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Propositions

accompanying the dissertation

DESIGN OF SOIL MOISTURE SENSOR POWERED BY
BACTERIA CHARGED PAPER BATTERIES
By

Sumit Moreshwar Meshram

Paper batteries offer feasible and biodegradable means to sense soil moisture for
off-grid areas. [This thesis]

Electrode surface composed of Copper/Nickel (Cu/Ni) alloy reduces nitrate
electrocatalytically better than Cu layer deposited on Ni. [This thesis]

Biopolymer-based foldable membranes can be used to build cheap, scalable Soil
Moisture Sensing Systems (SMSSs). [This thesis]

A cubical battery design is optimal as it helps to maximize cathode surface area,
minimizes anode-cathode distances, and enables efficient SMSSs orientation.
[This thesis]

Like a kite in steady wind, innovators with all-black or all-white hair soar highest,
mixed hair makes the ride bumpy.

Individual motivation can replace access to specialized resource needs for
multidisciplinary research under one roof.

Today’s water challenges need multidisciplinary solutions, but specialized labor
market is still stuck in monodisciplinary frameworks.

Dreaming big and thinking beyond limits comes with its share of sacrifices and
need to adapt.

Time is more valuable than money. You can get more money, but you cannot get
more time.

A brain buffet is only possible when diverse cooks bring their own recipes to the
table.
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FOREWORD

This research began as more than an academic project, it was a personal mission. I grew
up and worked in Maharashtra, the wealthiest state in India, which has the highest number of
farmer suicides. From a young age, I read about these tragedies in newspapers. As part of the
farming community, I witnessed the problems farmers faced and their decreasing interest in
farming. The factors contributing to farmer suicides include inadequate irrigation, water
scarcity, reliance on chemical fertilizers, crop failures, and lack of access to affordable modern
technological tools.

During my time as an engineer in the Water Resources Department, impoverished and
illiterate farmers approached me to transfer their farmland to a government project for
compensation. They explained that agriculture had become unprofitable, citing the same
reasons contributing to farmer suicides. Their educated descendants were reluctant to pursue
farming as a career, so they no longer wished to continue agriculture. As an engineer and
technocrat, I felt compelled to use my technical expertise for the farming community's welfare.
I decided to resign from my government position and pursue agricultural research to improve
farmers' lives and reduce suicides in my region.

When I arrived at TU Delft, I was motivated by a desire to assist farmers and advance
environmental sustainability, which inspired the creation of an affordable, biodegradable
system for sensing soil moisture. This project was based on the theory that soil moisture is
linked to the activity of exo-electrogenic bacteria in the soil and is directly related to the current
generated by these bacteria using soil microbial fuel cell technology. The goal of this research
is not only to improve precision agriculture but also to reduce the environmental impact of
deploying sensors. By incorporating concepts from materials science, biotechnology,
electronics, and water resources engineering, this work reflects my commitment to merging
scientific innovation with environmental responsibility. Throughout this journey, I faced
moments of doubt and frustration due to the research's multidisciplinary nature, but I also felt
hope and determination. Each experiment, setback, and progress reminded me that this work
goes beyond personal ambition.

This thesis goes beyond its role as a mere technical document, embodying my belief
that science can serve as an act of care. It is my aspiration that this work will not only advance
the field of precision agriculture but also foster a profound respect for the delicate relationship
we maintain with our planet. I extend my gratitude to all who have accompanied me on this
journey - my supervisors, family, and friends for their steadfast support of this vision. This
experience has been transformative, and I hope that, in some measure, this work will contribute
to nurturing the future upon which we all rely. Furthermore, I trust that those who continue this
research will remain mindful of its purpose, to enhance the well-being of smallholder farmers
in developing countries, without seeking monetary gain.

Sumit Moreshwar Meshram

Delft, Netherlands, 2026
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SUMMARY

There is currently considerable global attention on improving the livelihoods of
smallholder farmers, particularly in developing countries, through the adoption of sustainable
water and soil management practices. This focus stems from the challenges these farmers
encounter, including unpredictable rainfall, inadequate irrigation infrastructure, and limited
access to essential agricultural technical equipment. Among various technical tools, soil
moisture sensors are pivotal as they provide farmers with information on soil moisture levels,
thereby facilitating the efficient use of water. However, existing sensors are often costly,
unsustainable, and challenging to use in off-grid regions where most of these farms are situated.
This study aims to develop low-cost, biodegradable, off-grid soil moisture sensing systems
(SMSSs) for smallholder farmers of developing countries. It seeks to address the hypothesis
that soil moisture sensors can be directly powered by electricity generated from the soil through
soil microbial fuel cell (SMFC) technology, utilizing the bacteria present in the soil, with
current production being directly proportional to the soil moisture.

The development of low-cost, biodegradable, off-grid SMSSs using soil moisture
sensors for smallholder farmers represents a significant advancement in sustainable agriculture.
Integrating SMFC to power these sensors address multiple challenges simultaneously. It not
only provides farmers with crucial soil moisture data but also eliminates the need for external
power sources, making it particularly suitable for remote and off-grid locations. It also provides
uninterrupted power supply as it uses naturally available bacteria from soil. The biodegradable
nature of these sensors aligns with environmental sustainability goals, reducing electronic
waste and minimizing the ecological footprint of agricultural practices. Furthermore, it has the
potential to revolutionize water management practices in smallholder farming. By providing
soil moisture data, farmers can make informed decisions about irrigation, optimizing water
usage and potentially increasing crop yields. This technology could improve water use
efficiency, also the low-cost nature of these sensors makes it accessible to a broader range of
farmers, potentially democratizing access to advanced agricultural technologies in developing
regions..

This study explored the challenges faced by existing soil moisture sensing systems,
with a particular emphasis on developing sensors that are low-cost, off-grid, biodegradable,
and capable of autonomous in situ operation. The research aimed to determine the feasibility
of designing a sensing system that incorporates all these desirable characteristics. By
examining various aspects of soil moisture monitoring, the study sought to address the
limitations of current technologies and propose innovative solutions. The investigation
revealed that while individual design parameters could be met, creating a sensor that
simultaneously satisfies all the desired criteria remains a significant challenge. Despite these
challenges, the study identifies promising avenues for future development. Emerging
technologies such as SMFC, paper batteries, origami, and papertronics offer potential pathways
for creating more integrated and efficient SMSSs. These innovative approaches could
potentially address multiple criteria simultaneously, paving the way for more sustainable, cost-
effective, and autonomous soil moisture sensing solutions. As research in these areas
progresses, it may become possible to overcome current limitations and develop SMSSs that
more closely align with the ideal combination of features sought by researchers and
practitioners in the field.
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Paper batteries and SMFC represent a promising technological advancement with
potential applications in various fields, including agriculture. However, it currently faces
limitations in energy output and structural stability. Researchers are exploring innovative
approaches to address these challenges, such as integrating multiple paper batteries using
origami techniques with SMFC as both the paper batteries and SMFC are constructed based on
similar concepts. They both have anode, cathode and a membrane in its construction. Protons
move through the membrane, while electrons produced on anode travel externally to produce
electricity. In addition SMFCs generate energy from microbes at an anaerobic anode, which
break down organic material in the soil. This process enables electrons to be transferred to an
aerobic cathode near the surface, with protons moving through the soil or a membrane.
Although both systems use an anode—cathode—membrane configuration, they differ in their
materials and energy sources. But by integrating both these technologies it can enhance both
energy production and structural integrity. However several obstacles remain, including the
fragility of stacked paper batteries, the risk of electrical short-circuits due to physical contact
between the anode and cathode, toxic nature and design and practical complications associated
with electron acceptors like potassium ferricyanide, and oxygen used in the preparation of these
systems. To overcome these limitations, researchers are investigating alternative materials and
designs which can overcome the issues associated with these electron acceptors.

One promising approach involves the incorporation of nitrates (NO3") as electron
acceptors in battery construction. Notably, NO3™ that remain unutilized in these systems do not
pose environmental harm, rather, they can be beneficial for agriculture, as unused NO3™ may
be repurposed as fertilizers for crops. However, the use of NO3 in battery construction
necessitates specialized electrode (i.e. cathodes) capable of performing the electrocatalytic
nitrate reduction (NO3RR) reaction. To date, cathodes have been prepared using various metals
and methods, specifically designed for the NO3RR reaction. Various methods have been
employed to design these electrodes for NO3RR, but these methods are often costly, introduce
contaminants, and require specialized technical expertise. To address these challenges, physical
vapor deposition (PVD) methods were employed to prepare the electrode by depositing a thin
copper (Cu) film on a nickel (Ni) surface. The study concluded that monometallic electrodes
prepared using thin films are insufficient for effective NO3;RR. Instead, bimetallic Cu - Ni alloy
electrodes are required to perform NO3RR effectively.

In this study, the membranes, which are essential components of paper batteries and
SMFCs, and which can be readily utilized in the design of SMSSs, were designed and
manufactured. These membranes are pivotal in facilitating proton transfer across their
structure, thereby enabling the efficient operation of these SMSSs. Although commercially
available membranes such as Nafion are available, they pose several challenges that impede its
widespread adoption. These challenges include high costs, susceptibility to biofouling,
substrate losses, oxygen leakage, and complex manufacturing processes. To address these
limitations, this study employed biodegradable biopolymers as alternative materials for
membrane fabrication. Specifically, chitosan (CS) and polyvinyl alcohol (PVA) were selected
as the primary biopolymers for this purpose. These materials offer several advantages over
conventional membranes, including lower production costs and reduced environmental impact.
By utilizing these biopolymers, the study aimed to develop membranes that can overcome the
drawbacks associated with existing membranes while maintaining the necessary proton
conductivity required for effective operation in paper batteries and SMFCs.

The development of paper battery using biodegradable membranes utilizing origami
techniques signifies a substantial advancement in sustainable energy storage solutions,
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particularly within the realm of SMFC technology. These innovative batteries, designed in both
three-dimensional (3D) and two-dimensional (2D) configurations, present a promising
approach to powering SMSSs in agriculture sector. The 3D cubical design was designed which
is especially noteworthy, as it optimizes the surface area of both the anode and cathode and can
be used with liquid catholyte, potentially enhancing the battery's power output and efficiency.
The cubical shape of the 3D paper batteries offers additional benefits beyond increased surface
area. Its geometric form allows for the seamless integration of wireless tags, which are crucial
for wireless data transmission with the help of mobile phones. Moreover, the cubic structure
facilitates the efficient stacking of multiple batteries, enabling scalable power solutions while
maintaining proper orientation within the soil matrix. This design consideration is essential for
ensuring optimal performance and longevity of the SMFC system across various soil
conditions. The use of biodegradable materials in these paper batteries aligns with sustainable
practices, minimizing environmental impact and potentially allowing for in-situ decomposition
after the battery's useful life. These 3D paper batteries were tested using potassium
ferro/ferricyanide as a redox couple and also in moist soil conditions. Additionally, 2D paper
batteries were designed, utilizing oxygen as the electron acceptor.

The research demonstrates the feasibility of developing a cost-effective, off-grid, and
biodegradable autonomous soil moisture sensing system using innovative technologies. This
system combines paper battery and SMFC technologies, utilizing potassium ferricyanide,
NOs™, or oxygen as electron acceptors. In the soil, organic molecules in the soil serve as
electron donors and the exoelectrogenic bacteria in soil oxidize these molecules and facilitate
the transfer of electrons to the anode, thereby transforming chemical energy into electrical
energy. The system incorporates biodegradable CS/PVA membranes that function as proton
exchange membranes, facilitating the movement of protons between the anode and cathode.
This novel approach to soil moisture sensing offers several advantages over traditional
methods. The use of biodegradable materials aligns with environmental sustainability goals,
reducing the long-term impact of sensor deployment in agricultural and environmental
monitoring applications. The off-grid nature of the system enables its use in remote locations
without the need for external power sources, enhancing its versatility and applicability in
various field conditions. Additionally, the low-cost aspect of this technology makes it
accessible for widespread implementation, potentially revolutionizing soil moisture monitoring
practices in agriculture, environmental science, and related fields.
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SAMENVATTING

Er is momenteel aanzienlijke wereldwijde aandacht voor het verbeteren van het
levensonderhoud van kleine boeren, vooral in ontwikkelingslanden, door de toepassing van
duurzame water- en bodembeheerpraktijken. Deze focus komt voort uit de uitdagingen
waarmee deze boeren worden geconfronteerd, zoals onvoorspelbare neerslag, inadequate
irrigatie-infrastructuur en beperkte toegang tot essenti€le agrarische technische apparatuur.
Van de verschillende technische hulpmiddelen zijn bodemvochtensoren cruciaal, omdat deze
boeren informatie geven over het bodemvochtgehalte en zo het waterverlies helpen
verminderen. Bestaande sensoren zijn echter vaak duur, niet duurzaam en moeilijk te gebruiken
in off-grid gebieden waar de meeste van deze boerderijen zich bevinden. Deze studie heeft tot
doel goedkope, biologisch afbreekbare, off-grid bodemvochtdetectiesystemen (SMSSs) te
ontwikkelen voor kleine boeren in ontwikkelingslanden. Men wil de hypothese onderzoeken
dat bodemvochtensoren direct kunnen worden aangedreven door elektriciteit opgewekt uit de
grond via bodem-microbi€le brandstofceltechnologie (SMFC), waarbij de bacterién in de
bodem stroom opwekken die direct evenredig is met het bodemvocht.

De ontwikkeling van goedkope, biologisch afbreekbare, off-grid bodem vocht sensings
systemen met bodemvochtensoren voor kleine boeren vertegenwoordigt een belangrijke
vooruitgang in duurzame landbouw. Door SMFC te integreren om deze sensoren van stroom
te voorzien, pakt de voorgestelde oplossing meerdere uitdagingen tegelijk aan. Deze aanpak
biedt boeren niet alleen cruciale bodemvochtgegevens, maar elimineert ook de behoefte aan
externe energiebronnen, wat bijzonder geschikt is voor afgelegen en off-grid locaties. Ze
bieden bovendien een continu stroomvoorziening doordat natuurlijke bacterién uit de bodem
worden gebruikt. De biologisch afbreekbare aard van deze sensoren sluit aan bij
milieudoelstellingen, vermindert elektronisch afval en verkleint de ecologische voetafdruk van
landbouwpraktijken. Bovendien heeft deze innovatieve benadering het potentieel om
irrigatiepraktijken in kleinschalige landbouw te revolutioneren. Door bodemvochtgegevens
beschikbaar te stellen, kunnen boeren geinformeerde beslissingen nemen over irrigatie, wat
watergebruik optimaliseert en mogelijk de opbrengst verhoogt. Deze technologie kan
waterverlies verminderen, en de lage kosten maken sensoren toegankelijk voor een breder scala
aan boeren, wat de toegang tot geavanceerde agrarische technologieén in
ontwikkelingsgebieden kan democratiseren. Deze studie pakt niet alleen directe
landbouwproblemen aan, maar draagt ook bij aan bredere doelen van duurzame ontwikkeling
en klimaatadaptatie in kwetsbare landbouwgemeenschappen.

In deze studie zijn de uitdagingen van bestaande bodemvochtsensorsystemen
onderzocht, met bijzondere nadruk op het ontwikkelen van sensoren die goedkoop, off-grid,
biologisch afbreekbaar en autonoom in situ kunnen functioneren. Het onderzoek had als doel
de haalbaarheid te bepalen van een sensorsysteem dat al deze wenselijke kenmerken
combineert. Door diverse aspecten van bodemvochtmonitoring te analyseren, poogde de studie
de beperkingen van huidige technologieén aan te pakken en innovatieve oplossingen voor te
stellen. De bevindingen tonen aan dat hoewel individuele ontwerpparameters haalbaar kunnen
zijn, het creéren van een sensor die gelijktijdig aan alle gewenste criteria voldoet, een
aanzienlijke uitdaging blijft. Ondanks deze obstakels identificeert de studie veelbelovende
wegen voor verdere ontwikkeling. Opkomende technologieén zoals SMFC, papieren batterijen,
origami-ontwerpen en papertronica bieden potenti€le oplossingen voor meer geintegreerde en
efficiénte  SMSSs. Deze innovatieve benaderingen kunnen meerdere criteria tegelijk
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aanpakken, en zo de weg effenen naar duurzamere, kosteneffectievere en autonome
bodemvochtsensoroplossingen. Naarmate het onderzoek op deze terreinen vordert, wordt het
mogelijk om huidige beperkingen te overwinnen en SMSSs te ontwikkelen die beter aansluiten
bij de ideale combinatie van kenmerken waar onderzoekers en praktijkmensen naar streven.

Papieren batterijen en SMFC vertegenwoordigen een veelbelovende technologische
vooruitgang met toepassingen in diverse sectoren, waaronder de landbouw. Ze hebben echter
momenteel beperkingen op het gebied van energie-output en structurele stabiliteit.
Onderzoekers verkennen innovatieve benaderingen om deze uitdagingen aan te pakken, zoals
het integreren van meerdere papieren batterijen via origamitechnieken met SMFC, aangezien
zowel papieren batterijen als SMFC zijn opgebouwd volgens vergelijkbare principes. Beiden
kennen een anode, kathode en membraan in hun constructie. In het systeem bewegen protonen
door het membraan, terwijl elektronen die op de anode worden geproduceerd extern reizen om
elektriciteit op te wekken. Bodem-microbiéle brandstofcellen genereren energie van microben
aan een anaerobe anode, die organisch materiaal in de bodem afbreken. Hierdoor kunnen
elektronen worden overgedragen naar een aerobe kathode nabij het oppervlak, terwijl protonen
door de bodem of een membraan bewegen. Hoewel beide systemen gebruikmaken van een
anode—kathode—membrane configureuratie, verschillen zij in materialen en energiebronnen.
Door beide technologieén te integreren kan zowel energieproductie als structurele integriteit
verbeterd worden. Ondanks deze inspanningen blijven meerdere obstakels bestaan, zoals de
kwetsbaarheid van gestapelde papieren batterijen, het risico van elektrische kortsluiting door
fysieke aanraking tussen anode en kathode, het toxische karakter en ontwerp- en praktische
complicaties rond elektronacceptoren zoals kalium ferricyanide en zuurstof bij de
voorbereiding van deze systemen. Om deze beperkingen te overwinnen, onderzoeken
onderzoekers alternatieve materialen en ontwerpen die de problemen rond electronacceptoren
kunnen oplossen.

Een veelbelovende aanpak omvat de opname van nitraat (NO3")als elektronacceptoren
in batterijconstructie. NO3™ fungeren als electronacceptoren en kunnen in deze context worden
toegepast. Niet-gebruikte NO3~ vormen geen milieuschade; ze kunnen zelfs gunstig zijn voor
de landbouw, aangezien ongebruikte NOs  als meststof voor gewassen kunnen worden
hergebruikt. Het gebruik van NOs;  in batterijconstructie vereist echter gespecialiseerde
elektroden (d.w.z. kathodes) die de electrocatalytische nitraat-reductiereactie (NOsRR) kunnen
uitvoeren. Tot nu toe zijn kathodes ontwikkeld met behulp van verschillende metalen en
methoden, specifiek ontworpen voor NO:RR, maar deze methoden zijn vaak kostbaar, brengen
verontreinigingen met zich mee en vereisen gespecialiseerde technische expertise. Om deze
uitdagingen aan te pakken, zijn fysieke dampafzettingsmethoden gebruikt om elektroden te
bereiden door een dunne koperfilm op een nikkeloppervlak aan te brengen. De studie
concludeerde dat monometallische elektroden, bereid met dunne films, onvoldoende effectief
zijn voor NOsRR; in plaats daarvan zijn bimetallische koper-nikkel legeringelektroden nodig
om NOsRR effectief uit te voeren.

In deze studie zijn membranen ontworpen - essenti€le componenten van papieren
batterijen en SMFCs - die direct kunnen worden toegepast in de constructie van SMSSs. Deze
membranen zijn essentieel voor de protonoverdracht door hun structuur, wat een efficiénte
werking van deze SMSSs mogelijk maakt. Hoewel commercieel verkrijgbare membranen zoals
Nafion bestaan, vormen deze meerdere uitdagingen die hun brede toepassing belemmeren,
zoals hoge kosten, gevoeligheid voor biofouling, verlies van substraten, zuurstoflekkage en
complexe productieprocessen. Om deze beperkingen te overwinnen, heeft deze studie
biologisch afbreekbare biopolymeren gebruikt als alternatieve membranen. Concreet werden
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Chitosan en polyvinylalcohol geselecteerd als de primaire biopolymeren. Deze materialen
bieden diverse voordelen ten opzichte van conventionele membranen, waaronder lagere
productiekosten en verminderde milieu-impact. Door gebruik van deze biopolymeren streeft
de studie ernaar membranen te ontwikkelen die de nadelen van bestaande membranen
overwinnen, terwijl ze de noodzakelijke protongeleiding behouden voor effectieve werking in
papieren batterijen en SMFCs.

De ontwikkeling van papieren batterijen met biologisch afbreekbare membranen onder
gebruikmaking van origamitechnieken vormt een aanzienlijke vooruitgang in duurzame
energieopslagoplossingen, met name binnen het domein van SMFC. Deze innovatieve
batterijen-ontworpen in zowel driedimensionale (3D) als tweedimensionale (2D)
configureuraties - bieden een veelbelovende aanpak voor het voeden van SMSSs voor
bodembewaking in de landbouwsector. Het 3D-kubusontwerp is bijzonder opmerkelijk omdat
het oppervlakte van zowel anode als kathode optimaliseert en kan worden gecombineerd met
vloeibare catholyte, wat mogelijk de energie-output en efficiéntie verhoogt. De kubusvorm van
de 3D-papieren batterijen biedt extra voordelen boven een groter oppervlak: de geometrie
maakt naadloze integratic van draadloze tags mogelijk—cruciaal voor draadloze
gegevensoverdracht via mobiele telefoons. Bovendien faciliteert de kubusstructuur efficiénte
stapeling van meerdere batterijen, wat schaalbare energieoplossingen mogelijk maakt terwijl
de juiste oriéntatie binnen de bodemmatrix behouden blijft. Dit ontwerpoverweging is
essentieel voor het waarborgen van optimale prestaties en levensduur van het SMFC-systeem
onder verschillende bodemcondities. Het gebruik van biologisch afbreekbaar materiaal in deze
papieren batterijen sluit aan bij duurzame praktijken, vermindert milieueffecten en kan
mogelijk afbraak op locatie toestaan nadat de batterij zijn levensduur heeft bereikt. Deze 3D-
papieren batterijen zijn getest met kalium ferro/ferricyanide als redoxkoppel en ook in vochtige
bodemomstandigheden, waarbij kalium ferricyanide dienstdoet als elektronacceptor. Daarnaast
zijn 2D-papieren batterijen ontworpen waarbij zuurstof fungeert als elektronacceptor.

Het onderzoek toont de haalbaarheid aan van het ontwikkelen van een kosteneffectief,
off-grid en biologisch afbreekbaar autonoom bodemvocht sensoring systeem met innovatieve
technologieén. Dit systeem combineert papieren batterijen en SMFC-technologieén, waarbij
kalium ferricyanide, nitraat of zuurstof dienen als elektronacceptoren. De elektrondonoren in
deze opstelling zijn exo-electrogene bodem-bacterién, die in staat zijn elektronen buiten hun
cellen over te dragen. Het systeem maakt gebruik van biologisch afbreekbare
chitosan/polyvinyl alcohol membranen die fungeren als proton-exchangemembranen,
waardoor protonen tussen de anode en kathode kunnen bewegen. Deze nieuwe aanpak voor
bodem bewaken biedt verschillende voordelen ten opzichte van traditionele methoden. Het
gebruik van biologisch afbreekbare materialen sluit aan bij milieuduurzaamheidsdoelen,
vermindert de impact van sensor deployments op lange termijn in landbouw- en
milieumonitoringtoepassingen. Het off-grid karakter maakt het gebruik mogelijk op afgelegen
locaties zonder externe stroombronnen, wat de veelzijdigheid en toepasbaarheid in diverse
veldcondities vergroot. Bovendien maakt de lage kostprijs deze technologie toegankelijk voor
brede implementatie, met potenticel om bodembewakingspraktijken in de landbouw,
milieuwetenschappen en aanverwante gebieden te revolutioneren.
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1.1. INTRODUCTION

Water is an essential resource for agriculture, availability of which significantly affects
crop productivity, food security, and economic stability (Ingrao et al., 2023). Globally,
agriculture is responsible for approximately 85 - 90% of freshwater withdrawals, rendering it
the largest consumer of water across various sectors (Sui et al., 2021). Water, already scarce in
numerous regions worldwide, is also recognized las one of the least efficiently utilized
resources due to over-irrigation, deep percolation losses, leaky irrigation systems, and poor
management practices, resulting in over 60% of irrigation water being wasted or lost (McNabb,
2019). The problem of water scarcity for irrigation becomes prominent in certain regions of the
world, where the drought conditions arise due to uneven rainfall and inadequate water
management practices. Consequently, in countries prone to drought, the efficient utilization of
available water resources becomes essential for agricultural production (Alharbi et al., 2024).

The primary strategies for effectively using water in agriculture involve increasing the
output per unit of water through engineering management, minimizing water losses, and
mitigating water degradation from an environmental perspective (Howell, 2001). These
strategies can be further refined by managing the precise timing and quantity of water
application to the crops. This strategy can lead to water savings that may be utilized to irrigate
additional land, a consideration of particular importance in regions where water availability is
the limiting factor for agricultural production (Koech and Langat, 2018). Water saving through
the monitoring of soil moisture is one of the techniques to use the available water in an effective
manner.

Soil moisture is a critical variable in agricultural productivity, influencing plant health,
crop yield, irrigation scheduling, and ultimately food security (Babaeian et al., 2019). Soil
moisture refers to the volume of water contained within a given volume of soil (typically
measured in m*/m?) (Dorigo et al., 2011). Particularly, capillary moisture held in the micropores
of soil due to adhesive and cohesive forces has the greatest agronomic relevance (Filipovi¢,
2020). This form of moisture determines the availability of water to plants, bridging the gap
between rainfall or irrigation events and actual crop uptake. Consequently, monitoring soil
moisture using soil moisture sensor’s (SMS) allows for informed decision about the moisture
content in the soil that enhances crop yield while conserving water. SMS has consequently
become a crucial instrument in precision agriculture, facilitating farmers in making informed
decisions regarding irrigation and land management (G. M. Iyer et al., 2022; Gopalakrishnan
et al., 2022; Kasuga et al., 2024).

1.2 CHALLENGES OF CURRENTLY AVAILABLE SOIL
MOISTURE SENSING SYSTEMS (SMSSs)

There are various SMSSs such as in-situ, invasive and non-invasive (Hardie, 2020;
Rasheed et al., 2022; Zhang et al., 2024) which are used in precision agriculture. The adoption
of such SMSSs remains limited in many regions globally, and especially among small scale
(smallholder) farmers who frequently lack access to reliable, affordable, and sustainable
technological solutions (Aarif K. O. et al., 2025). Additionally, the scarcity of accessible energy
due to inadequate off- and on-grid infrastructure serves as a significant barrier to the scaling
up of soil moisture sensing in off-grid areas (Durga et al., 2024). As a result, these farmers rely
on non-technical moisture measuring techniques such as feel and appearance method and hand-
push probe for their fields (Chauruka et al., 2023; Manevski and Andersen, 2024; Morris and
Energy, 2006).



