that used to generate electrical
energy can be adapted to degrade the same battery material so should be used bacterial isolates have the ability to decomposed toxic
substances to reduce recycling and discharging cost [10]. Cellulose-based bacterial battery is a revolution in green electronics [11], because
of unique cellulose properties like biodegradable, low cost, flexibility and light weight all these qualities represent a suitable substrate for
making biodegradable batteries, and the only confrontation is the high porosity that permits oxygen to pass through easily. So, the current
substrate provide minimum oxygen permeation and boost proton- transferring efficiency, by engineered arrangement of these mixed sub-
strates that have high biodegradation in aqueous media of this biobattery.

2. Materials and methods

2.1. Installation of mixed paper PAA- and PVA polymers
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To prepare a non-porous and gas-transfer blocking surface, a mixture of one part of PAA gel was added to five parts of PVA aqueous
solution provided with Glutaraldehyde (GA) with final concentration 0.5% (w/w), the viscous mixture was stirred till obtaining a non-
liquid gel, which was then poured on a clean glass surface in one continuous and homogeneous layer after which the previous printed wax
Whatman filter paper was placed on this layer with light pressure to allow the components to settle on the paper to obtain a homogeneous
and non-porous surface.

2.2. Prepare of cathode/anode electrodes

The second functional paper was prepared by spraying a mixture of nickel and binder solution (1000 pL of 5 w% Nafion, 100uL DW,
500uL isopropanol) on well waxed PEM filter paper that submit good cathode conductivity, the anode was constructed by printing carbon
nanotube-based inks on the surface of the paper, the copper strip added to provide a conductive bridge between two electrodes (cathode-
anode), all functional papers were glued together with an adhesive material

2.3. Prepare of bacterial suspension

Previously isolated and diagnosed Shewanella sp. Bacteria were used as a source of electrons in the current paper-based battery. Bacterial
cells were activation by inoculating 100 mL of nutrient broth medium and incubating for 24 hours at 35°C with slow shaking, bacterial
cells harvested by centrifugation at 5,000rpm for 3 min the, bacterial pellet loaded in the anodic reservoir.

2.4. Measures of electrical

The potential of electrical power was assessed by data acquisition (NI USB-6363). The resulting voltages were checked each five seconds
and registered by a customized LabVIEW interface. Currents and energies within outer resistors were measured from the voltages.

2.5. Electrochemical impedance spectroscopy (EIS) assessment

We measured The EIS by AutoLab PGSTAT100N 100 V / 250 mA, Metrohm. Two electrode setups were used for all apparatuses, resulting
data were listed within Frequency range 10 kHz - 32 MHz with an AC signal of 10 mV capacity.

2.6. Biodegradation of the battery material

After the depleted of the fabricated biobatteries, they weren't exposed to additional treatments, but they were soaked in water at room
temperature for different times (7, 14, and 21) days, benefiting from the bacteria loaded on the material of the battery in the degradation
process, then the soaked batteries were taken and dried for 24 hours at room temperature and the weight was measured after treatment.
Weight differences represent the degradation efficiency.

3. Results and discussions

Cellulose can be considered an attractive factor in the manufacturing of batteries for flexible electronic devices due to its unique properties
and its ability to degradation [12-14], which reduces electronic waste, and can utilize it in fabricate many functional layers such as catalysts,
electrodes, separator, and reservoirs, (Figure 1) demonstrated a cellulose paper used as a substrate for paper bacterial battery (PBB), the
papery cellulose filling represents an appropriate surface for loading the bacterial suspension through the capillary properties of the cellu-
lose [15]1 [6], moreover easy to stack and can be combined into more than one interface, also Wax-treated cellulose function layer repre-
sents a convenient and effective medium for transporting protons and blocking electrons [10], cellulose also provides a wide range of
options for manufacturing low-cost, bio-efficient, and environmentally friendly functional papers [17 and 18]. By shaping their delocalized
electron systems, the integrated polymers were used for different purposes like electrodes, electro catalytic, and chemical separation [19].
PAA and PVA were used as carbonyl reference because of its nature as high electronegative [10]. Rich functional collections, like carboxyl,
amine, and phenyl groups, give the polymers competence and eligibility for more qualifications to satisfy various demands for various
applications [17] and [19]. Moreover, those polymers have great binding ability to the cellulose fibers making these mix substrates inter-
esting to prospective electronic progress [20].