Currently available SMSSs in the market mostly use solar panels and batteries for
powering the SMSSs in the off-grid regions of the world (Sajib and Sayem, 2025). These
SMSSs are often made of plastic and powered by batteries containing hazardous substances
such as Lead. Consequently, they pose environmental threats if they are not disposed of or
maintained correctly (Mrozik et al., 2021). These SMSSs are usually constructed by integrating
batteries and solar panels into its design (Han and Yun, 2024). Additionally, many
commercially available sensors are expensive and rely on a steady electricity supply, which is
often unavailable in rural, off-grid areas (Balendonck et al., 2013; Okasha et al., 2021). Without
affordable, locally adaptable, and low-maintenance alternatives, the advantages of soil
moisture monitoring remain inaccessible to many, especially, smallholder farmers, hindering
their ability to optimize irrigation, conserve water, and sustainably boost productivity. There
is, therefore, a critical need for SMSSs that are sustainable, off-grid, and cost-effective. These
devices should be user-friendly, easy to construct, environmentally sustainable, and capable of
autonomous operation in resource-limited areas. They should be able to utilize ambient energy
(i.e. energy that is available in the surrounding environment) as an energy source while
simultaneously minimizing electronic waste in the soil.

Challenges of available soil moisture sensing systems

(SMSSs)
Sensor-level issues Operational constraints Environmental concerns
¢ Inaccuracy/low precision in « High cost " i
low cost sensors « Battery replacement « E-wasto (plasticielectronic)
e G » Non-biodegradable
e Calibration requirement * Limited scalability « Toxic material

* Sensitivity to soil type # Short:sensor.life
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Performance Operational feasibility Biodegradability
(accuracy, precision) (cost, energy, scale) (environmental safety)
L J
T

No "Perfect" SMSSs yet developed

(combining low-cost, off-grid, biodegradable)

Figure 1.1: Various challenges of currently available soil moisture sensing systems.

To develop cost-effective, sustainable, and off-grid SMSSs, various ambient energy
sources, such as solar energy, chemical reactions, etc. can be utilized (Chatterjee et al., 2023;
Jawad et al., 2017; Mishu et al., 2020). Among these solar energy is actively developed and
used in developing countries due to the abundance of solar radiation (Ahmed et al., 2024).
Despite this it faces hurdles related to technology adoption, infrastructure, location, latitude,
season, and time of day and financial constraints which affects the effectiveness of the solar
energy (Ahmed et al., 2024; Caldwell et al., 2022; Ukoba et al., 2024). Also, integrating solar
panels with SMSSs involves addressing challenges related to mounting, which are essential to
resolve in order to prevent obstruction, ensure sensor functionality, and avoid damage during
installation (Caldwell et al., 2022). Integrating batteries into the SMSSs increases the cost and
necessitates maintenance, as they require regular replacement or recharging. This can be
impractical in large-scale agricultural contexts (Le et al., 2023). Therefore, it is necessary to
explore alternative ambient energy sources that can be easily integrated into the SMSSs to
power these systems while simultaneously addressing the aforementioned challenges as
depicted in Figure 1.1.



Soil moisture also plays a crucial role in plant growth by regulating the availability of
water and nutrients (C. Wang et al., 2019) but also affects soil structure and temperature,
thereby influencing various biological and chemical processes (Borowik and Wyszkowska,
2016). A significant biological process influenced by soil moisture is microbial activity
(Brockett et al., 2012). Specifically, soil bacteria require adequate moisture levels to thrive and
function optimally (Chen et al., 2024). These bacteria are essential for nutrient cycling, organic
matter decomposition, and maintaining soil health, highlighting the importance of the
relationship between moisture and microbial life in sustaining a balanced ecosystem (Chen et
al., 2024). Among the diverse bacteria present in soil, some are capable of emitting electrons
by oxidizing the organic matter within the soil (Rumora et al., 2023). This organic matter can
serve as a promising alternative energy source in the development of sensing systems (Ivars-
Barcel6 et al., 2018) using Microbial fuel cell (MFC) technology. This study aimed to test the
hypothesis that increased soil moisture creates optimal environmental conditions for bacterial
growth. Enhanced bacterial growth is hypothesized to result in a higher production of electrons,
which in turn is expected to lead to increased signal strength. This hypothesis can be viewed
as shown in following Figure 1.2.
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Figure 1.2: This illustrates the hypothesis concerning the interrelationship among soil
moisture, electron production, and signal strength.

MEC is a bio-electrochemical system that facilitates the conversion of chemical energy
stored in organic substrates into electrical energy through microbial activity (Obileke et al.,
2021). A comprehensive explanation of the MFC is provided in Appendix 1.8.A. In MFCs in
general, electrons are released by microbes through oxidation reactions at the anode (positive
electrode) that are transferred via a conducting wire to cathode (negative electrode) where the
electrons are accepted by certain reduction reactions. Protons exchanged between the two
electrodes via an appropriate membrane through an aqueous solution thereby generating
electric current and completing the circuit. There are various MFC available such as Plant,
Sediment , Constructed Wetland, and Soil MFC (Toczytowska-Maminska et al., 2025). In Soil
MEC the soil bacteria present in soil are employed for energy generation (Jiang et al., 2016).
Another form of MFCs are paper based microbial fuel cell, which can be used in the
construction of paper batteries.

A paper battery is a lightweight and flexible energy storage device that combines the
functionalities of a conventional battery (Appendix 1.8.B.) and a supercapacitor. The process
of harvesting electrical energy on paper involves the creation of MFC - based paper batteries
(MFCPB). These MFCPBs, similar to other MFCs, generate energy by converting chemical
energy from organics into electrical energy through the production of electrons via microbial



metabolism (Arwa Fraiwan et al., 2013; Y. Gao et al., 2019). The distinguishing features of
MFCPB includes the utilization of a paper-based proton exchange membrane, use of cost-
effective paper substrate (i.e a base layer or material upon which other components of the
battery are built), rapid bacterial attachment, and immediate current generation. These batteries
also feature integrated hollow space which can be used for anolyte and catholyte storage, they
are highly portable, and possess the capability to generate power from biodegradable organic
matter. They are characterized by shorter start-up times and can be configured in series or
parallel to achieve desired voltage and current outputs. Additionally, they are compact, self-
sustaining, used in intrinsic form without modifications, use capillary action ( for fluid
movement which facilitates easy expandability and integration of multiple MFCPB, making
them suitable for low-power applications. These batteries then generate bioelectricity through
microbial metabolism without the need for chemical treatments (A. Fraiwan et al., 2014, 2013;
Fraiwan and Choi, 2014; Khan et al., 2021; S. H. Lee et al., 2016; Wagner et al., 2013).

Given that paper batteries are currently in the developmental phase, the present level of
energy generation is relatively low. Consequently, research is being conducted on the
integration of multiple paper batteries in a stack with perfect structural and dimensional
stability using the origami technique to enhance energy production (Greenman et al., 2024;
Mohammadifar and Choi, 2018). Origami is an ancient Japanese art of paper folding, through
which 2D and 3D models with extensive surface areas can be developed (Dureisseix, 2012). In
this process, paper is twisted, folded, crumpled, molded, cut, and sculpted, making it
particularly suitable for applications in constrained spaces (H. Lee and Choi, 2015;
Mohammadifar and Choi, 2018). However, when multiple MFCPBs are stacked using origami
techniques, they are prone to breakage or tearing under pressure due to the fragile nature of
paper (Khan et al., 2021). Such stacking can also disrupt electrical conductivity during bending
and folding, potentially causing structural damage to the paper battery design. Also such
folding and bending can cause stress, leading to wear and possible failure over time (Song et
al., 2014). Complex folding patterns might cause energy loss, affecting battery performance
(Mohammadifar et al., 2016a). Additionally, it is essential to ensure the separation and
prevention of any physical contact between the anode and cathode when stacking MFCPBs to
avoid electrical short-circuits (Walter et al., 2016). Furthermore, it is difficult to use liquid
electron acceptor compounds at the cathode end, such as potassium ferricyanide and NO;~,
which are typically used in liquid form, in such stacked MFCPBs. The incorporation of liquid
compounds in the design of complex batteries may result in leakage if proper bonding is not
achieved during the construction process. The use of liquid compounds can lead to a reduced
lifespan, as they are rapidly depleted, and the replacement of these consumed compounds
presents a significant challenge.

This motivates the design of MFCPBs that have a simple 3D and 2D origami design
which can be easily stacked and joined together, are easy to use, and capable of generating
sufficient energy using liquid electron acceptors such as potassium ferricyanide and NO3™ in
their design without undergoing any leakage. If the use of MFCPBs is required for an extended
period, it is necessary to construct MFCPBs capable of utilizing alternative electron acceptors,
such as oxygen, which is readily available in nature. Also at the end of the batteries lifecycle,
they must decompose naturally without leaving harmful residues, thus mitigating
environmental concerns related to traditional battery disposal.



1.3. SYNTHESIS OF BIMETALLIC ELECTRODE (CATHODE) FOR
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Figure 1.3: Schematic of the PVD equipment used for preparing bimetallic electrodes. It is
used for depositing Cu on Ni plate

As discussed in Appendix 1.8.A. the oxidation and reduction reactions are integral parts
of the MFC setup (Aghababaie et al., 2015; Roy et al., 2023). Oxidation reactions, which
involve electron donors, are facilitated by exoelectrogenic bacteria at the anode as discussed
above and utilize substrates such as acetate and glucose. In contrast, reduction reactions, which
involve electron acceptors, have employed potassium ferricyanide, iron, nitrates, and oxygen
in recent studies (Sun et al., 2016). As detailed in Appendix 1.8.A., MFC need electron-
accepting compounds (also called electron acceptors) at the cathode that are capable of
receiving electrons released by soil bacteria at the anode surface to complete the electrical
circuit and facilitate current generation. Various studies are investigating different electron-
accepting compounds in MFCs for different reasons (Ucar et al., 2017). These compounds
exhibit diverse redox potentials (redox potential refers to the tendency of a chemical
compounds to undergo reduction by accepting electrons or to undergo oxidation by donating
electrons) (Mobilian and Craft, 2022), which can influence the energy output from a fuel cell
(A detailed explanation of how the redox potential of the oxidation and reduction reactions
influences the energy output of the MFC is given in Appendix 1.8.C.). Some of these
compounds have slow reduction reaction rates and are less effective, necessitating the
development of improved cathodic compounds (i.e reduction compounds at the cathode).

Amongst various compounds available (Ucar et al., 2017), oxygen and potassium
ferricyanide are the most suitable electron accepting cathodic compounds. Potassium
ferricyanide as an electron acceptor can generate higher power. However, the use of potassium
ferricyanide as an electron acceptor poses environmental concerns due to its toxic nature, and
has difficulty in chemical regeneration/recycling (Ucar et al., 2017), rendering it unsuitable for
agricultural applications. Also, oxygen has an higher redox potential, yields a clean product
(water) after reduction and is freely available in the environment. However using it as an
electron acceptor has limitations such as poor contact angle with the electrode and the slow
rate of reduction on normal electrodes (Ucar et al., 2017). Utilizing oxygen as the electron



acceptor, as in air cathodes, also necessitates a battery design with cathodes exposed to oxygen,
which may not always be desirable because it may be obstruct farmers to cultivate their lands
properly. Therefore, it is necessary to explore alternative electron acceptors that can address
the challenges associated with oxygen and potassium ferricyanide.

NOs™ are crucial in agriculture as they are a primary source of nitrogen for plant growth
and are used in fertilizers to enhance crop yields. When used as fertilizers, NO3 ™ in soil
primarily undergo two main reactions: nitrification and denitrification (Giles et al., 2012).
Nitrification is the biological conversion of ammonia (NH3) or ammonium (NH4") to nitrite
(NO7") and then to NO3". Denitrification is the process where NO3™ is converted back into
gaseous forms of nitrogen, such as nitrous oxide (N20) and nitrogen gas (N2), under anaerobic
conditions. NO3RR is a specific method of denitrification that uses electricity and catalysts to
accelerate the reduction of NO3~ by undergoing reduction reaction (Zhang et al., 2021).

NOsRR has many advantages such as efficient and controllable synthesis of non-toxic
nitrogen and other valuable products (so called selectivity - ability to favor the formation of a
specific product) , such as ammonia and hydroxylamine, by selecting appropriate electrodes.
Since the electrode material is the key in the NO3RR (M. Li et al., 2019), it is necessary to
design and construct efficient electrodes i.e. cathode for NOs;RR. In the past, noble metals, such
as Pt, Rh, and Ru were used as electrodes and exhibited superior NO3;RR, but they have the
corrosion problem affecting long term stability (Z. Chen et al., 2023), low selectivity and poor
faradaic efficiency (measure of the efficiency with which the electrons participate in given
electrochemical transformation) (Islam et al., 2025). Recent advancements have highlighted
the frequent utilization of Cu in NO3;RR due to its remarkable activity and selectivity in
converting NOs3~ to ammonia. However, certain limitations exist, such as the slow and
inefficient reaction rate-determining step in the conversion of NO3™ to NO2~ (Hou et al., 2025),
and the accumulation of NO2", which poses environmental concerns due to its toxic nature
(Zhu et al., 2020).

Monometallic Cu catalysts may not provide the optimal electronic environment for
efficient NO3™ reduction, necessitating the exploration of bimetallic or alloy systems to enhance
performance (Hou et al., 2025). Bimetallic systems have been shown to improve NOs3~
reduction rates and selectivity by leveraging synergistic effects between different metals (Yuan
et al., 2024). Consequently, bimetallic electrodes composed of a noble metal and a promoter
metal, such as Palladium-Cu and Cu-platinum, have been developed (Meshram et al., 2025a).
However, the high cost and scarcity of noble metals limit their practical applications (Zhang et
al., 2021). Therefore, the development of new electrodes utilizing low-cost and readily
available metals for NO3RR is of significant importance.

Using bimetallic electrodes different reduction efficiencies and product selectivity can
be obtained by adjusting the conditions of metal types, metal ratios and synthesis methods
(Meng et al., 2023). There are various electrode synthesis methods such as electrodeposition
(ED) (depositing a thin layer of a material onto a conductive surface using electrolysis) (Okoye
et al., 2023), chemical vapor deposition (CVD) (this process involves creating films and
coatings using chemical reactions of gases on or near a hot surface substrate) (Choy, 2003),
and PVD (this is a vacuum-based technique in which a solid material is vaporized and
subsequently deposited onto a substrate, resulting in the formation of a thin, durable coating as
shown in Figure 1.3) (Rane et al., 2018) which can be used to prepare bimetallic electrodes
(Long et al., 2025). Out of these, ED (Zhao et al., 2024) and CVD (X. Liu et al., 2024) have
been used for preparing bimetallic electrode for NOsRR. These methods present several
challenges, including non-uniform coating, the potential for impurities in the deposited layer,



and limitations in scalability for large-scale applications. To address these issues in electrode
preparation for NO3RR, it is imperative to explore and test alternative electrode synthesis
methods such as PVD and evaluate performance of these electrodes for NO3;RR.

1.4. TOWARD SUSTAINABLE BATTERY TECHNOLOGIES: THE NEED
FOR BIODEGRADABLE MEMBRANES

As previously indicated, NO3;™~ can be employed in battery construction, wherein the
electrodes used for the NO3RR function as the cathode. In the battery setup (detailed in
Appendix 1.8.B.), however, NO3RR cannot occur autonomously on the cathode surface
without the movement of protons across a membrane and the flow of electrons through the
external circuit (i.e. from anode to cathode through conducting wire). Various membranes, such
as perfluorosulfonic acid-based polymers (Nafion) and sulfonated poly(ether ether ketone) (S-
PEEK). (Ahmad et al., 2022; Nagao, 2024; Schmeisser, 2007), are available, with Nafion being
predominantly used for NO3;RR (Mondol et al., 2022; Pirrone et al., 2024). Nevertheless, these
membranes present several limitations, including high cost, vulnerability to biofouling,
substrate losses, oxygen leakage (Ramirez-Nava et al., 2021; Tiwari et al., 2024), complex
manufacturing processes, recycling challenges (Yang et al., 2024), and a lack of environmental
sustainability (Gomaa et al., 2024). Also, the widely used Nafion exhibits other limitations,
including a significant reduction in ionic conductivity under low humidity conditions, a
decrease in mechanical strength at elevated temperatures, non- degradable and a high cost
(Depuydt and Van der Bruggen, 2024; Safronova et al., 2022).

Nafion typically exhibits a flat structure, however, its morphology can be modified by
factors such as mechanical stretching, temperature fluctuations, and humidity, which
subsequently affect its uniformity and orientation (Melchior et al., 2015). Furthermore, the
fabrication of various shapes or thicknesses using Nafion sheets presents significant challenges
(Trabia et al., 2016), complicating their application in a 3D battery design that has a hollow
interior for cathode and the catholyte (cathodic compound. Nafion also reverts to its original
flat shape (Zhang et al., 2014), which can present challenges in the context of 3D battery design,
where structural and dimensional stability are crucial. This stability is essential for maintaining
structural integrity, preventing mechanical failure, ensuring consistent performance, and
enhancing the battery's longevity by maintaining stable interfaces between components.(X. Liu
etal., 2022) .

Therefore, there is a necessity for membranes that are cost-effective, biodegradable,
and possess the potential for application in 3D battery systems which can provide better
dimensional stability. These membranes could facilitate the NO3RR by allowing the passage
of protons from the outer surface of a 3D battery through the membrane to its interior catholyte
compartment when used with electrodes designed to function as cathodes in the NO3RR
process as in Figure 1.4.Various biodegradable polymers, also referred to as biopolymers, are
commercially available for the production of biodegradable membranes (Ehsani et al., 2022;
Morales-Jiménez et al., 2023; Samir et al., 2022). These biopolymers are designed to function
for a specified duration before degrading into easily disposable products through a controlled
process (Samir et al., 2022). Membranes fabricated from biopolymers have numerous
applications, including waste and wastewater treatment, gas separation, , drug delivery, food
industry, and in fuel cells (Ehsani et al., 2022). Additionally, they provide an environmentally
sustainable approach in energy production and battery technology (Bertaglia et al., 2024;
Tiwari and Kumar Singh, 2024).



x
5

i Ccatholyte
: compartment

Anode «&—— —— Cathode

‘Membrane

Liquid ) o
Electrolyte R ﬁ
St oxidize organic

/" substrate in soil 5 - r!.

Figure 1.4: (A) A schematic representation of a conventional 3D membrane-less battery,
illustrating the anode and cathode immersed in an electrolyte. (B) The schematic depicts a
3D paper battery system incorporating a membrane. In this configuration, electrons traverse
the anode, while protons pass through the membrane, with both protons and electrons
converging at the cathode within the catholyte compartment.

In the field of battery technology, these membranes function as separators, acting as a
physical barrier that effectively isolates the cathode from the anode. As battery function as
voltaic cells (an electrochemical cell that generates electricity through spontaneous redox
(reduction-oxidation) reactions (reactions which occurs on its own naturally without any
external energy)) the cathode acts as positive electrode and anode as negative electrode
(Petrovic, 2021). This configuration facilitates ion movement while simultaneously preventing
short circuits (Serra et al., 2023; Turossi et al., 2025). Additionally, some of these membranes
are coated with catalysts to enhance the electrochemical reactions essential for energy
conversion in fuel cell applications (H. Liu et al., 2024; Xie et al., 2021; Yingnakorn et al.,
2025). Despite their advantages, these membranes exhibit low mechanical properties, which
may lead to mechanical failure under stress. They also demonstrate higher shrinkage or
degradation at elevated temperatures, potentially compromising battery safety and
performance. Furthermore, they possess a rapid degradation rate, high hydrophilic capacity,
and are brittle, with warping effects (Hasirci et al., 2001; Rosseto et al., 2019; Sen Gupta et al.,
2023). To ensure dimensional stability, enhanced moisture resistance, and increase mechanical
strength, the introduction of a reinforcing structure through the creation of an interpenetrating
network may be a viable approach for these applications (Abolhassani et al., 2017
Bhuvaneshwari et al., 2011; Boey et al., 2022; Hasirc1 et al., 2001). Each polymer is
characterized by distinct synthesis methods, properties, significance, degradation processes,
and applications across various fields (Meghana et al., 2023). Consequently, it is imperative to
identify suitable biodegradable polymers for the construction of biodegradable membranes.
These membranes should function as proton exchange membranes, act as separators in battery
construction, and be amenable to catalyst coating to enhance battery performance.
Furthermore, these membranes must exhibit dimensional stability and effectively retard the
rate of degradation.

1.5. PAPER BASED BATTERIES FOR SMSSs: STRUCTURAL
COMPLEXITY AND PRACTICAL FUNCTIONALITY

3D batteries are energy storage devices made in a 3D shape to use space better and work
more efficiently (Z. Wang et al., 2020). 3D batteries have several benefits. They can store more
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energy because their design increases the surface area that holds more electrolyte. This larger
surface area helps the battery work better by making reactions at the electrodes faster. The
capacity of 3D batteries can be increased by making the electrodes longer without taking up
more space. This means they can be made to fit different power needs without losing efficiency.
Also, their small size makes them perfect for small devices such as SMSSs (Hart et al., 2003;
Hyun et al., 2024; Long et al., 2004). Various 3D configuration of traditional batteries have
been documented (Hummes et al., 2023; Hung et al., 2021; Lyu et al., 2021), which facilitate
the preparation of conventional batteries. However, with the advancement of papertronics - a
field that integrates paper-based materials with electronic circuits to create cost-effective,
flexible, lightweight, and environmentally friendly devices (Landers et al., 2022; Z. Rafiee et
al., 2024), and the application of origami techniques, it is possible to fabricate complex 3D
paper battery shapes suitable for use in small-scale electronics. However, limited research has
been conducted on paper-based batteries, where either the entire battery is designed in a 3D
form (Gao and Choi, 2017; Gonzalez-Guerrero and Gomez, 2019; Mohammadifar and Choi,
2018; Xu et al., 2015) or the electrodes are fabricated in 3D form (Chen and Hu, 2018). The
construction of this paper battery can be achieved through the application of origami and
papertronics techniques, as illustrated in Figure 1.5.

Paper  papertronics

(Paper + electronics)

Origami
(paper folding)

Paper battery

Figure 1.5: A flow diagram depicting the conversion of paper into a paper battery through
the use of Origami and Papertronics.

As mentioned earlier in section 1.1 paper batteries can be prepared based on MFC
technology, and taking motivation from this, researchers have been developing 3D MFCPB.
The hollow spaces within these 3D MFCPB structures facilitate the use of thicker electrodes,
particularly the cathode. This increase in electrode thickness is beneficial as it results in a higher
energy output (Z. Wang et al., 2020). Additionally, these hollow spaces can serve as reservoirs
for electrolyte storage. Furthermore, employing multifold folding techniques contributes to the
reduction of ion transport by decreasing the distance between the electrodes (Gao et al., 2024;
Shi et al., 2017). The distance between the electrodes can be further reduced by utilizing proton
exchange membranes as both electrodes and membranes in a monolithic manner. This can be
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achieved by directly coating conductive materials onto the membrane, thereby enhancing
energy efficiency (Yang et al., 2020).

Some studies have developed complex-shaped batteries that offer an on-demand power
supply tailored to specific applications (Mohammadifar and Choi, 2018). But making these
batteries needs precise techniques, which can make mass production difficult (Chen et al.,
2014). Also, adding these batteries to current SMSSs can be difficult because of their complex
shapes and folding patterns (Song et al., 2014). Stacking 3D paper batteries with complex
shapes poses significant challenges. Additionally, the positioning of the cathode in complex 3D
configuration presents challenges, as both the orientation and surface area of the cathode are
crucial determinants of power output performance (Dziegielowski et al., 2022; Papillon et al.,
2021). One significant challenge associated with 3D battery design is the storage of liquid
compounds, which serve as electrolytes within the hollow spaces of the batteries. As mentioned
before, there is a risk of leakage if the 3D paper batteries are not adequately sealed.
Furthermore, the replacement of these compounds becomes problematic once they are fully
depleted. Current research indicates that the MFCPB has the potential to be utilized as an
energy source in off-grid regions worldwide, which could worsen the issue of compound
replacement. It is therefore essential to develop a simple 3D MFCPB. This design should
facilitate the storage of catholyte, ensure optimal orientation of the cathode, allow for
modifications to the cathode's surface area, enable easy stacking, and which can easily be
integrated into SMSSs, all while maximizing power output. Additionally, in scenarios where
the 3D MFCPB is not applicable, it is necessary to design alternative MFCPBs capable of
operating for extended durations without the need for liquid compounds as electron acceptors,
and also reducing uncertainties related to cathode orientation.

1.6. RESEARCH QUESTIONS

Considering the aforementioned imperative , this study focused on the design of a cost-
effective biodegradable paper battery intended to serve as an energy source for autonomous
soil moisture sensing systems in off-grid regions where commercially available systems are not
feasible. Consequently, the following questions were formulated to guide the design of various
components of the biodegradable paper battery.

1) What are the technological challenges and advancements in developing low-cost, off-grid,
biodegradable in situ autonomous soil moisture sensing systems, and is a fully optimized
solution feasible?

2) How does the electrodes prepared utilizing the environmentally friendly technique of
physical vapor deposition affects the electrocatalytic nitrate reduction, and can NO3~ be used
as an electron acceptor for the battery construction.

3) How can a membrane be prepared for use in paper batteries, and what materials are suitable
for its fabrication?

4) How can a 3D and 2D biodegradable paper battery be designed using origami technique,
and what is its suitability for current generation in water saturated soils?

Based on the findings of this thesis, researchers will gain several insights, particularly
1) in the design of SMSSs for agricultural applications which will be powered by batteries that
utilize NOs ", potassium ferricyanide, and oxygen as electron acceptors, thereby enabling their
operation in off-grid regions without posing environmental threats, 2) in the development of a
cost-effective SMS utilizing low-cost materials such as paper; 3) in the creation of
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biodegradable membranes using biodegradable polymers such as CS and PVA, which can be
employed in the design of biodegradable batteries through soil microbial fuel cell technology.
These will be suitable for off-grid regions without reliance on external power sources like
traditional batteries and solar power, thereby contributing to the reduction of electronic waste
associated with battery and solar panel usage.

1.7. OUTLINE OF THE THESIS
The remaining thesis is organized as follows:

Chapter 2 investigates whether a "perfect" solution exists that not only performs effectively
but is also cost-efficient, operates independently of conventional power sources, and minimizes
environmental impact by naturally degrading over time. This critical review elucidates the
necessity of low-cost, off-grid, biodegradable soil moisture sensing systems for remote areas.
It also examines current technologies and identifies research gaps in soil moisture sensing.
Additionally, it discusses the trade-offs between performance, feasibility, and biodegradability
of these sensing systems.

Chapter 3 details the study in which Cu-Ni (bimetallic) electrodes were fabricated by
depositing a thin Cu film onto a Ni plate using physical vapor deposition for NO3RR reactions.

The chapter further examines the impact of this thin Cu film on the electrocatalytic reduction
of NO;5™.

Chapter 4 details the methodology employed in the design of biodegradable membranes
utilizing biopolymers such as CS and PVA, as well as the performance of these membranes in
various tests.

Chapter 5 elucidates the methodology for designing a 3D and 2D paper battery utilizing a CS)
based membrane, as well as its performance across various cathode positions in potassium
ferricyanide under both aqueous and water saturated soil conditions. Additionally, it provides
a detailed account of the design of an air cathode paper battery tested in fully saturated soil.

Chapter 6 concludes and offers a critical discussion of ways forward with recommendation
for future research.
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1.8. APPENDIX: BASIC CONCEPTS USED

This appendix explains the basic concepts used in the thesis. More details are discussed
in the chapters that follow.

1.8.A. MICROBIAL FUEL CELL (MFC)

Definition: MFC is a bio-electrochemical system that converts chemical energy of
organic compounds into electrical energy or bio-electrical energy through the microbial
catalytic reaction at the anode under anaerobic conditions. The components of the MFC are
similar to that of the battery explained in Appendix 1.8.B.

CATHOLYTE (Potassium
ferricyanide, nitrate)

e s

ANOLYTE
(soil water acting as electrolyte and microbial
habitat)

EXO-ELECTROGENIC BACTERIA

Figure 1.6: A schematic illustrates the integration of a microbial fuel cell within soil,
depicting the movement of electrons and protons facilitated by the paper battery.

Working: MFC uses exo-electrogenic / electrocigenic / electroactive / electrogenic
bacteria to convert chemical energy from organic matter directly into electrical energy. In the
anaerobic anolyte chamber, these bacteria break down organic substances (electron donor) such
as glucose, acetate, wastewater etc. by undergoing microbial oxidation reaction releasing
electrons and protons on the anode surface. The electrons then travel through an external circuit
to the cathode, generating electricity, while the protons pass through a proton exchange
membrane to the catholyte chamber. In the catholyte chamber, the electron accepting
compounds such as NOs3~, potassium ferricyanide, oxygen etc. undergoes reduction reaction by
accepting the electrons from the external circuit and proton through the proton exchange
membrane. This process not only generates power but can also be used to treat waste, making
MFCs a sustainable technology for both energy production and environmental management.
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Based on natural environment or source of the substrate MFC are classified as SMFC
(soil organic matter used as substrate), Sediment MFC (sediment organic matter from lakes,
rivers, or marine environments), and Plant MFC (Plant root exudates from plant rhizosphere)
(Gupta et al., 2023; Toczylowska-Maminska et al., 2025) which can be used as a ambient
energy source in off-grid regions of the world.

1.8.B. BATTERY

Definition: A battery is a device that directly converts the chemical energy stored
within its active materials into electrical energy through an electrochemical oxidation-
reduction (redox) reaction. This reaction involves the transfer of electrons from one material
to another via an electric circuit.

e

H
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Anolyte E C catholyte
compartment M A compartment
1) Acetate B T 1) Nitrate
2) Glucose R H 2) Potassium
3) Exo-electrogenic A (0] Ferricyanide

bacteria N D 3) Oxygen
E E

(Proton)

Reduction reaction
(Gain of electrons)

Oxidation reaction
(Loss of electrons)

Figure 1.7: The schematic diagram illustrating the components of a battery, including the
anode, membrane, and cathode, as well as the anolyte and catholyte compartments,
demonstrates the movement of protons and electrons within the battery. (Sign convention:
During discharging, the cathode is positive and the anode is negative; during charging, the
polarity is reversed.)

Important components of battery: Batteries are composed by five important components

a) Anolyte: The anolyte is the liquid (electrolyte) that surrounds or contacts the anode in a
battery or electrochemical cell. The place where this anolyte is present is called the anolyte
compartment.

b) Anode: It is the negative or reducing electrode that releases electrons to the external circuit
and oxidizes during and electrochemical reaction.

¢) Separator/membrane: A separator is a thin, porous membrane placed between the anode
and cathode in a battery. It keeps the two electrodes from touching (preventing short circuits)
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while allowing ions to pass through, which is essential for the battery to function. The separator
can be proton exchange membrane, anion exchange membrane or cation exchange membrane.

d) Cathode: is the positive or oxidizing electrode that acquires electrons from the external
circuit and is reduced during the electrochemical reaction.

e) Catholyte: The catholyte is the electrolyte solution that surrounds or interacts with the
cathode (the positive electrode) in batteries. The catholyte is stored in the catholyte
compartment.

Working: A battery functions by facilitating the movement of electrons and protons
(H" ions) through distinct pathways, thereby enabling the conversion of chemical energy into
electrical energy. At the anode oxidation occurs, which involves the loss of electrons by atoms
at the anode, often accompanied by the release of protons (H*) or other positive ions into the
surrounding anolyte. The electrons, unable to move through the separator, moves out of the
anode and travel through an external circuit, generating an electric current that powers a device.
Concurrently, the protons (or positive ions) released into the anolyte migrate through the
separator porous membrane that permits only ions, not electrons, to pass toward the cathode.
At the cathode, a reduction reaction occurs. Here, electrons returning from the external circuit
combine with the incoming protons (H") from the anolyte and the reactive species present in
the catholyte. This completes the redox reaction and balances the charge. The catholyte, which
envelops the cathode, plays a pivotal role by facilitating the acceptance of incoming protons
and supporting the chemical reactions that accommodate the arriving electrons. To conclude,
a battery operates by differentiating the pathways of electrons (through the external circuit) and
protons or positive ions (through the electrolyte and separator). This dual movement enables
continuous charge flow and energy delivery until the chemical reactants are exhausted.

1.8.C. REDOX POTENTIAL

Definition: Redox potential, also known as oxidation—reduction or oxidoreduction
potential or electrode potential or standard reduction potential (E°), is a measure of the
thermodynamic driving force for a chemical or biological species to either donate electrons (be
oxidized) or accept electrons (be reduced) in chemical reactions (Hoehler, 2011).

Table 1.1: Redox potential of various reactions mostly used in MFC

Oxidation/reduction pairs E° mV

2H'/H, —420
NO;™ /NO2~ +421
[Fe(CN)6]**/[Fe(CN)s]** +430
NO, /NH** +440
0,/H>0 +820

A species with a higher reduction potential possesses a higher tendency to acquire
electrons and be reduced. Conversely, a species with a higher oxidation potential possesses a
higher tendency to lose electrons and be oxidized (Lu and Marshall, 2013). It indicates whether
a substance is a strong oxidizer (has a high positive redox value) or a strong reducer (has a high
negative redox value). The higher the redox value of a substance, the greater its ability to
oxidize (donate electrons) or reduce (accept electrons). It is measured in volts (V) or millivolts
(mV).
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The reduction potentials are measured under conditions of 25°C, 1 M concentration for
reduced/oxidized species, or 1 atm pressure for gases. These potentials are compared to a
standard hydrogen electrode (SHE) or normal hydrogen electrode (NHE) at 0 V. The difference
between a compound's reduction potential and SHE is the standard reduction potential. The
reduction potential difference between donor and acceptor determines electron transfer (ET)
driving force, with electrons flowing from negative to positive potential. As redox reactions
are equilibrium processes, electrons can flow in reverse depending on the equilibrium constant
and reactant concentrations (Hoehler, 2011; Lu and Marshall, 2013).

In MFCs redox potential plays an important role in determining, efficiency of electron
transfer from microbes to the anode (Aiyer, 2020), and selection of electron acceptors at the
cathode (Chandrasekhar, 2019). A more negative anode redox potential enhances electron
transfer from microbes, while a more positive redox potential at the cathode attracts electrons
from the external circuit. The difference between the redox potential of the anode and cathode
determines the theoretical voltage output of the MFC. The higher redox potential difference
means greater driving force and ultimately higher power output. Various MFC electrode
reactions and their corresponding redox potentials are given in (Du et al., 2007).

1.8.D. CYCLIC VOLTAMMETRY (CV)

Definition: In CV, the potential of the working electrode is swept at a constant rate in
a forward direction (e.g., from a lower to a higher voltage) to induce an oxidation or reduction
reaction, and then it is reversed to scan back to the starting potential. This forms a cyclic sweep,
and the resulting current is plotted against the applied potential to produce a cyclic
voltammogram.
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Figure 1.8: A typical cyclic voltammogram illustrates the oxidation and reduction curves,
characterized by capacitive and oxidative currents, as well as distinct oxidation (ipa) and
reduction (i) peak current.

CV is a powerful and popular electrochemical method commonly used to explore the
reduction and oxidation processes of molecular species. CV is also valuable for studying
chemical reactions initiated by electron transfer, including catalysis, providing insights into
catalytic processes, and facilitating the understanding of redox mechanisms in various systems.
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CV characterizes electrochemical systems by measuring the current response (i) as a function
of applied voltage (E) (i vs. E), providing information on redox reactions, electron transfer
kinetics, and stability of electroactive species (M. Rafiee et al., 2024). This technique involves
linearly and cyclically sweeping the voltage while monitoring the resulting current response,
allowing peak potentials, peak currents, and other electrochemical parameters to be determined
(Elgrishi et al., 2018). In CV, the Butler—Volmer equation is often used to model the kinetics
of electron transfer at the electrode interface as follows (Yammine et al., 2024).

As the potential reaches the redox potential of the analyte, electrons are transferred
between the electrode and the analyte, generating a peak in current called anodic (oxidation)-
positive current. During the reverse scan, the reverse redox process generates a second current
peak called the cathodic (reduction) -negative current . The shape and position of these peaks
provide detailed information about the electrochemical behavior of the species, such as its
redox potential, reaction reversibility, diffusion coefficients, and kinetics.

In CV the capacitive current refers to the current generated by the charging and
discharging of the electrical double layer at the electrode—electrolyte interface, rather than from
any redox (electron transfer) reaction. When the potential of the working electrode is varied
during the scan, ions in the solution rearrange at the surface of the electrode to maintain
electrostatic balance, creating a double-layer capacitor. The continuous change in potential
causes this capacitor to charge and discharge, resulting in a current known as the capacitive or
non-faradaic current. This current is directly proportional to the scan rate and is symmetrical
in both the forward and reverse scans. Unlike faradaic currents, which produce distinct peaks
associated with redox reactions, capacitive currents appear as a background signal. While they
do not provide direct information about the analyte’s redox behavior, they can influence the
overall shape of the voltammogram and must be accounted for, especially when analyzing
small or fast redox signals or when using electrodes with high surface area (Elgrishi et al.,
2018; Wang and Pilon, 2012).

1.8.E. CHRONOAMPEROMETRY

Definition: Chronoamperometry is an electrochemical technique that measures the
electric current (i) as a function of time (i vs. t) when a constant electric potential (E) is applied
to an electrode. chronoamperometry maintains a constant potential and measures the resulting
electric current over time according to Cottrell’s law. This technique is often used to study
electrochemical reactions with specific electrode materials and to determine the kinetic
constants of electrochemical reactions (Yammine et al., 2024).
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Figure 1.9: Typical graph of chronoamperometry showing the current changing with time
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Chronoamperometry works by applying a sudden, constant voltage (known as a
potential step) to an electrochemical cell and then monitoring how the resulting current changes
over time. When the potential is applied, it drives a redox reaction at the working electrode
surface, causing either oxidation or reduction of an electroactive species in the solution.
Initially, the current is high due to the abundance of reactant molecules at the electrode surface.
However, as the reaction proceeds, these molecules are consumed and must diffuse from the
bulk solution to the electrode. This leads to a decrease in current over time, following a pattern
described by the Cottrell equation, where current is inversely proportional to the square root of
time. The shape and behavior of the current-time curve provide valuable information about the
diffusion properties, reaction kinetics, and concentration of the species involved.
Chronoamperometry is particularly useful for studying fast electron transfer processes and
diffusion-controlled reactions in a simple and direct manner (M. Rafiee et al., 2024).

1.8.F. OPEN CIRCUIT POTENTIAL (OCP)

Definition: OCP also referred to as equilibrium potential or rest potential, is the voltage
measured between two electrodes when no external current is applied, indicating an open
circuit (Ghamsarizade et al., 2023). In a typical electrochemical cell, the OCP represents the
difference in electrochemical potential between the working and reference electrodes, resulting
from redox reactions at their surfaces. This potential reflects the thermodynamic tendency of
electrons to move from one electrode to another, independent of any kinetic effects from an
applied current . The OCP is influenced by the redox couple at the electrode interface and can
be calculated using the Nernst equation. In the context of SMFCs the OCP signifies the
potential difference between the anode, embedded in anaerobic soil, and the cathode, typically
exposed to air or situated in oxygen-rich areas, when no external circuit is connected. At the
anode, bio-electrochemical oxidation occurs as electroactive soil microbes decompose organic
matter, releasing electrons and protons. These electrons accumulate at the anode, creating a
negative potential relative to the cathode. The cathode, exposed to oxygen, is the site of the
oxygen reduction reaction (ORR), resulting in a positive potential. Under open-circuit
conditions, electrons cannot flow through the external circuit, causing the OCP to stabilize at a
value that reflects the balance between microbial activity at the anode and electrochemical
conditions at the cathode (Huang and Zhang, 2022). The OCP for an SMFC depends on factors
such as soil composition, microbial community, oxygen availability, and substrate levels. A
stable or increasing OCP generally indicates active microbial metabolism and effective redox
separation between the anode and cathode environments (Barakat et al., 2024). Conversely, a
decreasing OCP may suggest substrate depletion, microbial inactivity, biofilm degradation, or
cathode fouling(Bhattacharya et al., 2023; Bimakr et al., 2018; Bird et al., 2021). Thus, OCP is
a crucial diagnostic parameter for assessing the health and operational readiness of SMFCs for
power generation.
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2

CHALLENGES OF CURRENTLY
AVAILABLE SOIL MOISTURE
SENSING SYSTEMS (SMSSs)

Parts of this chapter are based on :

Maya Moreshwar Meshram, S., Adla, S., Jourdin, L., Pande, S. (2024).Review of low-cost,
off-grid, biodegradable, in situ autonomous soil moisture sensing systems: Is there a perfect
solution? Computers and Electronics in Agriculture 225, 109289.
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2.1. INTRODUCTION

The agriculture sector is the highest consumer (~85 — 90 %) of freshwater (Sui et al.,
2021) and is among the least efficient users. Agricultural water management using scientific
methodologies can improve farm water management by reducing economic losses from over-
/under-irrigation, excessive pumping costs, nutrient leaching, and greenhouse gas emissions
(Abba et al., 2019; Neto et al., 2022).

Soil moisture, which is defined as the amount of water in a specific soil depth [m® water
per m?soil] (Dorigo et al., 2011) and is categorized into gravitational, capillary, and
hygroscopic forms, plays a critical role in agricultural water management (S.U. et al., 2014).
Among the various forms of soil moisture, capillary moisture, which is held in micropores by
cohesion and adhesion, is the most significant for agricultural purposes as it facilitates soil-
environment interactions (S.U. et al., 2014). Capillary soil moisture, which is essential for
comprehending soil-environment interactions, is typically categorized into field water capacity
and wilting point. Field water capacity (FWC) refers to the water retained in the soil following
the drainage of any excess gravitational water; however, this water may not always be
accessible to plants. The wilting point, or permanent wilting point (PWP), is the soil moisture
level below which plants begin to wilt. The amount of water available to plants was calculated
by subtracting the permanent wilting point from the field water capacity (Widtsoe and
McLaughlin, 1912). Understanding PWP, which exerts a substantial influence on plant growth,
nutrient acquisition, disease and pest resistance, and crop production, is crucial for designing
soil moisture sensors that guarantee plants receive adequate water without squandering
resources. By doing so, these sensors optimize water usage in agriculture. Therefore, measuring
and monitoring soil moisture is an essential component of the best management practices to
improve agricultural sustainability (Mundewadi et al., 2023).

An appropriate choice of SMSS is essential for effective on-farm irrigation decision-
making (Kojima et al., 2016). Although sensor suitability (e.g., to the type of soil and/or crop)
is relevant to all users, performance accuracy and precision may be more important to scientific
users, and operational feasibility may be more relevant for commercial agricultural users
(Kukal et al., 2019). Operational feasibility includes cost and logistical aspects such as
management, ease of operation, durability, life expectancy, and operational lifespan (Kukal et
al., 2019; Schwamback et al., 2023). The utility of soil moisture sensing is challenged by i)
sensor inaccuracy - some sensors may not provide accurate readings of soil moisture levels,
especially if they are not properly calibrated or if the soil conditions are not suitable for the
sensors (Adla et al., 2020; Kosasih et al., 2023). However, for some farmers and agronomists,
precision is privileged over accuracy as consistent and reproducible outcomes facilitate better
planning and resource allocation, which is especially crucial in areas with diverse hydrological
regimes and distinct farming requirements (Gupta et al., 2024). By prioritizing precision,
farmers can modify their strategies based on current data, identify discrepancies in field
conditions, and optimize the utilization of resources, thereby emphasizing the value of
precision in agricultural practices (Placidi et al., 2021); ii) sensor maintenance - some sensors
may require frequent calibration, cleaning, or replacement, which can be time-consuming and
expensive (Schwamback et al., 2023); iii) cost - high-quality soil moisture sensors can be
expensive, which can limit their accessibility to low-income farmers (Schwamback et al.,
2023); iv) environmental degradation through electrical and plastic waste in soil (Dahal et al.,
2020); and v) replacement of sensor batteries - commercial environmental monitoring nodes
are usually powered by batteries (Daskalakis et al., 2017). Addressing these challenges is
critical for the widespread adoption of soil moisture sensors for agricultural water management,
particularly in low-resource and remote areas.
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This review is centrally motivated by the question of whether it is possible to have an
SMSS that has all desirable attributes, i.e. it performs adequately, is operationally feasible (with
respect to its cost and energy source) and is environmentally safe. This is necessary to
overcome the problems of using SMSS due to lack of connectivity and resources (road,
electricity, water resources) in remote or marginalized farms in developing countries, lack of
material disposable facilities in developing countries, frequent climate fluctuations affecting
efficiency of SMSS and lack of technical skills and financial conditions of smallholder farmers
(Saleh et al., 2016). This review investigates the state-of-the-art in situ SMSS, highlighting the
advances in low-cost sensors and sensing systems, off-grid ambient energy based SMSS, and
biodegradable SMSS. The challenges and possibilities for the development and adoption of
sensing systems that “has it all” in the agricultural water sector are then discussed, analyzing
the trade-offs between sensor performance, operational feasibility, and environmental safety.

2.2. LITERATURE REVIEW AND SEARCH CRITERIA

A literature search was carried out using abstract and citation databases, including
Scopus for peer-reviewed articles published in English and comprising the fields “article title”;
“abstract”; and “keywords”. The basic query structure used for searching articles was ((“low
cost”) OR (“off grid”) OR (“biodegrad*”’)) AND ((“soil moisture sensor” OR “soil humidity
sensor”)) AND (“agricultur®*” OR “farm*”). The eligibility criteria for studies covered by the
review comprised journal articles and conference papers published in English within the last
ten years (2014 - 2024) to ensure the inclusion of recent and up-to-date research findings. In
total 130 articles were found in Scopus, 57 articles found in Web of Science and 60 articles
were found in IEEE Xplore digital library. Zotero Software was used for managing the articles.
After removing the duplicates and irrelevant articles 77 papers were selected for reviewing
based on the above query. In total 115 articles were considered for this review paper.

The majority of the studies reviewed were conducted in Asia and Europe, with India
and the United States of America leading the way in terms of the number of studies conducted
on a country-by-country basis (as indicated in Table 2.1). However, it is important to note that
the representation in the table below does not necessarily reflect the actual number of studies
conducted in each region.

Table 2.1: Regions in which literature review studies were conducted (N=total number of
studies in a region)

Region N |Specific countries

Asia 91 |India (51), China (8), Indonesia (5), Malaysia (5), Thailand (4),
Bangladesh (3), Pakistan (3), Japan (2), Philippines (2), South Korea
(2), Turkey (2), Iraq (1), Saudi Arabia (1), Sri Lanka (1), Lebanon (1)

Europe 33 |Italy (7), Spain (6), Germany (5), Netherlands (4), France (2),
Romania (2), Hungary (1), Bulgaria (1), Sweden (1), United
Kingdom (1), Ireland (1), Austria (1), Serbia (1)

North America 20 | United States of America (19), Canada (1)
South America 7 | Brazil (5), Ecuador (2)
Africa 7 | Nigeria (2), Tunisia (2), Morocco (1), Kenya (1), Egypt (1)

Australia/Oceania |4 | Australia (4)
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Given the study scope and data acquisition requirements, original studies with the following
foci were eligible for inclusion: 1) low-cost sensors categorized based on their purchase prices,
2) sensors powered by renewable power sources, and 3) biodegradable sensors.

2.3. FUNDAMENTALS OF SOIL MOISTURE SENSING

Soil moisture sensing involves the understanding of physical, chemical, and biological
processes that influence soil moisture content and the different techniques used to measure it
(Kosasih et al., 2023). Physical factors such as soil texture, structure, porosity, compaction, and
temperature influence the movement and storage of soil moisture, and the soil moisture sensor
accuracy. Chemical factors, such as soil pH and salinity, can affect the electrical conductivity
and dielectric properties of soil, which are important parameters for some soil moisture sensors.
Biological factors, such as organic content, can also affect soil moisture sensing, as microbial
activity and plant roots can influence soil water holding capacity and porosity. Additionally,
plant residues and other organic matter in the soil can affect soil moisture sensing by altering
the electrical conductivity and dielectric properties of soil (Topp et al., 2008; Wenwu et al.,
2018; Zhu and Lin, 2011).

2.3.1. EXISTING SOIL MOISTURE SENSING TECHNIQUES

Soil moisture sensing can be categorized as gravimetric, volumetric, and potentiometric
techniques (see Figure 2.1). Gravimetric and volumetric methods directly estimate the soil
water content, whereas potentiometric methods measure the electrical potential difference
between two electrodes inserted into the soil.
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Figure 2.1: Soil moisture measuring techniques modified from Adla et al., (2020);
Mukhlisin et al., (2021); Nikolov et al., (2021).
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The gravimetric technique is the oldest technique, and involves weighing a soil sample
before and after oven drying to determine the moisture content. The thermal volumetric
technique directly measures the water content by measuring the water mass lost after oven-
drying an undisturbed soil sample collected using a core sampler or tube auger. Nuclear
techniques measure soil moisture indirectly by analyzing radiation-soil interactions. Neutron
scattering techniques use a radioactive probe and helium-3 detector to estimate soil water by
counting the thermal neutrons thermalized by hydrogen in the soil. The gamma ray
transmission method uses a radioactive source, such as 137Cs, to emit y-rays, and the energy
of the y-rays transmitted through the soil is used to estimate soil moisture content. Nuclear
magnetic resonance (NMR) non-invasively estimates soil moisture by applying magnetic fields
to the ground and detecting changes caused by hydrogen atoms in the soil. NMR logging can
analyze hydrogen-containing fluid dynamics in porous media and detect soil moisture in situ.
Cosmic-ray neutron sensing (CRNS) probes measure fast-moving neutrons in the soil and air
to monitor soil moisture (Gianessi et al., 2021; Mukhlisin et al., 2021).

More recently, soil moisture sensing techniques have been developed to sense soil
electrical properties (different from their electrochemical properties) including the natural
electric field (electric potential), resistance (conductivity), electro-osmosis, and dielectric
constants of soils (Yu et al., 2021). Dielectric techniques measure the dielectric constant of soil,
a characteristic that changes with soil moisture (Zeni et al., 2015). Time-domain reflectometry
(TDR) is a method of determining the apparent permittivity of soil by measuring the time it
takes for an electromagnetic pulse to travel through parallel electrodes inserted into the soil.
The apparent permittivity of water, which is approximately 80 (unitless), is significantly larger
than that of other soil constituents, which typically range from 1 to 12 (unitless). As a result,
the apparent permittivity of soil is strongly correlated with soil moisture (Kojima et al., 2016).
Frequency Domain Reflectometry (FDR) based sensors, measures the frequency change of
radio frequency (RF) signal in soil induced by moisture change (Chang et al., 2022; Oates et
al., 2017). Capacitance sensors release electrical charge into the soil and measure the soil
dielectric permittivity (Yuda Feng et al., 2022). Time domain transmission (TDT) measures
electromagnetic wave propagation through soil to determine moisture content. Information
obtained from the real and imaginary parts of the complex admittance, conductance, and
susceptance can be used to determine material properties. Radio frequency (RF)-based sensors
gauge soil moisture levels by assessing the attenuation or propagation velocity of radio
frequency signals traversing the soil medium (Chen et al.,, 2022). Inductive sensors use
electromagnetic induction to measure the soil moisture. They emit an oscillating
electromagnetic field into the soil, which induces alternating currents. These currents generate
a secondary electromagnetic field that is detected by the sensor. The characteristics of this
secondary field provide information on the apparent electrical conductivity (ECa) of the soil,
which is influenced by its moisture content (Basterrechea et al., 2021; Calamita et al., 2015;
Tian et al., 2022). Potentiometric soil moisture monitoring measures the electrical potential
difference between the electrodes, which is dependent on soil conductivity. Resistive sensors
measure the electrical resistance of the soil, which is influenced by its water content (Kosasih
et al., 2023). Electrical resistance blocks, often referred to as gypsum blocks, feature two
embedded electrodes within the gypsum block itself. When these blocks are placed in soil, the
resistance between the electrodes changes in response to the movement of water, which is
influenced by soil moisture levels (Zeni et al., 2015). A tensiometer involves measuring the
water movement in porous materials that are in contact with the soil to determine the soil
moisture energy (Yu et al., 2021). Heat-dissipating sensors capitalize on the fact that wet soil
is capable of dissipating heat more rapidly than dry soil, and they employ this phenomenon to
quantify the rate of temperature increase when a heat source is applied (Ding and Chandra,
2019).
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All the techniques mentioned above have their own set of advantages and
disadvantages, which were thoroughly discussed in detail by Rasheed et al., (2022).

2.4. COMPONENTS OF SOIL MOISTURE SENSING SYSTEM (SMSS)

Monitoring and management of soil moisture influence resource management in
agriculture (e.g., water and fertilizers). But its cost can be a major limiting factor for adoption
among farmers (Ferrarezi et al., 2015; Schwamback et al., 2023). The design of affordable
SMSS essentially implies the cost-effectiveness of each of its components. SMSS typically
estimate soil moisture indirectly by detecting other soil properties (Zhou et al., 2019) and
necessitates the inclusion of various components (Vandome et al., 2023) in SMSS such as
sensor, microcontroller, power source, communication module, software component and
supporting hardware as shown in Figure 2.2 (Ferrarezi et al., 2015).

Power supply

External
' storage device

device

Supporting hardware Software component

Figure 2.2: Various components of a SMSS modified (Ferrarezi et al., 2015).