3.1. The oxygen blocking layer

As we previously mentioned, the structure and porosity of the cellulose substrate represents a suitable medium for the attachment of
bacterial cells, but they do not prevent the transfer of electrons that could lead to diffusion of oxygen to the anode and causes low battery
performance and reduction the time of operating [21], (Figure 1) shows a various treatment of paper-based substrates battery. The PBB
utilized printing carbon nanotube-based inks on the surface of the paper anodes for bacterial attachment and paper reservoirs for holding
the anolyte and catholyte for an extended period of time, waxed paper was used as a PEMs to minimize the transferring from anolyte and
catholyte but permitting protons moving through it [22], uses of Nafion 117 as sporting for a PEM layer raises the biobattery efficient and
provide height volumetric value change with increasing humidity, but now day expensive commercial Nafion 117 was replaced with low
cost materials for fabrication of bacteria-powered battery such as chemically treated papers [22]. The main goals for using waxed paper as
PEM layer are inexpensive, have high hydrophobicity to separate anode and cathode halls, porous nature for cellulose paper gave additional
advantages for electron manipulation and ion transport across the entire paper and considered a good medium for bacterial respirations.
The PBB performance was evaluated by measuring the potential between cathode and anode in open- circuit by using data acquisition (NI
USB-6363). The resulting voltages were checked each five seconds and registered by a customized LabVIEW interface. The current flow
was started immediately after resistor joined between anode and cathode, the non- waxed filter paper gave significant lower current than
others, and this may be result from low proton exchange rate, while waxed paper gave good current flow than non- waxed paper but Nafion
117 treated paper was the highest (Figure2). From the results shown in (Figure 2B), can be noted that the efficiency of the filter paper
increases gradually with the progress of treatment by increasing the separation efficient between both anode and cathode champers and
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reached the highest levels in the fifth treatment by adding Nafion 117, but when testing each material alone, it was found that the height
PEM was measured in Nafion 117 (611.66 mV) followed by PVA- paper treated (355mV).

Untreated paper Waxed paper PAA coated paper PVA coated paper
Fig. 1: SEM Images of (A) Untreated Cellulose Paper, (B) Waxed Cellulose Paper, (C) PAA-Coated Paper, and (D) PVA-Coated Paper.
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Fig. 2: (A) Open Circuit Voltages for Five Shapes of Treated Paper with Different Pems (1: Non-Waxed Paper, 2: Waxed Paper, 3: PAA-Paper, 4: PVA-
Paper, 5: Nafion117-Paper) (B) Open Circuit VVoltages After Serial Treated for Whatman Filter Paper.
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Fig. 3: Resulting Currents (ua/ Cm?) from Five Paper-Based Batteries at Various Pems (1: Non-Waxed Paper, 2: Waxed Paper, 3: PAA-Paper, 4: PVA-
Paper, 5: Nafion117)

3.2. Principles of PBB operating

The paper bacterial battery (PBB), mainly consists of the anode and the cathode chamber, separated from each other by (PEM), allows the
passage of H* and other cations from anode to the cathode with the presence of external conducting load that can be connect the two
electrodes to complete the electrical circuit [23]. The bacterial cells oxidize the organic matter in the anode chamber and transfer the flow
of electrons resulting from the microbial respiration, during this process, the chemical energy is captured through the electron transport
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chain by two co-enzyme function Nicotinamide adenine dinucleotide (NAD+) and Nicotinamide adenine dinucleotide dehydrogenase
(NADH) and producing biological energy shape adenosine triphosphate (ATP) [24 - 27].

In the current form of the microbial fuel cell (MFC), the carbon nanoparticle printing ink was used for bacterial cells attachment, to reduce
the manufacturing cost waxed whatman filter papers were used as PEMs, but the expensive material Nafion117 was used for comparison.
The current paper battery gave high power and current quantities and worked for more than 12 hours to reach to zero current, that is 48
fold higher than the early conceptual the paper battery [15]. More investigated studies should be carried out for proton exchange dynamics
through different designed papers as PEMs, PVA-treated whatman filter papers seems to be suitable, cheap, and acceptable performance
PEM. From previous studies, the SEM images showed that bacterial cells constituting the biofilm remain attached to the paper fibers rather
than on the carbon reservoir (nanocarbon tubes or carbon cloth) because of the high wicking capability of the paper. After making sure that
the filter papers treated with wax and polymers (PAA and PVVA) can be a desirable substrate in bacteria-dependent batteries. four fabricated
batteries joined together to create a wanted power to operate red LED (HLMP-P156, Digikey) for above 20 minutes, after the LED lightning
the voltage level through each one of batteries, and in the series of batteries combined during the operation time was recorded (Figure 4),
it is worth noting that it did not happen voltage reversal in each individual battery this explains the insulation efficiency provided by the
hydrophobic fabricated layer.
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Fig. 4: Voltage Values (V) of the Companied Batteries and Individual Ones Connected with A LED Were Measured at Different Time

3.3. Biodegradation

Simply, the fabricated biobattery can be degraded during a period ranging from 7-14 days after being dipped in water and as shown in the
Figure (5) through a change in weight before and after dipping. What helped in the process of decomposition is the presence of bacteria in
the material of the battery, however, need more studies that clarify the mechanism of degradation in a way Completely in different condi-

tions, such as bacteria species, temperature, dipping time and the presence or absence of additional nutrients, all of which help to understand
the mechanism of degradation.
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Fig. 5: (A) Biodegradation Rate (%|) of Fabricated Paper Battery at Different Time (0-21) Days (B) SEM Images of the Biodegradation Method for Fabri-
cated Paper Battery at Different Time (0, 7, and 14) Days.
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4. Conclusions

The current study described the practical steps of designing and operating paper bacterial battery which has the ability to operate the
electronic device for 20 minutes, the fabricated battery fully biodegradable with achieving sustainability by reducing the daily consumption
of electric energy beside their economic acceptability, Depending on the available data on biodegradability, it can be disposed to the soil
without paying additional treatment costs. Therefore, efforts are continuing to find environmentally alternatives to reduce the pressure on
the environmental components that suffer from the accumulation of waste, including the toxic of traditional batteries.
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