A sensor is a device that measures a property that is linked to soil moisture. A
microcontroller is a small, low-power computer that can control and read sensors, process
sensor data, and control the operation of the system. A power source provides electricity to the
system (e.g., batteries, solar panels, AC power, etc.). A communication module enables the
system to transmit data to an external device such as a data logger, computer or smartphone
(Josephson et al., 2020). The software component may include firmware and software for
applications, such as data processing, database management, data (en-) coding, microcontroller
unit, and sensor data processing. Additionally, software components can be involved in the user
interface and cloud platforms to host data (Brinkhoff et al., 2018). The supporting hardware
includes transistors, resistors, capacitors, and connecting wires, which can receive and display
data from the system for later use (Ferrarezi et al., 2015).
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Some of the available soil moisture sensor was connected to a microcontroller (light
green line in Figure 2.2) and external data storage device. It may also be connected to a
communication module that wirelessly transmits sensor data to the network server (blue line
in Figure 2.2). Sensors, microcontrollers, and communication devices use hardware (black
dotted line in Figure 2.2) to connect and store soil moisture data in external storage. Access to
stored data and data communication is usually associated with software components.
Components, such as sensors (with some exceptions depicted with green hatched lines
in Figure 2.2), microcontrollers, and communication devices, require a power supply (shown
with brown colour line in Figure 2.2). The specific components of an SMSS depend on its
design and purpose. More accurate sensors and sensing systems tend to be costly and vice versa
(Chang et al., 2022). When designing a low-cost SMSS, some important considerations include
sensor and microcontroller selection while maintaining the accuracy and reliability of the data.
The choice of data storage, such as cloud platforms and Secure Digital (SD) memory cards,
also influences costs, particularly in harnessing the potential of big data in agriculture in a real-
time manner. Furthermore, low-power sources and low-cost wireless communication modules
can reduce operational and maintenance (O&M) costs and enable deployment in remote areas
that lack adequate infrastructure (Yuda Feng et al., 2022; Mundewadi et al., 2023). O&M costs
can also be lowered by reducing the need of technical expertise and skilled labor required in
installing, operating, and maintaining SMSS (Placidi et al., 2023). Finally, capital is also
required to deploy SMSS at larger spatial and temporal scale, to replicate and scale such
solutions (Yuda Feng et al., 2022; Srbinovska et al., 2015).

2.4.1. LOW-COST SOIL MOISTURE SENSOR

The cost of a soil moisture sensor depends on factors, such as its measurement
technique (Adla et al., 2020), accuracy (Schwamback et al., 2023), range of connectivity for
wireless communication (Yuda Feng et al., 2022), durability (Schwamback et al., 2023), and
manufacturing costs (Yu et al., 2020). More accurate soil moisture sensors tend to be more
expensive owing to their high-quality sensor components (Mundewadi et al., 2023), fabrication
methods (Farooqui and Kishk, 2018), and manufacturing processes (Biswas et al., 2022).
Additionally, sensors that can measure soil moisture over a wider range of soil water content
(Nagahage et al., 2019) have higher sensing volumes, longer life (Brinkhoff et al., 2018), faster
response times, and shorter recovery times, and tend to be more expensive because they require
more sophisticated calibration and validation processes (Jain et al., 2020). Sensors that can
connect to the Internet or a wireless network to send data to a remote server or cloud-based
system, or those that are built to withstand harsh environmental conditions (such as extreme
temperatures and exposure to chemicals) can be more expensive than standalone sensors
(Mundewadi et al., 2023). Finally, economies of scale achieved through higher production
volumes also impact the overall costs (Manjakkal et al., 2021).

Current state-of-the-art commercially available soil moisture sensors may be cost-
prohibitive, time-consuming to install, labor-intensive, and restrict the deployment density to
approximately one device per field (Ferrarezi et al., 2015; Igbal et al., 2020; Schwamback et
al., 2023). Low-cost soil moisture sensors are often designed using less expensive materials,
such as plastics, instead of more expensive materials, such as metals (Chanwattanapong et al.,
2021; Igbal et al., 2020). The term ‘low-cost sensor’ has been used subjectively in the literature
in the context of the purchase prices of sensors, and a large variation in sensor costs has been
reported (from < 1 USD to 300 USD per sensor) (Adla et al., 2020; Dahal et al., 2020; Yu et
al., 2021; Zhou et al., 2019). According to Adla et al. (2020) and Biswas et al. (2022),
capacitive sensors are classified as low-cost as they acquire soil water content at low cost with
high precision and they also meet the requirements of wireless sensor network (WSN), and
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resistive sensors are classified as very low-cost sensors. In addition, low-cost sensors have been
developed based on TDR, electrical impedance spectroscopy (EIS) (Umar and Setiadi, 2015),
mutual inductance (Parra et al., 2020, 2019; Tessmer and Aschenbruck, 2023), dual-probe heat
pulses (Kalita et al., 2016), soil-moisture detection, and heat dissipation techniques (Saeed et
al., 2019). They were also developed based on radio-frequency technology (Chang et al., 2022).

2.4.2. OTHER COMPONENTS IN LOW-COST SMSS

The other software and hardware components of SMSS (Figure 2.2) are interconnected;
hence, their respective costs must also be considered to achieve overall cost-
effectiveness. Table 2.2 provides information about the manufacturers and unit prices of
various open-source and commercially available software and hardware components that can
be used for designing low-cost soil moisture systems.

Table 2.2: Manufacturer and cost of hardware and software components used in low-cost
sensing systems.

Index | Component Manufacturer Cost Ref.
($/unit)
Hardware components
A) Only microcontroller
1 Arduino Arduino 12 -25 (Abba et al., 2019;
Ferrarezi et al., 2015)
2 STC89CS52RC STC Micro 1.12 (Nagahage et al., 2019)
3 Raspberry Pi Raspberry Pi Foundation 15 (Yuda Feng et al., 2022)
B) Only communication module
1 Wireless Fidelity (WiFi) | Ai-Thinker 1.79 (Nagahage et al., 2019)
(ESP8266)
2 Long range (LoRa Semtech 20 Euro (Placidi et al., 2023)
SX1276)
C) Both (Microcontroller + communication module)
1 ATMEGA328P Microchip Technology (previously | ~3 (Gonzalez-Teruel et al.,
Atmel Corporation) 2019)
2 ESP32 Espressif Systems ~10 (S. Borah et al., 2020)
Software components
1 Raspberry Pi OS Raspberry Pi Foundation Free (Yuda Feng et al., 2022)
2 Arduino IDE Arduino Free (de Melo et al., 2023)

2.4.2.1. HARDWARE COMPONENTS
2.4.2.1.1. MICROCONTROLLERS

Software and hardware components for microcontrollers are often developed as
packages available under both commercial and open-source platforms (Bachuwar et al., 2018).
These hardware may cost between approximately 3 USD (e.g., PIC, ATMEGA328P) and 11
USD (e.g., ARM Cortex M—4). Commercial microcontrollers, such as ESP32, can support Wi-
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Fi and Bluetooth connectivity, consume low power, and still perform adequately in sensing soil
moisture in automated solar irrigation pumping systems (Abba et al., 2019; S. Borah et al.,
2020). The application of Internet of Things (IoT) technology in farms through Wireless Sensor
Networks (WSNs) can substantially increase the adoption and upscaling of SMSS, by real-time
communication of data from multiple interconnected sensors (Igbal et al., 2020; Kumar et al.,
2014; Placidi et al., 2023). The ARM Cortex M—4 core and ATMEGA328P software and
hardware are proprietary microcontroller products that are also included in other commercial
products. For instance, STM32 is a family of microcontroller chips based on the ARM Cortex-
M cores, and is known for its versatility and extensive range of supported features in farming
application (Sulthoni et al., 2016)and ATMEGA328P has been used for soil moisture
applications in horticulture. (Abba et al., 2019; Bachuwar et al., 2018; S. Borah et al., 2020;
Devapal, 2020; Saleh et al., 2016; Umar and Setiadi, 2015; Zeni et al., 2015).

However, commercial microcontroller products generally have proprietary designs that
are unavailable for public access. The recent advent of open source as a disruptive phenomenon
has improved the usage, modification, and distribution of such solutions. The Arduino is a
microcontroller board based on the ATMEGA328P chip for sensing soil moisture (Abba et al.,
2019; Chang et al., 2022; Igbal et al., 2020; Jamroen et al., 2020; Schwamback et al., 2023;
Vanddme et al., 2023; Zeni et al., 2015). Raspberry Pi is a primarily open-source single-board
computer produced by the Raspberry Pi Foundation, which has been used to sense various
parameters including soil moisture (Bachuwar et al., 2018; Yuda Feng et al., 2022; Igbal et al.,
2020; Kiv et al., 2022). Also, these microcontrollers provide a robust and versatile foundation
for data logging technologies by interfacing with various sensors (Iribarren Anacona et al.,
2023) and enabling accurate data acquisition and synchronization through real-time processing
(Bhadola et al., 2022). Their low power consumption suits battery-operated, portable data
logging systems in remote, off-grid locations (Bhadola et al., 2022). They can locally store data
on SD cards and transmit it wirelessly for analysis. Additionally, microcontrollers can be
tailored to specific data logging needs by adjusting sampling rates, data types, and the number
of channels (Kerr and Rogers, 2023). Integration with components like amplifiers and analog-
to-digital converters enhances functionality and accuracy. Their cost-effectiveness makes them
accessible in developing and underdeveloped countries where expensive data loggers are
unaffordable (Bhadola et al., 2022).

2.4.2.1.2. COMMUNICATION MODULES

Table 2.2 depicts various communication modules utilized in low-cost sensing systems.
Notably, the table indicates that certain communication modules, such as ESP32 and
ATMEGAZ328P, are integrated into microcontrollers. Two key factors in selecting a
communication module are power consumption and range (of effective communication)
(Briciu-Burghina et al., 2022). Other factors, such as the data transfer rate (of transmission and
reception) (Kumar et al.,, 2014) and form factor (the module's physical shape and its
dimensions) (Gonzalez-Teruel et al., 2022), along with the power consumption and range
characteristics, contribute to the overall module cost (Vannieuwenborg et al., 2018). Based on
their range, communication modules can be classified into contact range (0-10 m), short-range
(10-100 m), short/medium-range (100-1000 m), medium-range (~5-10 km), and long-range
(up to 100 km) modules (Brinkhoff et al., 2018; Chaudhari et al., 2020). Some SMSS may only
require sensors to transmit over a relatively short range to the external storage device, for which
short- and medium-range communication modules are sufficient.

More recently, communication devices have transcended their traditional roles and
evolved into versatile sensors, transforming the interaction of humans with their surroundings.
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Among contact and medium range solutions, Bluetooth Low Energy (BLE) is a low-power,
wireless communication technology that is designed for devices that need to communicate with
each other in sensing soil moisture (Bachuwar et al., 2018). ZigBee is a module frequently used
in WSN applications (Abba et al., 2019; Briciu-Burghina et al., 2022; Brinkhoff et al., 2018;
Deng et al., 2020; Lloret et al., 2021) and WiFi has also been used for soil moisture sensing
(Abba et al., 2019; Ding and Chandra, 2019; Nagahage et al., 2019). Open-source integrated
solutions such as Raspberry Pi and Arduino have already been discussed. Radio-Frequency
Identification (RFID) and Near-field communication (NFC) tags are communication tags and
use radio waves to identify and track objects equipped with tags containing microchips and
antennas to collect and transmit data (S. Borah et al., 2020; Chang et al., 2022; Chen et al.,
2022; Daskalakis et al., 2017; Dey et al., 2015; Iyer et al., 2022; Kim et al., 2014; Kiv et al.,
2022; Zaccarin et al., 2023; Zeni et al., 2015). These tags have been used for measuring soil
moisture sensor data. NFC tags are a form of RFID tags that communicate over relatively
shorter ranges, enabling two-way communication between devices such as smartphones. NFC
tags have advanced features and can interact with connected devices, and have been used
widely in industries and in soil moisture sensing (Boada et al., 2018). Usually these tags are
embedded in objects and RFID readers are used to retrieve soil moisture data from these tags.
However, when these solutions need to be upscaled via WSNs and/or used in remote locations,
a combination of long-, medium- and short-range communication modules may be required.

Cellular GSM modules are cellular modules from u-blox and other manufacturers that
allow devices to access the internet to receive and transmit soil moisture data (Gianessi et al.,
2021). By contrast, XBee is a wireless module known for its long-range capabilities (Kumar et
al., 2014). LoRa is a low-power, low bandwidth wireless communication module that can
communicate over ranges of 10 km, has a battery lifetime of months, and has been used for soil
moisture sensing applications with strict power requirements (Bertocco et al., 2023; Chang et
al., 2022; Chanwattanapong et al., 2021; Kiv et al., 2022; Vandome et al., 2023; W. A. K. Afridi
et al., 2023).

The selection of a communication module for low-cost sensing depends on the purpose,
performance, and operational feasibility considerations of such a system.

2.4.2.2. SOFTWARE COMPONENTS

The aforementioned hardware requires software components for operation. Two
significant examples of open-source products that combine both microcontrollers and
communication capabilities are Raspberry Pi and Arduino (Schwamback et al., 2023). The
Arduino Integrated Development Environment (IDE) is a cross-platform application that
enables users to write and upload code to Arduino compatible microcontroller boards (S. Borah
et al., 2020; Gonzalez-Teruel et al., 2019). It provides a user-friendly interface and extensive
community support for editing and debugging code, as well as a library of functions and
examples to start with programming Arduino boards for designing SMSS (Vanddme et al.,
2023). It can be used for the interface of various microcontrollers and for storing data. The
Raspberry Pi OS (free and open-source Linux based operating system for Raspberry Pi
microcontrollers) has also been used for soil moisture monitoring (Yuda Feng et al., 2022; Igbal
et al., 2020; Zeni et al., 2015).

2.5. OFF-GRID AMBIENT ENERGY BASED SMSS

The low-cost SMSS described in Section 4 rely on electronic components that require
external energy sources, such as grid-based electricity (Abba et al., 2019; Chen et al., 2022).
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Various advancements in energy generation and consumption hold promise for using such
energy sources, including (i) improved battery technology resulting in longer battery life, (ii)
lower power consumption because of optimized data communication via lightweight
messaging protocols and low-power processors, and (iii) low-power processing technologies
(Abba et al., 2019; McGrath et al., 2013; Zeni et al., 2015). However, access to energy grids is
particularly limited in remotely located farms, off-grid homesteads, and mobile applications,
where off-grid energy sources could be potentially useful (Lloret et al., 2021; Zeni et al., 2015).
Additionally, recently developed wireless sensor networks used in SMSS require a continuous
energy supply for continuous and lifetime operation for each node (Abba et al., 2019; Igbal et
al., 2020; Paz Silva et al., 2023; Sudarmaji et al., 2020). In addition to cost, the above factors
limit the scalability of sensing systems. Hence, in situ energy generation by harvesting energy
from ambient energy sources can be vital to power autonomous off-grid SMSS (Chatterjee et
al., 2023; Faheem et al., 2019; Gill and Hasan Albaadani, 2021).

2.5.1. AMBIENT ENERGY SOURCES

The main ambient energy sources naturally or artificially present in the environment
are: radiant, biochemical, thermal, magnetic, and mechanical (Chatterjee et al., 2023). This
review focuses on chemical and radiant energy sources used in SMSS. Table 2.3 lists some

relevant examples of ambient energy with their overall energy costs.

Table 2.3: Ambient energy sources used in review of SMSS and their overall energy cost.

Index | Ambient | Source Renewable | Examples | Cost Ref.
energy energy
(Yes/No)

1 Radiant | Solar Yes Solar 0.83 $/kW h (Baurzhan and
radiation Photovoltaic Jenkins, 2016)
Radio No RFID tag cost + reader cost (Zare, 2010)
Frequency

NFC tag cost + smartphone (Arcese et al., 2014)
cost

2 Chemical | Chemical | Yes Battery 273 $/kWh (Curry, 2017)

reactions

2.5.2. AMBIENT ENERGY SOURCES FOR SOIL MOISTURE SENSING
APPLICATIONS

2.5.2.1. RADIANT ENERGY

Radiant ambient energy encompasses electromagnetic radiation in the environment,
such as visible light, infrared radiation, and radio waves, which can be converted into electricity
for various uses. The sun, a major energy source, emits visible light, infrared, and ultraviolet
radiation, harnessed through technologies like solar photovoltaic (PV) cells and radio
frequency (RF) energy harvesters. RF radiation, with wavelengths longer than visible light, is
also utilized in cellular communication (Tan and Panda, 2010).

2.5.2.1.1. SOLAR ENERGY

Radiant ambient energy applications, such as solar photovoltaic (PV) cells, are
constructed from semiconductor materials that can absorb sunlight and generate electric
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current. Solar PV energy has been extensively used to power wireless soil moisture sensors and
in greenhouses. Solar photovoltaic (PV) systems require batteries to function effectively in off-
grid regions, as solar energy is intermittent due to day-night cycles and weather conditions.
These variations necessitate energy storage solutions to ensure a continuous power supply. The
batteries within the solar panels store excess energy generated during peak sunlight hours,
which can then be used during periods of low or no sunlight, thus maintaining the uninterrupted
operation of wireless sensor networks (WSNs) (Dorel et al., 2023). Many studies have been
conducted to measure soil moisture using solar energy, such as Brinkhoff et al., (2018); de
Melo et al., (2023) ; Devapal, (2020) ; Schwamback et al., (2023); W. A. K. Afridi et al.,
(2023) and Zeni et al., (2015).

2.5.2.1.2. RADIO-FREQUENCY

In radio frequency ambient energy sources, RFID and NFC tags are utilized in SMSS.
RFID devices comprise readers and tags. Readers emit magnetic fields or electromagnetic
waves, and tags respond to reader commands. Tags can be either passive, powered by the reader
(Kim et al., 2014), or active, with their own power sources. RFID tags can harvest energy to
power external sensors or microcontrollers. Although low-powered, these tags can be used in
WSN through wake-up signals that activate sensors only when needed, conserving energy (Jain
and Vijaygopalan, 2010). WSN nodes can switch between active and sleep modes, allowing
tag data to be read even when some nodes are inactive (Li et al., 2008). Tag reading protocols
can be adjusted to involve multiple RFID-enhanced sensor nodes, distributing the energy load
(Klair et al., 2008). RFID tags powered by renewable sources, such as solar panels, can
efficiently drive low-power sensors (Ferdous et al., 2016). Previous studies have employed tags
in SMSS (Chen et al., 2022; Daskalakis et al., 2017; Yuda Feng et al., 2022; Kim et al., 2014).
The RFID reader has been identified as a potential radio frequency power source for sensors
(Daskalakis et al., 2017)).

2.5.2.2. CHEMICAL AMBIENT ENERGY

Chemical ambient energy can be sourced from natural reactions in the environment,
such as those in water, soil, and living organisms (Ahmed and Kakkar, 2017)offering
significant potential for clean and sustainable applications (Mahmoud et al., 2022; Srikanth et
al., 2018). Methods to harness this energy include fuel cells, batteries, and biological processes.
Fuel cells convert chemical energy into electrical energy without combustion, making them a
cost-effective alternative to traditional batteries, especially in remote and off-grid areas
(Wilberforce et al., 2016). Microbial fuel cells, which generate electricity from waste products
via certain bacteria, provides energy autonomy in off-grid regions (Rossi et al., 2017). Batteries
generate energy by converting chemical energy into electrical energy, creating an electric
current to power devices (Schmidt-Rohr, 2018). Additionally, electricity can be harnessed from
the natural voltage differential in soil to convert chemical energy into electrical energy (Borno
etal., 2021).

2.5.2.2.1. BATTERIES

Batteries are crucial in harnessing ambient energy sources such as solar to provide
reliable and sustainable energy (Brinkhoff et al., 2018; Devapal, 2020; Sudarmaji et al., 2020).
These batteries are energy storage systems, capturing excess energy generated during times of
high solar or wind activity, and then releasing it when demand exceeds supply. This ability to
store energy enables off-grid communities to maintain a consistent supply of electricity,
regardless of the variability of ambient energy sources (de Melo et al., 2023). Various studies
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have used batteries as energy source like Li-ion batteries (Bertocco et al., 2023; Paz Silva et
al., 2023; Vandome et al., 2023), solar (photovoltaic-PV) powered batteries (Patrizi et al.,
2022), rechargeable batteries (Chen et al., 2022; de Melo et al., 2023; Yuda Feng et al., 2022;
Ferrarezi et al., 2015; Vandome et al., 2023), normal cell batteries (Schwamback et al., 2023)
and 2000 mAh power bank (Kulmany et al., 2022). Moreover, solar panels can serve as a source
of power to recharge battery chargers, or they can be integrated with inverters or other hardware
devices (Brinkhoff et al., 2018, 2018). These low-power, battery operated SMSS work with
various sensing techniques, including capacitance (Ferrarezi et al., 2015; Kojima et al., 2016;
Vandome et al., 2023). The operational life of battery operated sensors/transmitters is expected
to be of the order of several years, with PV panels energizing the battery during the daytime
(Zeni et al., 2015). Backscatter tags working on 4 AA size batteries have had battery lifetimes
of upto 15 years (Josephson et al., 2020). Solar charged rechargeable batteries (even run off
disposable batteries) within a SMSSS with design choices to minimize power consumption have
powered SDI-12 capacitance-based soil moisture probes for the duration of the entire growing
season (Gonzalez-Teruel et al., 2019).

The aforementioned ambient energy sources each have distinct advantages and
limitations. Common benefits include their status as promising renewable and sustainable
energy sources, requiring low maintenance, being non-toxic, and eco-friendly. However, the
materials for construction are expensive. Solar radiation sources offer theoretically infinite
power with no air and water pollution, but they require continuous sunlight and involve high
initial storage or backup costs. Solar-powered batteries for SMSS are easy to install, provide
high power output, and have long lifespans, yet they are not fully renewable, environmentally
unfriendly, and need regular replacement. Radio frequency energy sources are cost-effective,
compact, durable, and suitable for low-power devices like wireless sensor networks and RFID
tags, but they deliver limited output power and can be disrupted by other electronic devices.
NFC tags specifically have a short read range.

Ambient off-grid energy sources facilitate decentralized sensing systems but may
increase overall costs. Key factors in selecting energy sources for SMSS include minimizing
the levelized cost of electricity (LCOE), which compares power generation costs over time.
High initial capital, installation, and maintenance costs for solar panels and generators are
significant drawbacks. Their limited capacity also complicates charging multiple sensors
simultaneously due to low power output. Despite favorable LCOE metrics, off-grid sources
face institutional, regulatory, and human resource challenges. Weather variability, such as solar
PV cells dependence on local radiation, further impacts reliability and applicability. Studies
have reviewed and experimentally examined the energy needs of various soil moisture sensor
modules with different microcontroller units, highlighting variations in energy consumption
per measurement (mW.s), crucial for selecting energy sources in remote areas (Come Zebra et
al., 2021; Shen et al., 2020).

In addition to the reliability and life expectancy of sensing systems, these considerations
may thus trade off with scalability and hence influence the overall impact of such solutions.

2.6. BIODEGRADABLE SENSORS

Technological solutions such as SMSS including IoT systems offer promising
improvements in water-use efficiency in precision agricultural systems. At the same time, they
may cause environmental degradation (e.g., soil pollution via electrical and plastic waste)
(Dahal et al., 2020). To reduce the impacts of these inherent contradictions, solutions need to
be designed towards minimal ecological footprints. In this context, SMSS with biodegradable
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sensors have the potential for more efficient agricultural input usage over entire cropping
seasons and with lower detrimental impacts on the environment (Dahal et al., 2020). These
sensors provide information about the moisture levels in the soil and are designed to degrade
over time in the soil environment, which remain functional for extended periods in the presence
of soil microbes, and then fail rapidly through electrode decomposition after the encapsulant
(a covering that is applied to an electrode surface) sufficiently degrades (Dahal et al., 2020).

These sensors work through the interaction between soil water and sensing materials,
such as electrolytes, semiconductor ceramics, and polymers. These sensing materials can be
classified as biodegradable or nonbiodegradable. Biodegradable materials that naturally
disappear in their respective environments can be used to manufacture biodegradable (or
bioresorbable) sensors. These materials include polymers, co-polymers, silicon-based
materials, proteins and metals. Biodegradable polymers can be either natural or synthetic.
Natural biodegradable polymers, also called biopolymers, are further classified into
biopolymers directly extracted from biomass (plant derived polymers and animal derived
polymers) and biopolymers produced by natural or genetically modified organisms, whereas
synthetic polymers are manufactured chemically (Samir et al., 2022). Plant derived polymers
such as cellulose based materials, for example paper have been used as substrates for designing
soil moisture sensors by Kim et al.(2014), balsa wood (Dahal et al., 2020; Sui et al., 2021) and
animal derived polymers such as beeswax, soy wax, Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) (Dahal et al., 2020).

Synthetic polymers are chemically synthesized from sources such as corn starch and
cassava roots and are subdivided into polymers synthesized from bio-derived monomers
(water-based monomers) and polymers synthesized from synthetic monomers (petroleum-
based monomers) (Samir et al., 2022) (eg: wax blends and PHBV(Dahal et al., 2020)).
Polylactic acid, which is a synthetic polymer, has been used to fabricate fully biodegradable
capacitive soil moisture sensors by printable conductive pastes comprising poly(lactic acid)
(PLA) as binder while Tungsten was used as a conductor (Atreya et al., 2020). Such composite
conductors provide enhanced stability in various applications including agriculture (Atreya et
al., 2020). It can be concluded from this study that the composite conductors give stability to
the sensors. In addition to the above biodegradable polymers, Yu et al. (2020) proposed and
demonstrated a novel corrosion-resistant, embeddable, open-end coaxial
cable soil moisture sensors using moisture-sensitive PVA film on oxide-based thin-film
transistors. In addition to the above soil moisture sensors, the utilization of certain humidity
sensors has also been evaluated in this study, in light of the fact that they possess the potential
for environmental application such as soil moisture (Abba et al., 2019; Kalita et al., 2016; Neto
etal., 2022; Yu et al., 2020; Zaccarin et al., 2023). After designing a biodegradable sensor, it is
also necessary to determine the biodegradation time of various sensors prepared using
biopolymers. Different studies have described the various stages of degradation (Jain et al.,
2020), tests for biodegradability (Kasuga et al., 2024), calculations about degradability rate
(Dahal et al., 2020), and assessment of degradation kinetics of component materials (Dahal et
al., 2020), all of which can help to design application-specific sensors.
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277.SELECTING A “PERFECT” SOIL MOISTURE SENSING
SOLUTION: LOW-COST, OFF GRID, BIODEGRADABLE

2.7.1. CURRENT CHALLENGES IN SOIL MOISTURE SENSING
SYSTEMS

There are challenges in employing SMSSs associated with each of the reviewed factors.
Low-cost SMSS have accuracy issues and generally need frequent soil- and site-specific
calibration (Chang et al., 2022; Gonzélez-Teruel et al., 2019; Mundewadi et al., 2023). Also,
they either need continuous power supply or have recurrent battery and other maintenance costs
(de Melo et al., 2023). Open-source components are generally available individually as
commercial products and often need to be assembled in-house (Vandome et al., 2023). The
process of assembling these components restricts any optimization that can be done on the size
of the overall system, as well as reduces system lifetime due to the lack of rigorous laboratory
testing capabilities (Gopalakrishnan et al., 2021; Wu and Liu, 2012). This increases overall
costs and reduces viability for wide-area distribution (Pal et al., 2022).

Remote solutions powered by off-grid ambient energy sources also tend to be
challenged by the processes involved in the manufacture and disposal of the associated
electronic components. In fact, such solutions may counterproductively harm environmental
health to some extent while claiming to enhance environmental sustainability. Waste
management infrastructure for collecting and recycling used lead-acid batteries, can have up to
50 % lead losses already in the recycling phase within the informal sector (Batteiger, 2015). In
developing economies, disposal of batteries typically involve landfills and open garbage dumps
(often associated with open waste burning) which adds to soil and air pollution (Hansen et al.,
2022). The short (three to four years) working life of off-grid solar products leads to solar e-
waste (Munro et al., 2023). Materials used in solar panels and batteries can have environmental
and health impacts after use (Cross and Murray, 2018).

Biodegradable sensing systems are challenged by factors related to their degradation
time as well as their degradability itself. There is a decrease in operational lifetimes in using
laboratory tested sensors in complex biophysical environments and under mechanical stresses
due to movements and deformations (Dahal et al., 2020; Zaccarin et al., 2023). Present day
conductive traces used in these sensors also degrade through exposure to moisture, and research
is needed to reduce this water-dependent degradation while maintaining adequate sensitivity to
determine soil moisture (Atreya et al., 2020; Kojima et al., 2016). Surface roughness of
cellulose paper creates challenge for sensor fabrication as it affects electrical properties (Iyer
et al., 2022).

Many studies have combined one or more of the reviewed factors to design SMSSs, as
outlined in Figure 2.3. This Venn diagram lists various studies classified on the basis of the
SMSSs use of low-cost components, off grid energy sources or biodegradable material. It is
evident that a significant number of cost-effective SMSSs are commercially available and can
be manufactured using affordable hardware and/or software components (blue circle); this
review identified 69 such studies. On the other hand, 17 studies have explored soil moisture
sensing powered by off-grid ambient energy sources (orange circle). Since the development of
biodegradable sensors is a recent phenomenon, a relatively lower number of such studies (8)
have been included in this review (green circle).

Among the intersecting areas, studies have also developed and applied low-cost SMSS
that can operate using off-grid energy sources such as solar power. 9 such studies have been
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identified in the corresponding area of intersection. Also, low-cost biodegradable soil moisture
sensing has seen recent advances, and this review includes 4 such publications.

LOW COST
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Figure 2.3: A Venn diagram representing the gaps in currently available literature on SMSS
considering cost, off grid energy source-compatibility, and biodegradability.

However, no studies of biodegradable soil moisture sensing powered by off-grid energy
sources could be identified in this review (region Y). Consequently, there are no published
studies on SMSSs which capture all the three aspects highlighted in this review (region X).
These gaps in the literature reveal the possibilities for research and development in SMSSs,
accounting for cost effectiveness, remote applicability, and environmental safety.

2.7.2. SELECTING A “PERFECT” SOIL MOISTURE SENSING SYSTEM

The choice of sensing system depends on the tradeoffs between multiple attributes to
'balance' the overall system effectiveness. A commonly explored trade-off is between sensor
cost and accuracy (Kojima et al., 2016). This tradeoff manifests from a larger, user-centric
framework for selecting desirable SMSS that balance both sensor performance and operational
feasibility (which subsumes cost considerations) (Kukal et al., 2019). Based on this review, a
third aspect is suggested to be added to this trade-off — biodegradability. Figure 2.4
conceptualizes all these trade-offs as a three-way system to understand the multiple
considerations when choosing an application specific SMSS. The arms represent sensor
performance, operational feasibility, and biodegradability. Sensor performance involves
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accuracy, precision, measurement range, environmental sensitivity, and response time (Ullah
et al., 2024). Operational feasibility includes aspects such as cost, size, durability, and power
requirements (with impacts on telemetry, sensing, and logging costs) (Kukal et al., 2019).
Biodegradability is quantified by the biodegradation time taken for the system components to
naturally break down in the environment.

OPERATIONAL FEASIBILITY
(Life ,Cost, Energy)

BIODEGRADABILITY

\ /
\%

SENSOR PERFORMANCE

Y

Figure 2.4: Conceptualizing the trade-offs based on operational feasibility (life, cost, energy
requirement), sensor performance and biodegradability.

There is an indirect trade-off between biodegradability and sensor costs; a sensing
system's life expectancy is reduced by its inherent biodegradable properties (of “disappearing
naturally in its respective environment”), consequently impacting long-term monitoring (owing
to more recurrent sensor costs). However, aspects such as life expectancy of SMSS have not
been extensively explored much in the literature. Some studies may report the sensor life
expectancy (Schwamback et al., 2023), nevertheless, any effort towards sensor development
and testing would benefit from well-designed, application-oriented investigations into the life
expectancies of the sensors themselves and the SMSS they are a part of. Sensor manufacturers
may not release protocols for such testing because of the proprietary nature of the information,
but in the age of open science (Vicente-Saez and Martinez-Fuentes, 2018), it is desirable that
both peer-reviewed and non-refereed efforts test life expectancies and share their protocols.

This exemplifies the complexity of selecting a suitable sensing system because of the
trade off “balance.” These attributes must be deliberately weighed with respect to each other
and can be used within existing frameworks (e.g., (Kukal et al., 2019)). Overall, there is no
perfect solution and the decision of choosing a suitable SMSS is essentially context-specific,
with a purposeful management of these trade offs. For example, small-scale farmers who may
be rainfed and have no access to data about their farms’ soil moisture status maybe practicing
subsistence farming, and need to maximize yield rather than water use efficiency. A low-cost
decentralized system which can detect water scarcity would be more applicable here. Whereas
in developed countries, large-scale contract farmers may prioritize resource (including water)
use efficiency, to give them a profitable proposition because of economies of scale of their own
production. In this case, they would prefer high-precision agricultural solutions which demand
accurate sensing systems, even if they provide marginal information. This review can help to
assess the right SMSS for diverse applications in the agricultural sector.

The gaps as identified by regions Xand Y (Figure 2.3) also imply that the
corresponding trade offs have not been well explored. For example, if off-grid systems are not
biodegradable then they may harm the environment as a result, disproportionately impacting
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resource-poor farmers (gap is identified by region Y in Figure 2.3). Off-grid SMSSs use
batteries and solar panels which contain harmful chemicals, and the disposal, recycling or reuse
is a problem in developing countries, which is further accentuated by the diffused nature of the
environmental harm (it being off-grid). Because of that these batteries are disposed of in
landfills and open garbage dumps which cause soil pollution, soil erosion, and landscape
change (Ellabban et al., 2014). Shorter (three to four years) working life of off-grid solar
product leads to solar e-waste (Munro et al., 2023), which can have environmental and health
impacts after use (Cross and Murray, 2018). All these should be considered before deciding the
off grid ambient energy sources for SMSS. To enhance and ensure the accuracy of the perfect
SMSS, various strategies can be implemented. These include universal and single-point
calibration (Yuda Feng et al., 2022; Saito et al., 2022; Schwamback et al., 2023), integration of
state-of-the-art sensor technologies, such as LTE signals (Kulmany et al., 2022), and utilization
of LoRa signals, which have demonstrated an average error of 3.1 % (Chang et al., 2022).
Additionally, a battery-free Wi-Fi tag system, such as SoilTAG, can be used to convert soil
moisture changes into frequency responses, achieving an accuracy of 2 % within a 6-meter
range and 3.64 % within a 10-meter range (Jiao et al., 2022). Furthermore, by improving the
surface characteristics of sensor substrates (Iyer et al., 2022) and enhancing sensor trace quality
(Iyer et al., 2022), as well as developing fully degradable intelligent radio transmitting sensors
by encapsulating miniaturized resonating antennas in biodegradable materials, the accuracy of
SMSS can be further improved (Gopalakrishnan et al., 2021).

2.8. CONCLUSIONS AND WAYS FORWARD

Commercially available low-cost SMSS may not provide accurate and reliable soil
moisture estimates, leading to incorrect irrigation (and other) management decisions as it is
influenced by soil characteristics, such as texture, temperature, bulk density, and salinity. The
calibration functions provided by sensor manufacturers are typically developed under
laboratory conditions and may not be accurate for field applications but can be improved by
site-specific calibration. These sensors have shorter lifetimes owing to faster wear and tear of
their sensing elements. This may limit their measurement ranges and reduce their suitability
for all soil types and depths. This can be addressed to an extent by site-specific calibration and
regular maintenance at the cost of other resources (e.g., time and human resources).
Furthermore, low-cost sensing may be more susceptible to interference from other factors such
as temperature, humidity, and soil salinity, which can affect data accuracy. This can be
countered by rigorous laboratory and field testing and the corresponding methodological
innovations to compensate for environmental sensitivity. As a result, although such methods
can produce lower quality data than more expensive sensors, there are techniques to improve
their utility in precision agriculture.

Off-grid power sources can generate or store a certain amount of energy; thus, they
cannot power multiple devices or appliances simultaneously, thereby limiting their
applicability in WSNs. The high initial cost of installing and maintaining off-grid power
sources also makes them unaffordable. They are also unreliable sources and require specialized
skills for maintenance and repair, which can be challenging for individuals without necessary
expertise. However, they can enhance the scope of SMSS to regions that have yet to potentially
benefit from WSNs. The current technological solution for powering IoT-based devices relies
mainly on batteries. However, their lifetimes are generally much less than the expected
lifetimes of the WSNs; hence, periodic replacement of batteries is required to keep the devices
operational. This creates extra expenses and additional complications for remote sensors. Also,
batteries are expensive, bulky, and contain harmful chemicals. Although efforts are currently
being made to improve the energy storage capacity and, therefore, the lifetime of IoT devices,
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the miniaturization of batteries remains a major technological challenge. Various energy
sources like solar and RF can be used as energy harvesters to charge a sensor's super capacitor,
indicating an interest in sustainable and off-grid power sources. There are other off-grid
ambient energy sources which can be used as energy sources such as MFCs (e.g. Soil MFC,
Plant MFC, Sediment MFC and Terrestrial MFC) in which bacteria’s from soil generate
electricity. Theoretically, sensor nodes powered by MFCs have eternal lifetimes.

Biodegradable sensors have been tested for their environmental biodegradability and
corresponding effects on crop growth. However they have not been applied much in
agricultural applications, and require substantial R&D support to enhance their capabilities.
More research is needed to test the applicability of biodegradable sensors in soil moisture
sensing, exploring their scope of applicability, accuracy (contextualized to their application),
sensitivity to environmental factors (e.g., sensitivity to variations in temperature, salinity, and
pH), and suitability across microbiome conditions (e.g., the effect of rhizosphere biological
activity and organic matter in the soil zone). Studies to determine the scope of application
would include investigations of the required accuracy, budget, qualified labor demand,
sampling volume, and life expectancy. Furthermore, the sensor response time (to changes in
the surrounding moisture conditions) is significantly longer in biodegradable sensors; this
would require research to bring it to an acceptable limit useful for specific agricultural or other
applications. To conclude, the challenges facing the design of truly biodegradable sensors
include the fabrication of conductive biodegradable materials, wireless communication, power
supply, power efficiency, quality of the substrate material and control of elimination rates.

Research and development in soil moisture sensing needs to be aligned towards specific
applications and constrained by different contextual realities (e.g., costs, accessibility to the
power grid, and environmental sustainability). Some applications may require soil moisture
monitoring at finer observational scales of time or space (such as flood forecasting), while
others may require observations at larger scales (such as drought monitoring). These would
then influence relevant parameters for the design of the SMSS, such as sensor response time
and whether a WSN is needed (and if yes, the spatial density of the sensors). Screening and
pre-assessment of different components need to be tested individually and in combination with
other biodegradable polymers. Experimental designs can be adapted from previous studies to
test the accuracy of the sensors, develop appropriate calibration functions and quantify (and
correct for) environmental sensitivity in laboratory conditions. Finally, field studies are
required before full implementation of these solutions could be realized.
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3

SYNTHESIS OF BIMETALLIC
ELECTRODE (CATHODE) FOR
NO3RR

Parts of this chapter are based on:

Maya Moreshwar Meshram, S., Gonugunta, P., Taheri, P., Jourdin, L., Pande, S. (2025).
Investigating the influence of a thin copper film coated on nickel plates through physical vapor
deposition for electrocatalytic nitrate reduction. Frontiers in Materials , Volume 12 - 2025.
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3.1. INTRODUCTION

NOs™ is one of the most common toxic pollutants in groundwater (Li et al., 2015). NO3™~
contamination of groundwater is becoming increasingly serious in both developed and
developing countries (Abba et al., 2023; Jia et al., 2020; Sancho et al., 2016). This problem is
caused by a variety of activities, including agriculture, industry, sewage, septic tanks, and
landfills, leading to an increase in NO3™ levels in water sources (Abascal et al., 2022; Lockhart
et al., 2013). The maximum amount of NO3™ permitted in drinking water is 50 mg/L in Europe
and 44.43 mg/L in the United States (Shen et al., 2009). Methemoglobinemia or "blue baby
syndrome" can result from NOs3~ exposure above these levels and poses substantial health
hazards, especially for young children and expectant mothers (Knobeloch et al., 2000).
Additionally, NO3™ poisoning of water used for agriculture has an impact on both ecosystems
and human health (Della Rocca et al., 2007). Water bodies are also affected by excessive NO3~
contamination, resulting in eutrophication, algal blooms, and disruption of the delicate balance
of aquatic life (Moffat, 1998). Thus, to maintain the water quality, public health, and ecological
integrity of agricultural watersheds, effective NO3™ removal technologies are essential (Tomer
et al., 2013).

Various methods have been developed to remove NOs3~ from water, including reverse
osmosis (Ahn et al., 2008), ion exchange (Leakovi¢ et al., 2000), electrodialysis (El Midaoui
et al., 2002), photocatalytic reduction (Varapragasam et al., 2021) and biological denitrification
(Park and Yoo, 2009). In recent times, electrochemical methods, particularly NO3;RR, have
gained recognition as a viable solution for the efficient elimination of low-concentration NO3~
from water sources (de Groot and Koper, 2004). Although still in the developmental stage, this
technology holds immense promise and, when fully realized, it can offer numerous advantages
over conventional approaches, including environmental sustainability, compatibility, cost-
effective energy consumption, high efficiency, satisfactory engineering compatibility,
controllable operating conditions, selectivity to desired product, and potential integration with
renewable energy sources (Jia et al., 2020; Lange et al., 2013; Wang et al., 2021). Two routes
are involved in the NO3RR (H. Wang et al., 2023): The indirect autocatalytic reduction pathway
and the direct electrocatalytic reduction pathway. Indirect autocatalytic reduction occurs when
NO;™ is not involved in electron transfer processes (de Groot and Koper, 2004; Wang et al.,
2021). This indirect autocatalytic reduction pathway usually occurs only at high NOs3~
concentrations and in strongly acidic media (Lange et al., 2013). Direct reductive chemical
pathways are possible at low concentrations of NO3 ™. In the NO;™ reduction process, N2 and
NH;3 are the main products, following reactions (Equations 1 — 5):

NOF + HyO 426~ = NOJ 4 20H ....oooeoeieeeeeeeee e (1)
NOZ + 2H,0 + 3™ = 1/2Ny + 40H ..o ©)
NOF +5Hy0 + 66~ = 1/2NHg 4 TOH ™ c.oooeeeeeeeeee oo 3)
NO3 + 4H,0 + 66~ = NHyOH + 50H ..o )

NO3 4+ Hy0 + 26~ = NO +20H ... (5)
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Figure 3.1: Pourbaix diagram of the N>-H>O system including N2, NH3, NoHa, and NO3 ™.

From the Pourbaix diagram shown in Figure 3.1, Nz and NHszare the most
thermodynamically stable forms of N> under standard conditions (Guo et al., 2019).

NOs™ is more stable in alkaline solution. In alkaline solution, the reduction of NO3~ will
yield a series of products (e.g., dinitrogen tetraoxide (N204), hydrazine (N2H4), nitric oxide
(NO), and hydroxylamine (NH2OH)) which are not the primary products in NO3™ reduction
and may decompose into other species. The existing form of ammonia (NH3) depends on the
pH of the solution, where at pH > 9.25, it exists in its molecular form, and at pH < 9.25, ionic
NH;" is the major form. For N2Hy, the case is similar, where the pH boundary is 6.07. NO3RR
process involves the use of electrocatalysts, such as non-noble metals (e.g., Cu, Ni, Co, and Fe)
or carbon-based materials, to reduce NO3™ to N> gas or NHj3 (Liang et al., 2022; X. Zhang et
al., 2022). The choice of electrocatalyst affects the reaction kinetics, selectivity, and efficiency
(Xu et al., 2023). Cu and Cu-based materials are considered the most promising (He et al.,
2022; Hu et al., 2021) because of their low cost, abundant availability (Yiyang Feng et al.,
2022), high activity (Barrera et al., 2023; Hong et al., 2022; Hu et al., 2021), and excellent
performance in producing NH3 as the main electrolysis product (Abdallah et al., 2014,
Karamad et al., 2023; Yuting Wang et al., 2020; Xu et al., 2023). Cu is an active monometallic
electrocatalyst for the NOs3RR in acidic and alkaline electrolytes. It also exhibit good
electrocatalytic activity in both acidic and alkaline media (Hasnat et al., 2015).

NO;™ reduction on Cu is a pH-dependent reaction forming NO and NH4" when an acidic
electrolyte is used and NO>~ and NH2OH when the electrolyte is alkaline (Pérez-Gallent et al.,
2017). Metallic Cu effectively attracts and retains oxygen (O) atoms from NO3~. This
interaction weakens the N-O bonds in NO3, creating a low energy point in the bond’s profile.
Consequently, this facilitates the conversion of NO3™ into NO> by easing the detachment of
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one oxygen atom from N (Liu et al., 2019). In the process of NO3™ reduction, the movement
of charge is typically slow due to the high energy present in the lowest unoccupied m molecular
(LUMO) orbital of NO3™. This makes it difficult to inject charge into this orbital. However, the
d-orbital energy levels of Cu-based materials are similar to the LUMO * of NO3;™ (Hao et al.,
2021) allowing them to facilitate the electrochemical reduction of NOs (aq) and transfer
electrons more easily to the adsorbed NO;™ (Beltrame et al., 2021; Reyter, 2014; Rezaei-Sameti
and Zarei, 2018; Wei et al., 2024). Various studies have shown that Cu electrodes are used for
NOs3™ reduction in a single chamber in acidic (Burke and Sharna, 2007; Lima et al., 2012), in
neutral (Gao et al., 2018), and in alkaline media (Badea, 2009; Bouzek et al., 2001; Paidar et
al., 1999), as well as in dual chambers in acidic (Beltrame et al., 2021), and alkaline media
(Badea, 2009; Cattarin, 1992; Rajmohan and Chetty, 2014). In alkaline media, Cu electrodes
produce fewer oxides of N> as byproducts, and are less corrosive than in acidic media (Badea,
2009). However, despite its advantages, there are some disadvantages with pure Cu catalysts,
such as oxidative dissolution or irreversible surface poisoning, both of which lead to undesired
catalyst degradation (Dima et al., 2003; Hou et al., 2018), as well as undesirable formation of
unwanted by-products (Abdallah et al., 2014; Reyter et al., 2006), such as NO> (He et al.,
2022; Roy et al., 2016).

To overcome the disadvantages of Cu electrodes, various strategies have been
developed including (i) engineering Cu into nanoscale or single reaction site (Zhao et al., 2023),
(i1) doping Cu with other elements (Pd, P, Ni, etc.), and (iii) depositing Cu on a metal oxide
support (X. Liu et al., 2023). Depositing Cu on a metal oxide support is the most preferred
strategy, as it is simple to synthesize and provides considerable benefits from strong metal-
support interactions (Smiljani¢ et al., 2022). There are various thin surface film deposition
techniques (Abegunde et al., 2019; Jilani et al., 2017) for depositing or coating Cu such as
electrochemical deposition (Alam et al., 2015; Chen and Chang, 2012; Couto et al., 2017, 2011;
Epron et al., 2002, 2001; W. Gao et al., 2019; Hou et al., 2018; Lei et al., 2018; Liu and Zou,
2014; Mattarozzi et al., 2017; Molodkina et al., 2010; Rajmohan and Chetty, 2014; Ramos et
al., 2001; C. Wang et al., 2023; Welch et al., 2005; Yin et al., 2019; Zhao et al., 2022; Zurita
and Garcia, 2022; Zurita and Garcia, 2023), photo-electrodeposition (Couto et al., 2012;
Ribeiro et al., 2014), potentiostatic deposition (J.-Q. Chen et al., 2023; Lim et al., 2023; Roy
et al., 2016), electro-crystallization (Hyusein and Tsakova, 2023) and dipping method (Hwang,
2012).

Using the above deposition techniques Cu has been deposited on many substrates such
as palladium (Lim et al., 2023), graphene oxide (GO), modified graphite felt (Wang et al.,
2022), polydopamine-derived nitrogen-doped hollow carbon spheres (Y. Liu et al., 2022),
carbon nanotubes (Rajmohan and Chetty, 2017), Cu foil (Rajmohan and Chetty, 2014), and
zinc oxide (Feng et al., 2024). Ni is also utilized as a substrate for catalyst preparation but
mostly by forming an alloy with Cu. This approach is employed because Ni produces a
homogeneous, stable, and highly active catalyst with Cu, exhibiting high chemical stability and
good electron conductivity (Hou et al., 2018). Additionally, its site demonstrates strong
adsorption for NO;™ (He et al., 2022). The combination of Cu and Ni compensates for the low
activity of pure Cu in mediating electron transfer between intermediates (Bai et al., 2023;
Kobune et al., 2020; Shih et al., 2020b), and reduces the overpotential while improving the
stability of the NOsRR reaction (Bai et al., 2023). However, Cu deposition on Ni using
electrochemical deposition, results in uneven film thicknesses due to variation in applied
current densities (Goranova et al., 2016), electrolyte composition (Dejang et al., 2025), and
temperature (Abdullah, 2017).
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The film thickness and electrolyte concentration govern NO3;RR activity (J. Guo et al.,
2023; Roy et al., 2016). The thickness of Cu film affects the activity and selectivity for
NO;™ reduction (Chen et al., 2004; Shih et al., 2020b). So, here PVD technique is adopted as it
can provide coatings with high precision for various film thicknesses. In addition, PVD has
several advantages over other coating techniques, such as high-purity coatings (Takahashi,
1998; Yanguas-Gil and Yanguas-Gil, 2017), low processing temperature (Shah et al., 2018),
high deposition rates, better adhesion, denser microstructure, controllable material properties,
the ability to use a larger choice of materials (Morgan et al., 2019; Savale, 2016), reduced
production cost, improved productivity (Mubarak et al., 2005), and better quality films
(O’Sullivan et al., 2002). Table 3.1 presents the state-of-the-art techniques for electrode
preparation utilized in NO3™ reduction, delineating the chemicals employed, electrolyte used,
duration, and efficacy in NO3™ reduction. It is significant to note that all previous investigations
exclusively utilized Ni foam, with no studies exploring Ni plate as an alternative substrate for
NOs™ reduction. The Ni plate is chosen over Ni foam because it provides a more robust and
stable structure compared to Ni foam, which helps maintain the catalyst’s integrity during
prolonged electrochemical operations. This enhanced stability reduces the likelihood of
structural breakdown often seen in the more fragile foam configuration (Kabiraz et al., 2024).
Also, when Cu is deposited on Ni using electrochemical deposition, it shows poor stability
owing to the oxidation and detachment of the deposited Cu layer from the substrates during the
course of NO;3~ electroreduction (Hou et al., 2018). Furthermore, Ni foam is prone to corrosion,
resulting in the release of free Ni ions. This process alters the catalyst’s composition and hinders
the subsequent analysis of related catalytic mechanisms (Bu et al., 2021). Moreover, the
utilization of PVD for electrode preparation has not been previously investigated in this field
of research, as noted in (Yue et al., 2024).

Table 3.1: State-of-the-art electrode preparation techniques utilized for NO;~ reduction
employing Cu coated on Ni.

Sr. | Electrode Electrode Chemical Electrolyte Duration | NO3~ Ref.
No preparation composition (hour) reduction
technique efficiency
1 NiCu@N- Co-assembly and 3.57 mM 50 mM SO4 > 8 98.63 % (He et
C/Ni Foam carbothermic NOs;~ al.,
reduction 2022)
2 Cuo.66Nio.33 Electrodeposition 0.01 mol/L 0.1 mol/L Naz SO4 4 83.87 % (Bai et
Cuo.50Nio.50 NaNO3 al.,
Cuo.33Nio.6 2023)
3 Cu-Ni Foam Cold plasma jet 50 mg/L 0.05 mol Naz SO4 3 88.9 % (Yue et
printing NaNO; al.,
2024)
4 CusP- Vapor-phase 200 ppm 0.5 M Naz SOs 2 — (Jin et
Ni2P/CP-x hydrothermal NaNOs -N al.,
method 2024)
5 Cu and NiO Electrodeposition 0.IM KNOs - | 0.IM PBS 1 94 % (X. Liu
rod on Ni N etal.,
foam 2023)
6 Cu/CoP/Ni Hydrothermal 15 mg/LNOs | 0.05 M Naz SOs 3.5 100 % (S.
Foam -N and 0-2000 mg/L Yang et
ClI- al.,
2022)
7 Cu on Ni Electrodeposition 200 ppm 1M KOH 2 95.05 % (J.Liet
Foam NOs -N al.,
2021)
8 CuNi alloy on | Evaporation 30 mg/LNO; | 0.1M Naz SO4 7 90 % (Yao et
mesoporous induced self- -N al.,
carbon assembly 2021)
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9 Cu(OH): - One-step 50 mg/LNOs | 50 mM Naz SO4 1.5 91.5% (Liang
Cu/Ni Foam hydrothermal “-N etal.,
method 2023)
10 | Cu Physical vapour 2.5 mM 0.5g/LofNa2SO4 | 6 10 % This
nanoparticles deposition KNOs study
on Ni plate

Therefore the primary objective of this research is to investigate the influence of thin
Cu film coated on Ni plate using PVD technique for NO3RR. Previous investigations that
employed Cu coating for electrode preparation have deposited thin Cu films varying from 1
nm to 390 nm on various substrates that were used as electrodes for diverse applications except
NOs3™ reduction (Ganchev et al., 2021; Gonzalez-Gallardo et al., 2024; Ince et al., 2012;
Johnston et al., 2004; Kang et al., 2013; Loffler and Siewert, 2004; Nobili et al., 2009; Raaif
and Mohamed, 2017; Salazar et al., 2015, 2016; Sun et al., 2015; Wu et al., 2010). Therefore,
in this study thicknesses of 25, 50, and 100 nm were selected to encompass this range.
Subsequently, the effect of Cu film on the NO3RR was examined. Additionally, the effect of
stirring on the NO; ™~ reduction reaction was investigated. Further, the obtained Cu-Ni electrodes
were analyzed using scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS).

3.2. EXPERIMENTAL METHODS
3.2.1. CHEMICALS AND MATERIALS

All chemicals used in this study were of analytical grade and purchased from Sigma
Aldrich. Potassium nitrate (KNO3) and sodium sulphate (NaxSO4) were used to prepare the
anolyte and catholyte. Pure Cu powder with a particle size < 425 um, density of Cu = 8.930,
Z-ratio = 0.437, and 99.5% purity was utilized for the deposition on Ni plates. These Ni plates
served as substrates for the Cu films coating, which functioned as the cathodes in subsequent
analysis. The Ni plates (purity = 99.96 %, thickness = 0.2 mm) were purchased from Haoxuan
Metal Materials Ltd. Platinum mesh was used as anode. All solutions were prepared using
milliQ water (water obtained from a Millipore system). pH of the solution was measured using
a Multi9420 InoLab IDS multimeter. Spectrophotometer (model number: DR3900) was
employed for determining the concentration of NO3~, NO,~, and NH4". The LCK 340, LCK
342, and LCK (303 and304) Hach kits were utilized for measuring NO3~, NO2~, and NH4",
respectively.

3.2.2. SYNTHESIS OF THIN FILMS OF Cu ON Ni PLATE USING
PHYSICAL VAPOR DEPOSITION

First, the Ni plate was sanded and polished with sandpaper of grit size 400 - 2000. To
remove impurities, the Ni sheet (of purity > 99.8%) was ultrasonically degreased and cleaned
in acetone and ethanol for 15 min. They were then immersed in a 1 mol.L™' aqueous
hydrochloric acid (HCI) solution for 5 min and washed with milliQ water. 25, 50, and 100 nm
thickness of the Cu was deposited on both sides of Ni plate using the PVD (VCM 600-SP3,
rack-type vacuum evaporator) method by applying a current of ~80 A. The operation details
of the PVD are: substrate temperature = 1,600 - 1,800°C, evaporation rate = 0.5 A/s, current
intensity = 150 Amp, base pressure = 2.8 x 1077 mbar, and vacuum of 5.0 x 107% mbar was
achieved. The PVD involves the condensation of vaporized Cu atoms onto a Ni substrate under
vacuum conditions, resulting in the formation of a uniform and cohesive layer (Rossnagel,
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2003). The Cu—Ni sheet of 2 cm x 1 cm was dried in air at room temperature. Figure 3.2 shows
a schematic of the PVD equipment and the synthesis of Cu-Ni electrodes.

<——Bell Jar
Thickness Substrate
. —
monitor / l, holder
— ” = Nickel plate
Vaphour
particle
trajectories
i Copper powder
Connection to Cruc_:ible
high current > with
sources . I evaporant
To high
vaccum

Figure 3.2: Schematic of the PVD equipment and Cu deposition process on a Ni plate.
3.2.3. ELECTROCHEMICAL NO;- REDUCTION

The NO;™ electrochemical reduction experiments were carried out using a three-
electrode system in a 300 mL dual-chamber H-type reactor, as shown in Supplementary Figure
3.S1 [Supplementary Material (SI)]. The anolyte was 3.5 mM Na>SOs, whereas the catholyte
consisted of 2.5 mM KNO; and 0.5 g/L of Na>SO4 solution. 300 mL of catholyte was placed
in the cathode chamber, which was then sparged with N> gas to remove oxygen from the
solution to create anaerobic conditions. A Pt mesh (I cm x 1 cm) was used as the counter
(anode) electrode. A Cu-Ni plate (2 cm % 1 cm) was cut from a large Cu-Ni plate and used as
the working electrode (cathode). The surface area of the working electrode was 4 cm?. Ag/AgCl
(3 M KCl) was used as the reference electrode. A titanium wire was connected to the Cu-Ni
plate to form an external connection with the potentiostat (Admiral instrument’s Squidstat
Prime). A proton exchange membrane (Nafion 117) was used to separate anode and cathode
chambers. A gas bag was attached to the anode and cathode chamber to collect any produced
gases like Ho. All electrochemical experiments were performed by applying a constant current
of —8.5 mA for 6 h. Approximately 10 mL of the solution was removed between two sampling
points to determine the concentrations of NO3~, NO;~, and NH4" ions and was replaced with
fresh catholyte solution. NO3~, NO>~, and NH4" in the solutions were measured using standard
Hach kits with a UV-visible spectrophotometer (DR-3900, Lange). CV was performed at a
potential scan rate of 1 mV/s under two conditions: with stirring at 500 rotation per minute
(rpm) and without stirring.

The conversion rate [C[N03]%] of NOs~ was calculated using Equation 6

—10/. _ {Go[NO5=N]-C,[NO5-N]}
CINO31% = AT X L00%0.vcveeeeeeeeeeeee e (6)
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The selectivity [SINH4"1%] of NH4" can be calculated based on Equation 7

o/ _ Ct[NHf-N]
SINHZ]% = Co[NO3 —N]- C,[NO5 -N

X L00%6.ccrrcrc 7

The concentration of gaseous compounds was calculated using mass balance Equation 8

C[Gaseous compounds] = {Co[NO3 — N] — (Cpitrate remaining in solution T Chitrite +
O PN ®)

where, Co(NO3 —N) is initial the concentration of NO3 —N(mg/l), V is the volume of the
electrolyte in the cathode compartment (L), where subscript ‘0’ represents the initial condition
whereas ‘t’ represents the condition after time ‘t’.

3.24. ELECTRODE SURFACE CHARACTERIZATION

The morphologies of the samples were examined using field-emission scanning
electron microscope (FE-SEM, JEOL JSM 6500F), which was equipped with an EDX detector.
The surface chemistry of the samples was analyzed using a PHI-TFA XPS spectrometer from
Physical Electronic Inc., which featured an Al Ka X-ray monochromatic source (hv = 1486.7
eV). The pass energy for the survey was set at 89.45 eV, and a vacuum of approximately 10~
° mbar was maintained during the XPS analysis (Cornet et al., 2024). Data was analyzed using
Multipak version 8.0 software.

3.3. RESULTS AND DISCUSSIONS
3.3.1. CHARACTERIZATION

Supplementary Figure 3.S2 showcases SEM images of Cu-Ni electrodes, which were
fabricated through PVD for the 25 nm thickness at 370x (Supplementary Figure 3.S2A), and
4,000x (Supplementary Figure 3.S2B) magnifications. Supplementary Figure 3.S3 shows the
elemental EDX mapping and spectrum of 25 nm Cu-Ni electrode. The elemental EDX mapping
of pristine Cu-Ni electrode demonstrates the complete coverage of the Ni plate with Cu, a
finding that is consistent with the XPS results.

Supplementary Figures 3.S4 - S6 (shown in SI) depict the XPS of Ni plate, Cu-Ni
electrode with 25 nm Cu coating (pristine) and (spent) after electrochemical reduction of NO3™,
respectively. The detailed explanation about the XPS analysis given in SI. Supplementary
Figure 3.S7 depicts a comparison of XPS spectra of Ni 2p of Ni plate without coating
(Supplementary Figure 3.S7A), 25 nm Cu-Ni electrode (pristine) (Supplementary Figure
3.S7B), and 25 nm Cu-Ni electrode (spent) (Supplementary Figure 3.S7C). A noticeable
difference in peaks can be observed for all three electrodes. The Ni plate without a coating
exhibits the highest peaks, corresponding to Ni’, Ni?*, and Ni**, whereas no peaks were
detected for the Cu-Ni electrode (pristine). For the Cu-Ni electrode (spent), Ni peaks are barely
visible, indicating that some Cu has been removed, exposing the Ni surface during NO3;RR
facilitating the NO3™ reduction. A schematic diagram depicting the mechanism of Cu removal
from the cathode during NO;™ reduction is illustrated in Supplementary Figure 3.S8.
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3.3.2. ELECTROCHEMICAL MEASUREMENTS
3.3.2.1. CYCLIC VOLTAMMETRY (CV) IN H-TYPE REACTOR

To assess the electrocatalytic performance of Cu deposition of different thicknesses on
Ni plates, CV experiments were conducted. Figure 3.3 depicts the CV curves obtained for
various concentrations of KNO3 and NaxSOg electrolyte solutions in the range of -1.8 to -0.4
V (versus Ag/AgCl (3 M KCI) reference electrode) at a scan rate of 1 mV/s.

From the cyclic voltammograms shown in Figure 3.3, an onset potential at ca. —0.603
+0.015 V (black curve), —0.617 + 0.015 V (green curve), and —0.687 + 0.031 V (red curve)
was clearly visible for the experiments in which KNO3 + Na;SO4 was fed and stirring was
absent. No visible peak corresponding to NO3™ reduction was detected under stirred conditions.
The absence of a NO3;RR peak was anticipated, as mass transport is not limited under stirring
which facilitates faster replenishment of NO3™ at the cathode surface than it is consumed, and
products are also removed faster from the surface. This is in contrast to the situation when
stirring is ceased, resulting in the formation of a peak, in the —0.6 to —1 V range with a
maximum at around —0.9 V vs. Ag/AgCl (where no or limited H> production was observed).
For 5.9 mM KNOs + 3.5 mM Na;SOy4, concentration in stirring conditions (red curves) the
potential of the reductive peak shifted to slightly more negative potentials, ca. —1.03 + 0.15 V
vs Ag/AgCl. For the experiments that contained only for 3.5 mM NaxSOs (pink curves), no
peak was observed, and an onset in reductive current was only observed at ca. —0.85 = 0.03 V
(with stirring) and —0.88 & 0.01 V (without stirring), is either corresponds to proton (H") and/or
water reduction to Ha. The current densities at the NO3RR peak in without stirring condition
were ca. 1.48 + 0.59 (black curve), 1.36 = 0.68 (green curve), and 2.33 £ 0.11 mA cm™ (red
curve). Therefore, the presence of 5.9 mM KNOs (red curves) partially alleviated mass
transport limitations (without stirring), resulting in a higher NO3RR peak compared to 2.5 mM
KNO:s (black curves). No significant differences in peak height and onset were observed at
varying Cu layer thicknesses without stirring, except for a slightly higher maximum peak
current at 5.9 mM KNOs (red curve) and 100 nm Cu film thickness. With 25 and 100 nm thick
Cu film and under stirring, a higher reductive current was recorded with 5.9 mM KNO; than
with 2.5 mM KNOsin the —0.6 to —1 V range, which would indicate a higher rate of
NO;™ reduction, though this was not observed for 50 nm Cu film. As the Cu film thickness on
the Ni plate is enhanced, a decrease in the current density is observed, as illustrated
in Supplementary Figure 3.S9. This could be due to the evolution of microstructure and
increased surface roughness (Lin et al., 2017), structural deterioration (Nguyen et al., 2024),
and increased resistivity caused by variations in bonding mechanisms and interface voids in
thicker films which impedes current flow (T.-F. Lu et al., 2024). Further investigation is
necessary to elucidate these observations.
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Figure 3.3: Cyclic voltammetry was recorded for Cu-Ni electrodes with varying Cu film
thicknesses: (A1,A2) at 25 nm, (B1,B2) at 50 nm, and (C1,C2) at 100 nm, under N> sparging
and with different concentrations of KNOs3 and NaxSOs electrolyte. Additionally, (A1,B1,
and C1) represent cyclic voltammetry measurements with stirring at 500 rpm, while (A2,B2,
and C2) represent measurements without stirring, with a scan rate of 1 mV/s and an initial
pH of 6.5.
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3.3.3. NO3RR USING 25 nm, 50 nm, AND 100 nm Cu-Ni PLATES

The performance of Cu-Ni electrodes of varying thicknesses for electrochemical
NO;™ reduction and product formation (NO>~, NH4*, and gaseous compounds (GC)) with time
is shown in Figure 3.4.
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Figure 3.4: The concentrations (N-mg/L) of nitrate reduction reaction products were
measured using a Cu-Ni electrode with varying Cu film thicknesses: (A1-A4) at 25
nm, (B1-B4) at 50 nm, and (C1-C4) at 100 nm. The experimental conditions included 2.5
mM KNOs3, 3.5 mM NaySOy4, an uncontrolled pH starting at 6.5, an applied current of —8.5
mA, and a duration of 6 h. The notations (A1, B1, and C1), (A2, B2, and C2), (A3, B3, and
C3), and (A4, B4, and C4) correspond to the concentrations of NO3~, NO,~, NH4", and GC,
respectively.

Figure 3.4 A1, B1, C1 shows that the concentration of NO3™ decreased with reaction
time. The concentration of NO,~, NH4*, and GC increased with time for all electrode as seen
from Figure 3.4 A2, B2, C2 and Figure 3.4 A3, B3, C3, respectively, while the concentration
of gaseous compounds (GC) remained relatively stable Figure 3.4 A4, B4, C4. The thickness
of the Cu film on the Ni plate does not appear to have a substantial effect on NO3;™ conversion
under the conditions that were tested. This can be attributed to the use of sodium sulfate
(Na2S04), which was employed as the electrolyte in NOs™ reduction experiments. Because, it
closely replicates the neutral, unbuffered environment of real-world NO3~ contaminated water
(Costa et al., 2024). However, the presence of SO4> ions in the solution may hinder the
adsorption of NO3~ on the Cu active sites (De Vooys et al., 2000). Moreover, high concentration
of OH™ (aq) can cause a poisoning effect on the electrode causing a decrease in NO3 ™ reduction
(Wang et al., 2007) as can be seen from Figure 3.5.
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Figure 3.5: Changes in pH during NO3™ reduction for (A) 25 nm Cu-Ni, (B) 50 nm Cu-Ni,
and (C) 100 nm Cu-Ni at an applied current of —8.5 mA in 2.5 mM KNOs3 and 3.5 mM
Na,SO*.

Figure 3.5 depicts the changes in the pH of the anolyte and catholyte solutions. Initially,
the pH range of both solutions was approximately 5.5-6.5, for all experiments carried out with
25, 50, and 100 nm Cu-Ni electrodes. During the first hour of the experiment, the pH of the
anolyte suddenly dropped and became acidic, while the pH of the catholyte rose rapidly and
became alkaline. Thereafter, the pH of both solutions changed very slowly until the end of the
experiment, indicating that NOs™ reduction on the Cu-Ni electrode was possible in alkaline
conditions as well (Beltrame et al., 2020). This behavior is attributed to the reactions that occur
at the electrodes where OH™ (aq) formation in the cathodic compartment (reactions [1]-[5])
increases the pH over time and H' (aq) formation in the anodic compartment where water
electrolysis occurs decreases the pH according to Equation 9.

Reaction at anode : H,0 — 1/20, +2HY +2e . ..o, C)

The low NOs™ reduction activity of Cu can be attributed to its unfavorable electronic
state and the slow proton transfer at its surface, which is particularly significant in neutral or
alkaline environment (X. Liu et al., 2023). The NO3™ reduction activity can be increased by
alloying Cu with Ni, which transform the unfavorable electronic state into a favorable one,
resulting in an increased production of atomic hydrogen. Additionally, the 3D porous structure
of the alloy enhances active sites, accelerates reaction kinetics, and boosts electrocatalytic
activity (Z. Ma et al., 2024). The Cu-Ni alloy also changes the adsorption energies of
intermediates like NOs3~, NO>~, and NH, improving efficiency, selectivity, and reducing toxic
NO; buildup (Li R. et al., 2023; Ma et al., 2024). Compared to monometallic Cu, the Cu-Ni
alloy exhibits higher initial currents and reduced current decay over time, making it more
effective for NO3™ reduction (Yuting Wang et al., 2020). In acidic media, Cu-Ni alloy electrodes
outperform pure Cu or Ni electrodes, minimizing undesired side reactions like hydrogen
evolution, and offering superior corrosion resistance and catalytic performance, essential for
the long-term stability and efficiency of the NOs™ reduction process (Lou et al., 2024). The Cu-
Ni alloy’s ability to reduce energy barriers for intermediate steps is crucial for efficient
NO; reduction in water treatment applications, and it performs well across various
NO;™ concentrations and in simulated wastewater, demonstrating its robustness and broad
applicability in NO;3™ reduction (Li R. et al., 2023; Wei J. et al., 2024). Here, it has been
demonstrated that PVD can effectively be used to synthesize catalysts for NO3™ reduction but
that further optimization of electrodes by coating Cu coatings as thin films along with Ni
addition must be done to reach higher conversion efficiency, conversion rates, selectivity and
product concentration. Table 3.2 shows the NO3™ conversion rate of Cu-coated Ni electrodes,
prepared on different Ni structures using various coating techniques. It also shows the
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NOs™ conversion rates for each study showing that these electrodes provides promising NO3;RR
performance. As evidenced by Table 3.2 and from the literature (Meng et al., 2023), the
conversion rate of NO;3™ is influenced by various factors, including the method of catalyst
preparation, the structure of the Ni substrate, the surface area of the electrode, the amount of
NOs3™ used, initial pH and the duration of the experiments conducted. In this study, only pure
Cu was deposited on the Ni plate using PVD and ca.10.5% efficiency has been achieved. Use
of PVD technique for electrode preparation is still promising because it can deposit up to 750
k atoms/min, making it suitable for rapid coating deposition, resulting in uniform film
deposition which is confirmed from SEM analysis also. The evaporation process in PVD results
in lower absorbed gas within the film, contributing to coatings’ purity and quality which is
confirmed from Supplementary Figure 3.S3 where the XPS of pristine 25 nm Cu-Ni electrode
shows that no other metal impurities are present other than Cu, Ni, and oxygen. It is particularly
versatile for industrial applications requiring thick films where surface morphology is not the
primary quality requirement (Baptista et al., 2018).

Table 3.2: NO3RR conversion rate with respect to preparation technique of Cu coating on Ni.

Preparation Ni structure Surface Initial | Electrolyte NOs conversion rate | Ref
technique area of pH composition
working
electrode
(cm2)
Electrochemical | Ni foils 15 NA 45 mg/L NOy | 29% after 48 h (Hou et
deposition (0.2 mm thick) N+0.1M al., 2018)
NaQSO4
Electrodeless Ni foam (sheet | 80 12.5 50 mg/LNOs™ | For 4 h with Cu-Ni (Shih et
plating thickness = N+0.1M electrodes prepared al., 2020a)
2 mm) Na,SO4 using electrodeless
Cu plating on Ni at
different duration)
a) Cu=10% b)
Cu/Ni/5 min = 60%
¢) Cu/Ni/10 min =
96%
d) Cu/Ni/20 min =
92%
¢) Cu/Ni/40 min =
80%
f) Cu/Ni/60 min =
50%
Chemical Ni sponges 15 6.0- 600 mg/L 44% + 5% after 6 h (Beltrame
deposition 6.5 NaNOs; + etal.,
1,400 mg/L 2020)
NazSO4
Potentiostatic Polycrystalline | 0.03 NA 5 mM NaNO; | NA (BADEA
deposition Ni electrode +0.1M and
NaOH BADEA,
2003)
Physical vapor Ni plate 52 5.5- 2.5 mM For 6 h with Cu-Ni This study
deposition 6.5 KNO; + electrode prepared
3.5mM using various
Na;SO4 thickness of Cu
deposited on Ni by
PVD a) Cu/Ni/25 nm
=10.9%
b) Cu/Ni/50 nm =
10.5%
¢) Cu/Ni/100 nm =
10.0%
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3.4. FUTURE WORK AND SCOPE

In future work, reaction mechanisms must be investigated further, e.g., by employing
advanced techniques such as in-situ spectroscopic methods (e.g., FTIR, Raman) to identify the
reaction intermediates and elucidate the rate-determining steps involved in NO3™ reduction.
Further, systematic studies must be conducted to comprehend the synergistic effects between
Cu and Nj, including the role of interfacial properties and electronic interactions in enhancing
catalytic activity, and utilize computational modelling techniques (e.g., DFT) to gain insights
into the adsorption and reaction pathways of NO3™ on the Cu-Ni surface (Wang et al., 2021).
Furthermore, rotating disk electrode experiments should be conducted on electrodes prepared
using the PVD method to determine the kinetic current density and elucidate the
electrocatalytic effect of Cu thin layers on Ni in the NO3™ reduction reaction. The findings of
this study, particularly the influence of Cu layer thickness on the NO3RR performance, can
inform the design of advanced electrodes for environmental remediation. Moreover, these
electrodes could be employed in biosensors (Salazar et al., 2016), for energy storage as in
supercapacitor (Madito et al., 2020), in microelectronic applications (Zhang et al., 2020), high-
salt wastewater treatment (Tan et al., 2022), and in batteries (X. Liu et al., 2022; J. Lu et al.,
2024; Pan et al., 2019). To further enhance the significance of this work, future studies should
explore the durability and long-term performance of Cu-Ni electrodes under continuous
operation and real-world conditions, investigate the synergistic effects of varying Cu deposition
techniques, such as electrodeposition, alongside PVD, extend the approach to other
electroactive species (e.g., NO2~, NH3), to develop multi-functional electrocatalysts for broader
environmental applications.

3.5. CONCLUSION

This study investigated the influence of the Cu layer thickness on NO3™ electrochemical
reduction using Cu-Ni composite electrodes produced by PVD. SEM and XPS analyses
confirmed the uniform distribution of thin Cu film on the Ni plate, with small pits which played
a critical role in NO;3™ reduction and NH4" selectivity. Similar NOs~ conversion and product
formation rates were obtained on all electrodes regardless of the thickness of the Cu layer.
Based on the experimental results, it can be concluded that the NO3™ removal efficiency with
respect to electrode preparation techniques achieved by the PVD method is approximately 10%
for varying thicknesses of Cu on Ni plate after 6 h, which is lower compared to other electrode
preparation techniques. Furthermore, a decrease in current density was observed with an
increase in the thickness of Cu on the Ni plate. Noting the importance of both Cu and Ni,
present in a Cu-Ni alloy, it is essential to conduct further investigation in order to deposit pure
thin Cu and Ni films combinedly on a Ni plate through PVD for efficient NOs;RR.
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3.6. APPENDIX
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Supplementary Figure 3.S1: Schematic diagram of electrochemical setup for NO3~
reduction

Figure 3.S2 displays the SEM images of pristine 25 nm Cu-Ni electrode at 370x and
4000% magnification. The images reveal the presence of pits on the Ni plate, with widths of

~1 pm.

Supplementary Figure 3.S2: SEM micromorphology of 25 nm Cu-Ni electrode at (A)
370x, and (B) 4000x
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Figure 3.S3 displays the elemental EDX mapping and EDX spectrum, which
demonstrates the complete coverage of the Ni plate with Cu, a finding that is consistent with
the XPS results (shown in the next section).
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Supplementary Figure 3.S3: EDX images with elemental mapping and EDX spectrum of
25 nm Cu-Ni electrode

XPS spectra of the Ni plate used in this study is shown in Figure 3.S4. The survey
spectrum of Ni plate showed the elements like C, Ni, O present on the surface (Figure 3.S4A).
High resolution spectrum of Ni 2p is curve fitted as shown in Figure 3.S4B. In Ni 2p3/2 region,
the peak at 852.39 eV corresponds to Ni metal (Ni) (Hu et al., 2019), the peaks at 855.13 eV
and 857.14 eV correspond to Ni oxides, NiO and Ni,O3, respectively. The Ni 2p1/2 region, the
peak at 870 eV corresponds to Ni metal (Ni°), the peaks at 872.8 eV and 874.89 eV correspond
to Ni oxides, NiO and Ni»Os3, respectively (Cheng et al., 2017). All other peaks are satellite
peaks. Figure 3.S4C shows the O 1s spectrum with three subpeaks at 529.09, 531.26 and 532.99
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eV are corresponding to oxygen in Ni oxides (NiO and Ni20O3), Ni(OH), and water adsorbed
on Ni plate, respectively (Cheng et al., 2017).
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Supplementary Figure 3.S4: XPS spectra of Ni plate (A) Survey, (B) Ni 2p, (C) O 1s

XPS spectra of 25 nm thick Cu coated on Ni plate (Pristine) is shown in Figure 3.S5.
The survey spectrum of 25 nm Cu-Ni plate showed the elements like C, Cu, and O present on
the surface (Figure 3.S5A). The peaks corresponds Ni in high resolution Ni 2p spectrum (Figure
3.S85B) is negligible, due to complete coverage of Cu coating on Ni plate using PVD. High
resolution spectrum of Cu 2p is curve fitted as shown in Figure 3.S5C. The peaks at 931.83 and
951.70 eV correspond to Cu metal (Cu’), the peaks at 933.59 and 954.42 eV correspond to Cu>"
(Cu20), respectively (Jiang et al., 2021). Figure 3.S5D shows the O 1s spectrum with three
subpeaks at 529.80, 531.87 and 534.0 eV are corresponding to oxygen in CuO, Cu(OH), and
adsorbed water molecules, respectively (Jiang et al., 2021).
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Supplementary Figure 3.S5: XPS spectra of pristine 25 nm Cu coated on Ni. (A) Survey,
(B) Ni 2p, (C) Cu2p, (D) O 1s

XPS spectra of spent 25 nm Cu-Ni cathode is shown in Figure 3.S6. The survey
spectrum of spent 25 nm Cu-Ni cathode showed the elements like C, Ni, N, Cu, and O present
on the surface (Figure 3.S6A). The Ni peaks in high resolution Ni 2p spectrum (Figure 3.S6B)
is barely visible. This could be due the removal of Cu from cathode plate during NO3~
reduction, most likely from the area of pits on the surface (Eiler et al., 2020). High resolution
spectrum of Cu 2p is curve fitted as shown in Figure 3.S6C. The peaks at 933.59 and 951.70
eV correspond to Cu metal (Cu®). The peaks at 933.59 and 954.42 eV correspond to Cu?"
(Cu20), respectively (Jiang et al., 2021). The small shift in the position of Cu?* peaks is due to
the adsorption of nitrogen compounds from the electrolyte on the surface of the cathode. Figure
3.S6D shows the O 1s spectrum with three subpeaks at 529.8, 531.87, and 534.0 eV correspond
to oxygen in CuO, Cu(OH)., and adsorbed water, respectively (Jiang et al., 2021). Figure 3.S6E
shows the N 1s spectrum with two subpeaks at 399.5 and 396.0 eV corresponding to *NH3 and
N* adsorbed on the Cu-Ni cathode plate, respectively (Baltrusaitis et al., 2009; Kehrer et al.,
2019; Yoon et al., 2019).
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Supplementary Figure 3.S6: XPS spectra of spent 25 nm Cu coated on Ni. (A) Survey,
(B) Ni2p, (C) Cu2p, (D)O 1s, (E) N 1s

Figure 3.S7 depicts a comparison of XPS spectra of Ni 2p for Ni plate without coating
(Figure 3.S7A), 25 nm Cu-Ni electrode (pristine) (Figure 3.S7B), and 25 nm Cu-Ni electrode
(spent) (Figure 3.S7C). A noticeable difference in peaks can be observed for all three
electrodes. The Ni plate without a coating exhibits the highest peaks, corresponding to Ni’,
Ni%*, and Ni**, whereas no peaks were detected for the Cu-Ni electrode (pristine). For the Cu-
Ni electrode (spent), Ni peaks are barely visible, indicating that some Cu has been removed,
exposing the Ni surface during NO3RR facilitating the NO3™ reduction.



58

i**  Ni plate without Cu coating Cu-Ni electrode (Pristine) Cu-Ni electrode (Spent)
2

Ni**

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

885 880 875 870 865 860 855 850 885 880 875 870 865 860 855 850 885 880 875 870 865 860 855 850
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Supplementary Figure 3.S7: XPS spectra of Ni 2p of (A) Ni plate without coating, (B) 25
nm Cu-Ni electrode (pristine), (C) 25 nm Cu-Ni electrode (spent)

A schematic diagram depicting the mechanism of Cu removal from the cathode during
NOs™ reduction is illustrated in Figure 3.S8. The Cu particles detach from the electrode during
the electrocatalytic process of NO3;~ reduction, revealing the Ni plate and forming pits.

Cu particles

Pits

Ni plate

Supplementary Figure 3.S8: Schematic of Cu removal mechanism on Cu-Ni cathode
during NO3~ reduction

The comparison of reduction curves for 25 nm, 50 nm, and 100 nm Cu-Ni electrodes
is illustrated in Figure 3.S9. It is evident from the Figure 3.S9 that as the thickness of Cu is
increased, the current density decreases because as film thickness increases there is a evolution
of microstructure and increased surface roughness (Lin et al., 2017), structural deterioration
(Nguyen et al., 2024), and increased resistivity caused due to variations in bonding
mechanisms and interface voids in thicker films which impedes current flow (T.-F. Lu et al.,

2024).
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Supplementary Figure 3.S9: Comparison of reduction curves for 25 nm, 50 nm, and 100
nm Cu-Ni electrodes with different catholyte concentration of (A): 2.5 mM KNO; + 3.5 mM
NazS04, (B): 2.5 mM KNO3 + 9.8 mM NaSO4, (C): 5.9 mM KNOs3 + 9.8 mM NaxSQs, and
(D): 3.5 mM NazSO04
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4

TOWARD SUSTAINABLE BATTERY
TECHNOLOGIES: THE NEED FOR
BIODEGRADABLE MEMBRANES

Parts of this chapter are based on:

Maya Moreshwar Meshram, S., Gonugunta, P., Taheri, P., Jourdin, L., Pande, S. (2025).
Preparation of biodegradable membrane utilizing chitosan and polyvinyl alcohol, and
assessment of its performance after coating with graphene conductive ink. Frontiers in
Membrane Science and Technology , Volume 4 — 2025.
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4.1. INTRODUCTION

For environmental applications, biodegradable membranes are crucial, as they offer an
environmentally sustainable approach for addressing pollution, while conserving natural
resources (Janakiraman et al., 2024). Applications include water electrolysis and wastewater
treatment, gas separation, bioenergy, and biobatteries production (Ehsani et al., 2022; Osman
et al., 2024). Biobatteries are part of the broader initiative to develop environmentally
sustainable energy storage solutions, which are essential for supporting renewable energy
systems (Bertaglia et al., 2024). They represent a promising avenue in sustainable energy
technology, utilizing biological processes to generate electrical energy (Fraiwan et al.,
2016). These biobatteries harness the power of microorganisms or enzymes to convert organic
matter into electricity through biochemical reactions (Gao et al., 2020). Biobatteries consist of
an anode, a cathode, an electrolyte, and a membrane (Hassanzadeh and Choi, 2015;
Hassanzadeh and Langdon, 2023). Membranes serve to keep the positive and negative half-
cells apart, preventing the mixing of electrochemically active ions. At the same time, they allow
the necessary ionic conductivity for specific ions that are not electrochemically active, such as
H* (Fraiwan and Choi, 2014; Long Doan et al., 2015; Yogesh and Srivastava, 2022). Also, they
are impermeable to fuel and oxidizing gases (Vilela et al., 2019). Proton exchange membranes
(PEM) are specialized membranes that facilitate the passage of protons across their
surfaces(Fraiwan and Choi, 2014). This proton transfer through the PEM, occurring between
the anode and cathode, is essential for maintaining electroneutrality (H. Lee and Choi, 2015).
Commercially available PEMs are costly and non-degradable (Gonzélez-Pabodn et al., 2019),
because they are fabricated using nafion, sulfonated polybenzimidazole, polysulfone, and
sulfonated poly(ether ketone) (A. Sharma et al., 2024; L. Wang et al., 2019). In addition, nafion
exhibits poor durability and low power density, and upon disposal, it releases numerous
perfluorinated compounds, including toxic perfluorocarboxylic acids and other
environmentally persistent and bioaccumulative substances (Brito dos Santos et al., 2024). Due
to these aforementioned limitations, these membranes are not suitable for biobattery
construction (Akshat Sharma et al., 2024). Hence there is a need of alternate membranes which
can be suitable in the construction of such biobatteries.

Biopolymers can be utilized for membranes preparation in biobatteries, owing to their
sustainability, environmental benefits, and functional properties (Galiano et al., 2018; Joshi et
al., 2024; Muhamaruesa and Isa, 2020; Patra et al., 2024). These biopolymers also provide a
low-cost alternative to traditional membranes, contributing to cost reduction, biodegradability,
and high strength owing to their robust intramolecular and intermolecular hydrogen-bonding
networks. These properties makes them as valuable materials for applications requiring
durability and stability (Cox and Litwinski, 1979; D.-C. Wang et al., 2023; L. Wang et al.,
2019). Various biopolymers are available in market, such as CS, PVA, Polylactic acid (PLA)
etc., as described in (Alday et al., 2020; Ghanbarzadeh et al., 2013; Reddy et al., 2021), which
can be employed for the preparation of membranes. CS is a naturally occurring polysaccharide
in animal based biomass resources that has various advantages, such as an eco-friendly nature,
flexibility for structural modification, high hydrophilicity, cost efficiency, improved and
chemical stability, and the ability to form a membrane (Dharmadhikari et al., 2018; Muhmed
et al., 2020; Mukoma et al., 2004; Sheth et al., 2024; Zhao et al., 2020). CS based membrane
has been fabricated by blending with nanocellulose (nanoscale fibers of cellulose) and also by
combining two or more polymer layers, particularly with a solid support layer for dimensional
stability (Zhao et al., 2020). For example, Song et al. (2024) has fabricated CS nanofiber paper
membrane via a papermaking process to use in lithium-ion batteries, Yang et al. (2022)
designed CS modified filter paper separator for aqueous zinc batteries, Guo et al. (2023) used
CS hydrogel polyelectrolyte-modified cotton pad as dendrite-inhibiting separators in aqueous
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zinc-ion batteries. Also, Tian et al. (2024) fabricated a multifunctional membrane from
polydopamine-modified waste paper and hydrothermal carbonized CS, through simple vacuum
filtration for separating oil-in-water emulsions and for in situ dye removal under controllable
pH conditions.

PVA is a biodegradable and water-soluble synthetic polymer with reactive chemical
functionalities (Halima, 2016). Through appropriate modifications, in the chemical features of
the PVA, it can be used as membrane (Maiti et al., 2012; Surti et al., 2024). Raja et al. (2022)
has developed a paper-based ceramic separator using a low-cost paper substrate functionalized
by the wet-coating method using duo-polymer (CS and PVA) and ceramic barium titanate
nanopowder. Ridwan et al. (2024) made conductive solid electrolyte membranes by mixing
potassium hydroxide (KOH), PVA, and glycerol with the addition of nanocrystalline cellulose
paper. Li et al. (2017) prepare the membrane by mixing cotton pulp with nylon (polyamide
fiber), vinylon (acetalized PVA fiber), and polypropylene fiber for zinc-silver battery. Wang et
al. (2020) fabricated a PVA/lyocell dual-layer paper-based separator by dual-layer forming
papermaking process for using in Zinc -air batteries.

However, the incorporation of the above biopolymers into cellulose paper, whether
through impregnation or other methods, results in increased vulnerability to swelling, water
absorption, and deterioration (Mohammed et al., 2023; Sahu and Gupta, 2022). This
susceptibility is particularly pronounced when the paper is stored in highly humid
environments or exposed to conditions of elevated moisture making it not suitable for
biobattery construction. To address these issues, surface treatments such as sizing and coating
are often employed to enhance the water resistance properties of cellulose paper. Modifying
the wettability of the cellulose paper surface with sizing agents or by applying hydrophobic
coatings such as, a water barrier can be created to protect the paper from moisture damage
(Rhim et al., 2006). Several significant studies have recently explored the use of hydrophobic
coatings. These coatings have been crafted from lignin-based carbon nanospheres (Wen et al.,
2024), ORMOCER, which are inorganic—organic polymers (Solberg et al., 2023), the diblock
copolymer PMMA-b-P(MA-FPOSS) (Pan et al., 2021), Photothiol-X Ligations (Bretel et al.,
2018), emulsions made from carnauba wax and alcohol with Nano-TiO: particles (Wang et al.,
2017), polyvinylidene fluoride (PVDF)/SiO2 microspheres (Gao et al., 2017),
polyhydroxybutyrate (PHB) particles mixed with nanofibrillated cellulose (NFC) and plant
wax (Rastogi and Samyn, 2017), and catechol (adhesive) moieties (Garcia et al., 2014). Coated
paper can provide enhanced features by reducing the porosity and roughness and improve the
moisture barrier properties. If a barrier coating layer is applied, the cellulose substrate becomes
resistant to humidity changes and as well as to dimensional instability (Agate et al., 2018).
However, only a limited number of studies have investigated the application of conductive
hydrophobic coatings on cellulose paper. Coatings are often employed as a simple and cost-
effective method to improve the properties of paper substrates used in membrane preparation.
Some studies has coated membranes using conductive inks such as by Li et al. (2022) where
they have utilized carbon-based conductive inks as coatings on membranes. Veerubhotla et al.
(2017) have applied coatings on Whatman filter paper, which served not only as a support for
electrode fabrication but also as a membrane in the biobattery. They employed commercially
available eyeliner containing carbon nanoparticles and Fe3Os as a conductive ink without any
binder for the preparation of the membrane. Jenkins et al. (2012) have used filter paper coated
with conducting carbon ink in the biobattery setup. As can be seen that there are a few studies
done in which membrane has been prepared using biopolymers impregnated with cellulose
paper coated with conductive ink. The cellulose filter paper is utilized as reinforcement because
it serves as a porous base for membranes, providing a structure that can be easily saturated and
coated with casting solutions. The fibrous nature of filter paper results in a complex and uneven
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surface, which is beneficial for membrane applications. It improves lamination strength and
membrane performance without causing the support to swell or dissolve. Additionally, the high
crystallinity of filter paper ensures a stable and durable structure for reinforcement (Prambauer
et al., 2015; Tran and Ulbricht, 2023). Also, the graphene conductive ink provides exceptional
electrical conductivity, flexibility, and potential for environmentally sustainable formulations.
In comparison to other coatings, it demonstrates superior adhesion, high printing resolution,
and the ability to enhance conductivity (Ashok Kumar et al., 2022; Saidina et al., 2019).

While biodegradable polymers like CS and PVA have been widely studied, the
integration of cellulose filter paper as a reinforcing scaffold for these membranes remains
underexplored. Notably, the application of water-resistant graphene conductive ink as a coating
on biodegradable polymer membranes has not been previously reported. Hence, in this study,
eco-friendly and sustainable biodegradable membranes were synthesized from cellulose filter
paper by impregnation with CS, PVA and 1:1 CS/PVA, followed by the coating with the mixture
of graphene conductive ink and respective polymer CS, PVA and 1:1 CS/PVA. This study will
help create a membrane for biobatteries. They can power low-energy devices like soil moisture
sensors. They can also be used in fuel cells that conduct protons, in water treatment to clean or
remove salt, in eco-friendly packaging because they break down naturally, and in medical
devices like temporary implants or systems that deliver drugs.

4.2. EXPERIMENTAL MATERIALS AND METHODS

4.2.1. MATERIALS AND CHEMICALS

All chemicals were analytically pure and used without further purification. Cellulose
filter paper, with a 7.5 cm diameter, and an average pore size of 1.5 pm, was purchased from
Ahlstrom (Helsinki, Finland), PVA (molecular weight - 146,000-186,000, 99+% hydrolyzed),
and CS (high molecular weight) were purchased from Sigma-Aldrich. Conductive ink with
graphene was purchased from FWG Limited, United Kingdom. PK booster compost tea was
purchased from Biotabs (The Netherlands).

4.2.2. MEMBRANE SYNTHESIS

Membranes were prepared using the solution casting method. Initially, the polymers
were dissolved in the solution, subsequently, the filter paper was immersed in it, and then dried
in an oven at 60 °C. Following this, the conductive ink was applied on the membrane using a
paint brush. The detailed procedure is described in the subsequent subsections. Figure 4.1
illustrates the schematic of the membrane preparation method.
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Figure 4.1: Schematic diagram of CS, PVA, and CS/PVA membranes prepared by solution-
casting method

4.2.2.1. CS MEMBRANE

An aqueous solution of CS at a concentration of 2% (w/v) was prepared by dissolving
4 g of CS in 200 mL of acetic acid aqueous solution containing 2% (v/v). The mixture was
stirred for 12 h at room temperature at 1000 rpm. To reduce the thickness of the solution, 150
mL of acetic acid was added to the previously prepared solution, and the mixture was stirred
for one more hour. The solution was then filtered and stored at 4 °C for 24 h. Subsequently, a
6 cm X 6 cm filter paper was immersed in the CS solution for 2 minutes to allow the CS solution
to be absorbed by the filter paper, which was then left to dry at room temperature for 24 h. The
filter paper was then dehydrated at 60 °C for 6 h in oven. The dry weight of the membrane was
then measured to determine the amount of solution that had been absorbed by the filter paper.

The membrane was neutralized with 2 M NaOH for 5 minutes and washed with Milli-
Q water. It was then crosslinked by immersion in 0.5 M H>SOy for 24 h at room temperature.
To remove excess cross-linking agent, the membrane was dipped in Milli-Q water and allowed
to dry for 24 h at room temperature. The weights of the membranes were measured after cross-
linking.

4.2.2.2. PVA MEMBRANE

PVA (10 g) was added to 100 mL of Milli-Q water (10% w/v aqueous PVA solution)
and allowed to hydrate for 24 h. PVA was then dissolved by stirring at 500 rpm at 80 °C for 2
h. The filter paper of size 6 cm X 6 cm, was then dipped in the PVA solution for 2 minutes,
allowing the PVA solution to be absorbed by the filter paper. The filter paper was left to dry at
room temperature for 24 h, and then at 60 °C for another 6 h. The dry weight of the membranes
was measured to determine the amount of solution absorbed by the filter paper.

The membranes were then treated with a 10 % (v/v) solution of hydrogen peroxide for
1 h, washed, and crosslinked with a 10 % (v/v) solution of sulfuric acid for 12 h. The weights
of the membranes were measured after crosslinking.
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4.2.2.3. CS/PVA MEMBRANE

Aqueous solutions of PVA and CS were mixed at a 1:1 (v/v) ratio (Ambili et al., 2019)
and stirred for 2 h at 500 rpm. After mixing, the solution was stored at 4 °C for 24 h. Filter
paper, measuring 6 cm x 6 cm, was dipped in the CS/PVA solution for 2 minutes to allow the
CS/PVA solution to be absorbed. The filter paper was left to dry at room temperature for 24 h
and then dehydrated for 6 h in an oven at 60 °C. The dry weights of the membranes were
measured to determine the amount of solution absorbed by the filter paper.

The obtained membranes were neutralized with 2 M NaOH for 5 minutes and washed
with Milli-Q water. Cross-linking was performed by immersing the membrane in 0.5 M H2SO4
for 24 h at room temperature, followed by dipping in Milli-Q water to remove excess cross-
linking agent. The membranes were then allowed to dry at room temperature for 24 h. After
crosslinking, the membrane weights were measured.

4.2.2.4. GRAPHENE CONDUCTIVE INK SOLUTION

5 g of conductive graphene ink is mixed with 5 g of polymer solution of CS, PVA, and
CS/PVA to prepare the conductive ink solution. The conductive ink solution mixture was stirred
for 24 h at 200 rpm using a magnetic stirrer which results in 1:1 (Graphene ink: of CS, PVA,
and CS/PVA) conductive ink solution. Subsequently, these 1:1 mixtures were coated onto the
polymer membranes using paint brush in two layers on one side of the membranes.

4.2.3. MEMBRANE PERFORMANCE STUDIES
4.2.3.1. SWELLING RATIO AND WATER UPTAKE CAPACITY

Swelling ratio: The swelling ratios of the prepared membranes were calculated using the
procedure described by Gonzalez-Pabon et al. (2019) and the following equation:

Swelling ratio (%) = TW%’;” X 100, .o, (1)

where Twet represents the thickness of the wet membranes obtained after soaking in Milli-Q
water for 24 h and Tary is the thickness of the respective dry membranes. The thickness of the
membranes was measured using a digital vernier caliper (range: 0 to 150 mm,; accuracy: 0.2
mm; resolution: 0.1 mm). Measurements were taken at various locations on the membranes,
and the average thickness was subsequently calculated.

Water uptake capacity: The water uptake capacity was determined by measuring membrane
weight changes during the hydration process (Gonzélez-Pabon et al., 2019). The membranes
were first dried in an oven at 30 °C for 15 h, and then weighed (Wary). After drying, the
membranes were immersed in Milli-Q water for an initial period of 1 minute, wiped with tissue
paper, and immediately weighed (Wwet). The procedure was repeated for several times. Finally,
the membranes were stored in Milli-Q water and maintained at room temperature for 24 h to
avoid the warping of the membrane and use them for subsequent experiments. The water uptake
(W %) was calculated using the following equation:

Water uptake capacity (%) = W X 100 .. Q)
dry

where Wy represents the weight of the wet membranes obtained after soaking in Milli-Q water
for 24 h and Wary is the weight of the respective dry membrane.
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4.2.3.2. ION EXCHANGE CAPACITY (IEC)

[EC is a measure of the number of ions that a material can exchange. IEC was calculated
using an acid-base titration method according to the procedure described by Gonzalez-Pabon
etal. (2019). Circular membrane pieces (12.57 cm?) were weighed and subsequently immersed
in 1 M H2SO4 aqueous solution for 24 h to saturate the ion-exchange sites of the membrane
with hydrogen ions (H'). Subsequently, the membranes were thoroughly washed with Milli-Q
water to eliminate any residual H>SOs4 and retain only the H* ions bound to the ion exchange
sites on the membrane. Then the obtained membranes were subsequently immersed in 50 mL
of 1 M NaCl solution for 24 h. Throughout this time frame, the H" ions within the membrane
were substituted with Na" (sodium ions) from the NaCl solution, thereby allowing H' ions to
be released into the solution and acidic solution. The solution containing the released H was
then titrated with a 0.01 M NaOH basic solution using phenolphthalein as an indicator.
Phenolphthalein indicator was prepared by adding 1 g of Phenolphthalein powder in 100 mL
solution containing 50 mL of ethanol and 50 mL of Milli-Q water. This indicator is commonly
employed to evaluate the electrochemical properties (Li et al., 2022). This colorless indicator
underwent a change to pink upon titration as a result of the H" ions released from the membrane
being neutralized by the OH™ ions from the NaOH solution. When the pH of the solution
reaches 8.2 or above, a color change occurred, resulting in a pink solution. The IEC (meq/g)
values of the dry membranes were calculated using the following equation.

JEC = D0 NGOt e, 3)
Wdry

where Vaon is the volume of NaOH spent during titration and Wary is the dry weight of the
membrane (g).

IEC specifies the number of ions that a membrane can exchange within a solution. A higher
IEC signifies that the membrane can exchange a larger quantity of ions.

4.2.3.3. CONDUCTIVITY DETERMINATION

Understanding the proton conductivity is essential for designing batteries that ensure
efficient energy transfer for improved performance and higher energy efficiency. The
mechanisms to describe proton transfer across the membranes (usually the main charge
transporter) are related to the ‘Grotthuss mechanism,” where protons flow from one proton
carrier to another. In this case, the proton moves through proton carrier molecules with
functional groups, such as -NH,, -NH3" or -SO3H, which dissociate H" and form hydrogen
bonds. There is also a second mechanism called the ‘vehicle mechanism.” In this mechanism,
protons combine with water molecules to produce hydronium ions (e.g., H3O", HsO", and
HyO4"), which can migrate through a stream of water (Gonzalez-Pabén et al., 2021).

Electrochemical impedance spectroscopy (EIS) measurements were carried out using 3
electrode system setup to obtain the specific conductivities of all the synthesized membranes
(Panawong et al., 2022) and to determine the effect of the conductive ink coating on proton
conduction compared to uncoated membranes. EIS experiments were performed using an
Autolab PGSTAT302N potentiostat equipped with an FRA impedance module at open-circuit
potential (Magar et al., 2021; Rezaei Niya and Hoorfar, 2013). The impedance of a material,
which is a measure of its opposition to alternating current (AC), is composed of two
components: resistance (real impedance) and reactance (imaginary impedance). Conductivity
measurements were performed on the coated and non-coated membranes. The analysis was
performed in the frequency range of 0.1 Hz and 10° Hz with an amplitude of 0.01 V at room
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temperature under 100% relative humidity (RH) by immersing the membranes in Milli-Q water
before each measurement. Conductivity was calculated using the following equation:

o (i) e oot eet ettt e eaetetat et aeate st et et et ateare st erat et attarens (4)

cm

where ¢ is the conductivity (S/cm), dis the electrode distance (cm), Rs is the resistance
obtained from the impedance data (Q), and S is the membrane area (cm?) (Tabata et al., 2022).

4.2.3.4. OXYGEN DIFFUSIVITY DETERMINATION

Oxygen diffusivity play a significant role in battery design because oxygen is an
electron acceptor (Ucar et al., 2017). It is essential to avoid competition between the electron
acceptor used in the battery and oxygen. The tests were performed in an H-type reactor. Oxygen
concentrations were measured in the anode chamber using a dissolved oxygen (DO) probe
(G1610, Greisinger, Germany) (precision = 0.2 mg/L). Prior to the measurement, the DO probe
was inserted into the anode chamber containing water (250 mL) and was made airtight after
purging with pure N> gas to remove dissolved oxygen from the anode chamber. The
concentration of dissolved oxygen in the anodic chamber was periodically recorded to observe
oxygen diffusivity from the cathode chamber to the anode chamber.

The oxygen mass transfer coefficient kg, (cm/s), which characterizes oxygen permeability, was

calculated from the cathode to the anode chamber over time using the mass balance in Equation
5 (Gonzalez-Pabodn et al., 2019):

_ -V Co,—C
kOZ = Txr X In [(CZ_O2>] ............................................................................. (5)

where V is the volume of the anode chamber (300 mL i.e 300 cm?), A is the cross-sectional
area of the membrane (12.57 cm?), Co,is the saturation concentration of oxygen in the water

(assumed to be 7.8 mg/L), and C is the concentration of oxygen in the anode chamber at time
‘T (sec)’ (mg/L).

The oxygen diffusion coefficient (Do, cm?/s) was calculated using the wet membrane thickness
(Twet) (Gonzalez-Pabdn et al., 2019):

4.2.3.5. LINEAR SWEEP VOLTAMMETRY (LSV) STUDIES

The performance of the membrane circles (12.57 cm?) were evaluated by polarization
studies. The membrane were used as a separator in an H-type reactor, where the anodic and
cathodic compartments were 300 mL each, respectively. Platinum electrode (1 cm x 1 cm) and
carbon felt (1 cm x 2 cm) were used as anode and cathode, respectively. The anode
compartment was filled with 300 mL of Milli-Q water, whereas the cathode compartment was
filled with 150 mL of a phosphate buffered (0.1 M, pH 7) solution containing potassium
ferricyanide (150 mL, 0.1 M), in order to avoid cathodic limitations. Linear sweep voltammetry
(LSV) was performed in the potential range of 0 to 2 V at a scan rate of 1 mV/s using a Squidstat
Potentiostat.
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4.2.3.6. DEGRADATION TESTING IN COMPOST TEA

Biodegradation tests of membranes were performed in 100 % composted tea. First,
compost tea was prepared according to (Atreya et al., 2023; Marin et al., 2013), with a 1:3 (v:v)
compost: water ratio in a 0.9 L PET flask. Non-aerated compost tea was used, in which the
compost was suspended in Milli-Q water at the proportion indicated and stored at 20 °C for
seven days in the dark with periodic homogenization. After seven days, the compost tea was
filtered through a sieve and used for testing. In total 6 samples of size 2 cm X 1 cm were cut
from the main membrane. They were then dried in an oven at 50 °C for 1 h, and their initial
weight was measured (m;), after which two samples were immersed in three bottles, each of 25
mL of compost tea, for the desired days under airtight conditions. After 5, 50, and 100 days,
the samples were removed and dried at 50 °C, and the final weight (mr) of the membranes were
measured. The degradation is calculated by finding out the percentage weight loss by the
formula,

Percentage weight loss = [(ml;l—mf)] X L00. i 7

where m; is the initial weight and my is the weight remaining after immersing the membranes
in the compost tea.

4.2.3.7. CHARACTERIZATION OF MEMBRANES

The hydrophobicity/hydrophilicity of the prepared membranes was quantified by
measuring the contact angle of a water droplet with an optical tensiometer (Theta Lite, TL100-
TL101) by using the sessile drop method. The contact angle was measured immediately after
putting water droplet on the membrane surface (t = 0). The water droplet was left undisturbed
for 5 minutes on the CS membrane and 10 minutes for PVA and CS/PVA membranes before
remeasuring the another contact angle. The surface morphology and microstructure
characteristics of membranes were studied using a scanning electron microscope (SEM, JSM-
IT800). The thermal stability of membranes was investigated using thermogravimetric analyzer
(TGA, Netzsch STA 409 C/CD) instrument under argon (Ar) atmosphere, in the range of 25
°C - 600 °C and heating rate was 20 °C min"'. The mechanical properties of the membranes
were assessed using a Z010 Universal Testing Machine (Zwick, Ulm, Germany). Test
specimens were excised from membranes that had been immersed in MilliQ water for 7 days,
with dimensions of 60 mm in length and 10 mm in width. Prior to testing, the specimens were
dried using tissue paper. The tensile measurement were performed on strips with dimensions
of 10 mm x 60 mm at room temperature with a crosshead speed of 2 mm/min. Subsequently,
the mechanical properties (tensile strength, young’s modulus, and elongation at break) were
determined.

All experiments were performed in triplicate, and descriptive statistics were applied
using Origin software to calculate the mean and standard deviation values.

4.3. RESULTS AND DISCUSSION
4.3.1. SWELLING RATIO AND WATER UPTAKE CAPACITY

Figure 4.2A, 2B, and 2C illustrate the water uptake capacity (%), swelling ratio (%)
(based on thickness), swelling based on area (i.e. in-plane direction) of the CS, PVA, and
CS/PVA membranes, wherein uncoated samples are represented as plain and ink coated
samples as hatched. These values were calculated using Equation 1 and Equation 2 and has
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been shown in Table 4.1. The CS membrane exhibited the highest water uptake capacity (94.10
%), followed by PVA (63.87 %) and CS/PVA (54.44 %) in uncoated samples. CS membrane
exhibits significantly higher water absorption capacity than PVA membrane because of its
distinctive structure and the presence of ionotropic cross-links, whereas PVA membrane
exhibits lower water absorption owing to its differing chemical structure and cross-linking
behavior, which constrains its hydrophilicity relative to CS-based materials (Sangeetha et al.,
2022). In addition, the absorption of water in PVA membrane is lower due to the formation of
intramolecular hydrogen bonds between adjacent hydroxyl (OH) groups, which effectively
reduces the number of water molecules that can be hydrated per -OH group. While each -OH
group can attract water, PVAs retain only approximately 2 to 2.2 water molecules in aqueous
solution (Satokawa and Shikata, 2008).

PVA membrane (150 %) showed the highest swelling ratio compared with CS
membrane (2 %) and CS/PVA membrane (111.67 %) in the uncoated samples. Interestingly,
the swelling ratio of the CS uncoated membrane was found to be almost negligible in
comparison to the other membranes. This phenomenon can be attributed to the cellulose filter
paper in CS, which, when exposed, exhibits a robust network structure formed by extensive
hydrogen bonding among cellulose fibers. This structure effectively prevents swelling despite
significant water uptake. The cellulose filter paper fibers are clearly depicted in Supplementary
Figure 4.S2A1. Also, the compact arrangement ensures mechanical integrity and stability,
enabling the membrane to function efficiently without excessive expansion (Z. Li et al., 2021).
The data depicted in Figure 4.2A and Figure 4.2B indicate that the ink coated membrane
(hatched lines) exhibited a lower water uptake capacity for CS (59.62 %), PVA (59.06 %), and
CS/PVA (17.08 %), and a lower swelling ratio for CS (1.50 %), PVA (127.27 %), and CS/PVA
(10 %) compared to the uncoated samples (plain lines).This suggested that the ink coating
impeded the ability of the samples to absorb water. The water uptake and swelling ratio are low
in the coated membranes because graphene is hydrophobic and repels water (Sun et al., 2023),
creating a physical barrier on the cellulose fibers. This makes it harder for water molecules to
penetrate (Jingfeng Wang et al., 2019) and acts as a structural reinforcement for this study. As
the ink dries, it forms a network of interconnected flakes that strengthen the paper matrix. This
reinforcement helps the paper to resist the internal pressure caused by the absorbed water,
thereby reducing swelling (Gambhir et al., 2015).

To assess the swelling of the membrane based on area (i.e., in the plane direction), a
rectangular strip of membrane measuring 10 mm in width and 60 mm in length was excised
from the membrane, and the rectangular area was calculated. The swelling area of the
membrane was observed to be negligible, potentially due to the cellulose paper, which restricts
the membrane's swelling in both length and width directions (i.e. in-plane) (M. Lee et al., 2016).
Cellulose fibers in filter paper exhibit anisotropic swelling behavior, with greater expansion in
the thickness direction than in-plane. This structural arrangement of aligned and bonded fibers
restricts the membrane's swelling in the in-plane direction (Bloch et al., 2024; Hubbe et al.,
2024).
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Figure 4.2: (A) Water uptake capacity, (B) Swelling ratio (based on thickness), and (C)
Swelling area (in in-plane) of the membrane (plain graph - uncoated, hatched graph - ink
coated)

4.3.2. ION EXCHANGE CAPACITY (IEC)

Figure 4.3 illustrates the IEC of the uncoated (plain) and ink coated (hatched) CS, PVA,
and CS/PVA membranes in terms of milliequivalents per gram (meq/g). The IEC values were
calculated using Equation 3 and are shown in Table 4.1. In the bar graph, the x-axis represents
the membrane, and the y-axis represents the IEC. The plot indicates that the uncoated PVA
(3.94 meq/g) membrane has the highest IEC, followed by the CS (1.82 meq/g) and CS/PVA
(1.50 meq/g) membranes. While for the coated membranes, IEC values decreased for all the
three membranes: CS (0.61 meq/g), PVA (2.88 meq/g) and CS/PVA (0.71 meq/g). This could
be because the ink coating acted as a barrier, preventing the ions from reaching the exchange
sites on the membrane. The difference in performance between the coated and uncoated
membranes was minimal for the PVA membranes. The IEC values in theory are approximately
3.1 meg/g for CS, around 11.6 meqg/g for PVA, and about 7.36 meq/g for the CS/PVA
combination.
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Figure 4.3: Ton exchange capacity of CS, PVA, and CS/PVA membranes (plain graph —
uncoated samples, hatched graph - ink coated samples)
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Among the uncoated membranes, PVA exhibited the highest IEC at 3.94 meq/g,
followed by CS at 1.82 meq/g, and the CS/PVA at 1.50 meq/g. The application of a graphene
ink coating resulted in a reduction of IEC across all membrane types: CS decreased from 1.82
to 0.61 meq/g, for PVA from 3.94 to 2.88 meq/g, and for CS/PVA from 1.50 to 0.71 meq/g.
This coating likely acted as a barrier, impeding ions from accessing the exchange sites on the
membrane, potentially obstructing pores or functional groups involved in ion exchange. Other
factors influencing IEC include the chemical structure, where PVA's configuration provides
more ion exchange sites than CS, crosslinking, which can affect the availability of these sites,
and hydrophilicity, as more hydrophilic materials generally exhibit higher IEC. Additionally,
graphene's hydrophobic nature might reduce the water uptake necessary for ion transport. The
smallest difference between coated and uncoated membranes was observed in PVA, suggesting
its structure might still permit ion exchange despite the coating. Theoretical IEC values
exceeded measured ones, indicating that not all potential exchange sites are accessible. Further
experiments are necessary to gain a deeper understanding of the behaviour of these membranes.
This could involve measuring IEC with different coating thicknesses, examining the membrane
surface chemistry before and after coating, testing various coating materials to evaluate their
effects, and investigating ion movement through coated membranes.

Table 4.1: Average water uptake, swelling ratio, ion exchange capacity and proton
conductivities of CS, PVA, and CS/PVA membranes

Membrane | Water uptake Swelling ratio Ion exchange capacity Proton
(%) (%) (meq/g) conductivity
(S/ecm)
uncoated | coated | uncoated | coated | uncoated coated uncoated | coated
CS 94.10 59.62 | 2.00 1.50 1.82 0.61 7.8 u 0.73m
PVA 63.87 59.06 | 150.00 127.27 | 3.94 2.88 31.8p 1.51m
CS/PVA 53.44 17.08 | 111.67 10.00 1.50 0.71 5.87u 1.74 m

4.3.3. CONDUCTIVITY DETERMINATION

Supplementary Figure 4.S3A,and Figure 4.S3B shows the electrochemical impedance
spectra of the CS, PVA, and CS/PVA membranes for both uncoated and ink coated respectively.
The real impedance, represented on the x-axis in ohms, and imaginary impedance, represented
on the y-axis in ohms, are illustrated Supplementary Figure 4.S3. The EIS spectra indicated
that the real impedances of all three membranes were higher at lower frequencies. This is
because, at lower frequencies, the ions in the electrolyte have more time to diffuse into the
membrane, which increases the resistance. At higher frequencies, the ions have less time to
diffuse and the impedance decreases (Saghafi et al., 2023). The CS/PVA membrane exhibited
the highest impedance among the uncoated membrane samples, whereas the CS membrane
showed the highest impedance for the coated samples. The utilization of ink coating has a
profound impact on the impedance of the membranes. Notably, the impedance of the coated
membrane was lower than that of the uncoated membrane. This can be attributed to the fact
that the graphene-based conductive ink applied to membranes improves the electrochemical
properties, generates more interconnected channels for proton transfer, and facilitates efficient
proton transfer across the membrane (Ahmed et al., 2023; Kushwaha et al., 2023; Muhmed et
al., 2023).

The proton conductivities of the membranes were calculated using Equation 4 and are
illustrated in Figure 4.4 and are reported in Table 4.1. The PVA membranes exhibited higher
conductivities than the CS and CS/PVA membranes. These results are in agreement with the
IEC data, where the highest IEC values were obtained with PVA membrane as the IEC and the
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proton conductivity was directly related (Wei et al., 2023). As reported in a previous study
(Maiti et al., 2012), the proton permeability of the CS/PVA membranes was 11.2 mS/cm.
However, in our study, the proton conductivity was found to be significantly lower 5.87 uS/cm
when uncoated . This difference may be due to the cellulose filter paper used as reinforcement
in the membranes, which may have impeded the proton flow. However, when coated, the
conductivity increased to 1.74 mS/cm, even when cellulose filter paper was used as the
reinforcement. This is in agreement with the study performed by Khan et al. (2015), where they
have shown that the graphene enhances proton conductivity when blended with polymer.
However in case of PVA these values are 31.8 pS/cm in uncoated and 1.51 mS/cm in coated
condition. The reduction in proton conductivity in the PVA membrane after coating with
graphene can attributed to the high content of graphene nanofillers blocking ionic channels,
which restricts the free movement of ions, thus hindering conductivity (Das et al., 2019). The
IEC of a membrane depends on its material composition, structure, and surface treatments
(Haldrup et al., 2016). CS membrane with abundant amine groups and hydrophilic properties,
offers moderate proton exchange potential but has low density of exchangeable sites, resulting
in reduced conductivity when uncoated (Palanisamy et al., 2023). When coated with ink
containing acidic groups, the IEC improves, increasing conductivity. PVA forms flexible,
water-retaining films but lacks strong acidic groups for high IEC. Its high conductivity
indicates effective proton mobility, with coating providing slight enhancement. The CS/PVA
membrane shows decreased conductivity when uncoated, likely due to phase separation (Aziz
et al., 2017). However, coating significantly improves performance by introducing ion-
exchange functionality and enhancing proton transport. The coating boosts IEC by adding
proton-conducting groups and improving hydration, particularly in membranes with lower
intrinsic ion exchange potential, demonstrating the importance of surface engineering for
proton exchange applications.
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Figure 4.4: Proton conductivities attained for CS, PVA and CS/PVA membranes (plain graph
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4.3.4. OXYGEN DIFFUSIVITY MEASUREMENT

The average oxygen concentration (mg/L) in the anode chamber, measured for 5 h, is
shown in Figure 4.5A (uncoated) and Figure 4.5B (ink coated). These data are also given in
Table 4.2, along with the oxygen diffusion, oxygen mass transfer coefficient, and oxygen
diffusion coefficient which were calculated using Equation 5 and Equation 6, respectively. The
average membrane thickness for the uncoated membranes is 0.01 cm for CS, 0.0183 cm for
PVA, and 0.01 cm for CS/PVA. On the other hand, for the coated membranes, the thickness is
0.01 cm for CS, 0.025 cm for PVA, and 0.0125 cm for CS/PVA. The average oxygen
concentration in the anode at the end of 5 h was the highest for PVA membrane (0.167 mg/L),
whereas CS and CS/PVA membranes exhibited the same value of 0.100 mg/L when uncoated.
However, in the coated membranes, these values were 0.100 mg/L, 0.067 mg/L, and 0.033
mg/L for CS, PVA, and CS/PVA, respectively. It can be seen that when the proton membranes
are coated, the oxygen concentration in the anode chamber is less than that when uncoated
because the graphene ink coating reduces oxygen diffusion (Topsakal et al., 2012). This is
because the graphene coating create a high-energy barrier that impedes the movement of
oxygen atoms, making it difficult for them to penetrate through the membrane (Topsakal et al.,
2012). The accuracy range of the oxygen diffusion probe was found to encompass the oxygen
diffusion rates for all membranes, which was £+ 0.2 mg/L. Hence, no definitive conclusions
could be drawn regarding the accuracy of the membranes based on data collected over a period
of 5 h. To draw any meaningful conclusions regarding the accuracy of the membranes, it is
necessary to conduct oxygen diffusion experiments over an extended period of time or utilize
an instrument that can measure significant variations in the oxygen diffusion rates more
precisely.
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Figure 4.5: Average oxygen concentration (mg/L) of CS, PVA, and CS/PVA membranes.
(A) uncoated, and (B) ink coated
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When uncoated, PVA membrane has the highest value for the oxygen mass transfer
coefficient, which is 2.391 x 10~ ¢cm/s followed by CS and CS/PVA membranes having the
same value of 1.425 x 10~ cm/s. Compared to the uncoated membranes, the coated membranes
showed lower values for PVA (0.953 x 107 cm/s) and CS/PVA (0.468 x 10~ cm/s), but for CS,
it was the same as for uncoated membranes, which was 1.425 x 107 cm/s. The oxygen diffusion
coefficient was the highest in PVA membrane (0.437 x 10 cm?/s) under uncoated and coated
conditions (0.238 x 10 cm?/s). In general, the coating reduces the oxygen mass transfer and
diffusion coefficients, with coated CS/PVA membrane demonstrating the lowest values.

It is noteworthy that although the viscosity of the polymer solutions (CS, PVA, and
CS/PVA) likely affected the membrane coating and thickness (Zong et al., 2021), quantitative
viscosity measurements were not conducted during membrane preparation. This constitutes a
limitation of the present study, and future research will incorporate systematic viscosity
characterization to more accurately correlate solution properties with membrane performance.

Table 4.2: Oxygen diffusion, oxygen mass transfer coefficient and oxygen diffusion coefficient
of CS, PVA, and CS/PVA membranes

Membrane | Oxygen diffusion (avg at | Oxygen mass transfer Oxygen diffusion coefficient
t =5 hours) (mg/L) coefficient kg (cm/s) (10) Do (em?/s) (10-5)
uncoated | coated uncoated coated uncoated coated
CS 0.100 0.100 1.425 1.425 0.142 0.142
PVA 0.167 0.067 2.391 0.953 0.437 0.238
CS/PVA 0.100 0.033 1.425 0.468 0.142 0.058

4.3.5. LINEAR SWEEP VOLTAMMETRY (LSV)

The findings from the LSV curves, as illustrated in Figure 4.6A (uncoated) and Figure
6B (ink coated), reveal that there is a negligible current density between 0 and 1 V, indicating
an electrochemical reaction in which no electrons are involved within this potential range for
both the uncoated and coated membranes (i.e., CS, PVA, and CS/PVA). However, when the
voltage was increased to more than 1 V, a considerable increase in the current flow was
observed for the membranes, suggesting the onset of an electrochemical reaction.
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Figure 4.6: H-type reactor performance LSV curves of CS, PVA and CS/PVA membranes.
(A) uncoated, (B) ink coated.

Previous studies have shown varied potential levels at which the current starts
increasing, around the values reported here. For example, CS (1 - 1.3 V) (Shukur and Kadir,
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2015), PVA (4.5 V) (Xiao etal., 2015), PVA - CS ( 1.70 V) (Kadir and Arof, 2011), CS - PVA
and potassium hydroxide (KOH) (2 V) (Poosapati et al., 2021), CS with NH4SCN and glycerol
(2.09V) (Aziz et al., 2021b), CS with DXN3 (1.54 V) (Aziz et al., 2021a), PVA - CS with NH4l
(1.33 V) (Shahab Marf et al., 2020), CS with NH4NO3 and ethylene carbonate (1.8 V) (Ng and
Mohamad, 2008), and PVA with dextran and NHa4l (1.3 V) (Aziz et al., 2020) were noted. If
the current remains stable below 1 V, without any sudden increase in current density, it can be
considered as a positive indicator because it helps to minimize solvent evaporation and leakage
within the electrochemical system. This is particularly beneficial for preventing any potential
issues that may arise owing to solvent loss (Aziz et al., 2021a). For the uncoated and coated
membranes, there was no variation in the current density between 0 and 1 V. For all the
membranes (uncoated and coated), the current started rising after 1 V, hence it can be
concluded that these membranes can be used in practical applications without undergoing any
damage. These results suggest that the coating does not have a significant impact on the current
density of the membranes, as there is only a slight decrease in the highest current density
achieved by the coated membranes at a final potential of 2 V.

4.3.6. DEGRADATION TEST

To create biodegradable batteries suitable for soil moisture sensors, it is essential that
they have a functional lifespan of at least 100 days, as the typical growth period for crops ranges
from 100 to 120 days (Wang et al., 2010). Given the significance of biodegradable membrane
as a crucial component of batteries, it is vital to be aware of its degradation time. The study
conducted on degradation of the membranes yielded degradation values, in terms of percentage
of mass loss are listed in Table 4.3. These values were found out using Equation 7. It can be
seen that the membranes degrade very slowly in 100 days at room temperature in compost tea
(in between 2 wt % - 5 wt %), which is in agreement with the results shown in (Chiellini et al.,
2003). Multiple factors may be responsible for the reduced degradation of these membranes,
such as the polymer morphology, structure, chemical treatment, environmental conditions, and
molecular weight (Chiellini et al., 2003; Samir et al., 2022). Previous studies have tested the
degradation of CS, PVA, and CS/PVA membranes at various temperatures (Murmu et al., 2022;
Vera et al., 2022) and have shown that degradation occurs beyond 250 °C (Ambili et al., 2019;
Vera et al., 2022). The degradation of CS occurs in the temperature range of 200° C-300° C
and 500° C-600° C (Schaffer et al., 2018), and for PVA, it occurs at more than 50 °C with a
99.9 % degree of hydrolysis (Zhu and Ge, 2021). Based on these results, it can be inferred that
the CS, PVA, and CS/PVA membranes exhibit stability at room temperature and in the presence
of compost tea membranes are not going under any degradation. Consequently, these
membranes can be utilized for extended periods under normal environmental conditions
without any degradation.

Table 4.3: Degradation of CS, PVA, and CS/PVA membranes in compost tea (100 %
concentration)

Time Membranes | CS PVA CS/PVA
(days) m; my % mj my % m; my %
(avg) (avg) mass | (avg) (avg) mass | (avg) (avg) mass
loss loss loss
5 Coated 0.0255 | 0.0255 | 0.00 0.0545 | 0.0545 | 0.00 0.0295 | 0.0295 | 0.00
50 0.0265 | 0.0260 | 1.92 0.0565 | 0.0560 | 0.89 0.0280 | 0.0275 | 1.82
100 0.0255 | 0.0250 | 2.00 0.0555 | 0.0545 | 1.83 0.0290 | 0.0280 | 3.57
5 Uncoated 0.0240 | 0.0240 | 0.00 0.0510 | 0.0510 | 0.00 0.026 | 0.026 | 0.00
50 0.0265 | 0.0255 | 3.92 0.0510 | 0.0495 | 3.03 0.027 | 0.0265 | 1.89
100 0.0245 | 0.0235 | 4.26 0.0475 | 0.0450 | 5.56 0.026 | 0.025 | 4.00
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4.3.7. CHARACTERIZATION

Contact angle: Contact angle measurements were conducted to determine whether the
membranes exhibit hydrophobic or hydrophilic properties. Figure 4.7 shows the mean contact
angle versus time of all the three membranes at beginning and after 5/10 minutes waiting time.
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Figure 4.7: Mean contact angle vs time for CS, PVA, and CS/PVA membranes.

Figure 4.8 shows photographs of contact angle measurements of all the three
membranes. It was observed that the water droplet was gradually absorbed by the membranes,
resulting in decreasing contact angles after waiting time. The absorption rate was found to be
higher on CS membrane compared to on PVA and CS/PVA, membranes. The hydrophobicity
of the membranes exhibited the following order for the membrane: CS/PVA > PVA > CS. The
lower contact angle of CS membrane is attributed to the water uptake observation (Figure
4.2A), which illustrates that CS membrane exhibits a higher water uptake capacity compared
to PVA and CS/PVA membranes. Study done by Tran et al. (2025) shows that the contact angle
of the CS/PVA composite blended with graphene is significantly higher than the pure PVA,
indicating the improved hydrophobicity in the composite films. Notably, the contact angle of
all membranes decreased with time, regardless of the polymers used. Increasing the PVA
percentage reduces the contact angle and hydrophilic characteristic of PVA in comparison to
CS (Campa-Siqueiros et al., 2020).
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Figure 4.8: Mean contact angle measurements of CS, PVA, and CS/PVA membranes. (A1):
CS, t=0 min, (B1): PVA, t = 0 min, (C1): CS/ PVA, t =0 min. (A2): CS, t =5 min, (B2):
PVA, t=10 min, (C2): CS/PVA, t= 10 min.

SEM: Figure 4.9 presents the SEM images of CS, PVA, and CS/PVA membranes, each coated
with a mixture of graphene ink and the corresponding polymer blend. The SEM images of CS
membrane (Figure 4.9 A1, A2) reveal that graphene flakes are readily observable. The graphene
dispersed within the CS solution exhibits irregularly wrinkled like structures. It can been that
there are some uncovered areas, where cellulose of filter paper is exposed. Long Cellulose
fibers are clearly visible in SEM images of CS shown in Supplementary Figure 4.S2A1. The
SEM images of PVA membrane demonstrate that a layer of graphene nanoparticles adheres to
the surface of PVA molecules, where a smooth surface can be seen suggesting that the ink is
uniformly distributed on the surface of the PVA membrane. The SEM images of CS/PVA
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membrane display a rough surface. Similar to CS membrane, there are some uncovered areas
on CS/PVA membrane as seen in Figure 4.9C1, but smaller in area. Nano cellulose fibers are
visible in both the CS and CS/PVA membranes as observed by (T.-T. Li et al., 2019; Younas et
al., 2019). To assess the coating thickness of the ink, SEM images were takes on the cross
section of membranes. Upon examining the cross-section of the membranes, two distinct
morphologies are evident: one associated with the ink and the other with the polymer. The
absorption of ink into the CS membrane is observed to be non-uniform. This variation is
attributed to the thickness of the graphene layer, where a thinner layer appears brighter and a
thicker layer appears darker (Park et al., 2012). The thin layer of graphene ink exposes the
underlying cellulose fiber, which is seen as brighter areas in the cross-section. In the case of
PVA, the absence of bright areas indicates that the graphene ink blend is evenly distributed on
the PVA membrane, forming a large dense layer (Eljaddi et al., 2021). In the CS/PVA
membrane, two distinct, evenly distributed layers are visible, the upper darker layer is due to
the graphene ink blend, while the lower brighter layer is attributed to the CS/PVA membrane.
The absorption of the ink into the filter paper follows an increasing order: CS < CS/PVA <
PVA. Analysis of the SEM images indicates that a uniform ink coating layer cannot be achieved
by manually applying the ink on the membranes. Therefore, it is necessary to employ the
specialized coating technologies for applying graphene. Furthermore, observations of the PVA
membranes reveal that the graphene ink is absorbed into the PVA. To prevent this absorption,
an additional coating is required between the graphene ink and the PVA membrane, which will
serve as a barrier to avoid ink absorption.

Figure 4.9: SEM images of CS, PVA, and CS/PVA membranes after coating with graphene
ink. Panels (A1, A2), (B1, B2), and (C1, C2) depict the surface morphologies of the CS,
PVA, and CS/PVA membranes, respectively, while panels (A3, B3, C3) shows the cross-
sectional morphologies of these membranes.

TGA: Figure 4.10 shows TGA curves of CS, PVA, and CS/PVA membranes coated with
graphene ink. For CS, PVA, and CS/PVA the TGA curves showed that at about 100 °C, the
weight loss was about 1.5 % which could be due to the loss of free water trapped in the CS,
PVA, and CS/PVA molecules. A significant mass loss occurred at about 235 °C, indicating the



80

beginning of degradation, which was due to with the loss of amino and hydroxyl groups on CS
membranes (Yang et al., 2018), and, due to the degradation of the main chain of the PVA
polymers (Kandile and Nasr, 2023). At about 410 °C, the weight loss was about 30 % and the
rate of degradation decreased due to the rigid and regular ring structure of CS (Yang et al,,
2018). Generally, the temperatures where the biobatteries were used ranges from 4-90°C
maximum. The examples of the reported temperature ranges of biobatteries are 4°C-25°C
(Adekunle et al., 2019), 30 - 40 °C (Mohammadifar and Choi, 2019), 65 °C (Chen et al., 2016),
and 90 °C (Cheng et al., 2015). From the TGA curves, it can be seen that the three membranes
investigated are stable below 100 °C, hence these membranes can be used in the biobattery
applications.
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Figure 4.10: TGA analysis of CS, PVA, and CS/PVA membranes coated with graphene ink

Mechanical properties: Figure 4.11A, 11B, 11C, and 11D shows the Stress-strain curve,
Young’s modulus, tensile strength, and elongation at break respectively which were extracted
from the stress—strain curves of CS, PVA, and CS/PVA membranes, while the Supplementary
Table 4.S1 shows the exact calculated values from the test. The tensile measurements were
performed on strips with dimensions of 10 mm x 60 mm at room temperature with a crosshead
speed of 2 mm/min. The CS membrane exhibited a tensile strength of approximately 1.28 +
0.29 MPa, a tensile strain of 6.48 + 2.47 %, and a Young's modulus of 0.38 + 0.23 MPa. The
PVA membrane demonstrated a tensile strength of about 0.58 = 0.04 MPa, a tensile strain of
11.43 £ 1.14 %, and a Young's modulus of 0.07 £ 0.01 MPa. The CS/PVA membrane, showed
a tensile strength of approximately 3.73 + 1.30 MPa, a tensile strain of 12.22 + 0.29 %, and a
Young's modulus of 0.33 + 0.08 MPa. The CS/PVA membrane showed the highest tensile
strength values compared to CS and PVA membranes. The tensile strength of the CS, and PVA
is lower which shows that it has higher flexibility and hence the CS and PVA membranes can
be used in flexible biobattery design, as it was shown that the flexibility and tensile strength
has a inverse relationship (Arpa et al., 2021). CS/PVA membranes showed the highest
elongation at break values compared to CS and PVA membranes. Analysis of the data indicates
that the selection of membranes should be tailored to the specific requirements of the
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applications. This is due to the absence of a consistent detectable trend in the various tensile
strength, stress-strain, and elongation at break values.
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Figure 4.11: (A) Stress—strain curve, (B) Young's modulus plot, (C) tensile strength plot,
and (D) elongation at break plot of CS, PVA, and CS/PVA membranes

4.4. CONCLUSIONS

This study illustrates the feasibility of fabricating biodegradable membranes utilizing
CS, PVA, and CS/PVA composites reinforced with cellulose filter paper via the solution casting
method. These membranes were subsequently coated with a water-resistant, conductive
graphene ink to enhance their performance. The uncoated CS membrane exhibited the highest
water uptake capacity at 94.10 %, whereas the uncoated PVA membrane demonstrated the
highest swelling ratio (150 %) and ion exchange capacity (3.94 meq/g). Among all samples,
the coated CS/PVA membrane exhibited the lowest oxygen diffusion coefficient (0.058x107°
cm?s) and the highest proton conductivity (1.74 mS/cm). These findings suggest that the
graphene-coated membranes possess superior electrochemical properties compared to their
uncoated counterparts. All three membrane types exhibited slow degradation over 100 days at
room temperature in compost tea, underscoring their potential for medium-term stability in
water-rich environments. The integration of cellulose filter paper reinforcement and conductive
graphene coating offers a promising strategy for the development of biobatteries and other
biodegradable electronic devices. Characterization techniques such as SEM,
thermogravimetric analysis (TGA), and contact angle measurements provided valuable insights
into membrane morphology, thermal stability, and surface properties. Expanding the range of
characterization tools could further enhance the understanding of membrane behaviour and
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performance. Future research should focus on optimizing membrane composition by exploring
different CS/PVA ratios, alternative crosslinking methods, and modifications to improve
specific properties such as proton conductivity and mechanical strength. The coating process
could be refined to ensure more uniform graphene ink distribution, potentially through
techniques such as spray coating, screen printing, or spin coating. Additionally, varying the
properties of the cellulose filter paper (e.g., thickness, pore size) and incorporating additives
could further tailor membrane characteristics. Potential applications of these biodegradable
membranes include biobatteries for low-power devices such as soil moisture sensors, fuel cells
leveraging proton-conducting capabilities, water treatment utilizing selective permeability for
purification or desalination, eco-friendly packaging due to their biodegradable nature, and
biomedical devices, including temporary implants or drug delivery systems. Overall, this
research opens promising avenues for the development of sustainable materials and energy
technologies. Balancing key membrane properties such as water uptake, swelling, and
conductivity will be essential for optimizing performance in targeted applications.
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4.5. APPENDIX

Figure 4.81: CS, PVA, and CS/PVA membranes after the electrochemical experiments. (A1,
B1, C1) are ink-coated side of CS, PVA, and CS/PVA membranes and (A2, B2, C2) are
uncoated side of CS, PVA, and CS/PVA membranes

Figure 4.52: SEM images of CS, PVA, and CS/PVA membranes after coating with graphene
ink. Panels (A1, A2), (B1, B2), and (C1, C2) depict the surface morphologies of the CS,
PVA, and CS/PVA membranes.
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Figure 4.S3: Electrochemical impedance spectroscopy (EIS diagram) of CS, PVA and
CS/PVA membranes. A - uncoated samples, B - ink coated samples (0.01V amplitude and
0.01 Hz frequency).Shaded area shows the standard deviation of the EIS values

Table 4. S1: Youngs modulus, tensile strength and elongation at break values of CS, PVA, and
CS/PVA membranes

Membrane | Young’s modulus (MPa) | Tensile strength (MPa) | Elongation at break (%)
CS 0.38+0.23 1.28 £0.29 6.46 £2.47

PVA 0.07 £ 0.01 0.58 + 0.04 1143 +1.14

CS/PVA 0.33 +0.08 3,73 +1.30 12.22+£0.29
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DESIGN OF ORIGAMI-INSPIRED
PAPER BATTERIES AS A POWER
SOURCE FOR SOIL MOISTURE
SENSING SYSTEM

Parts of this chapter are based on:

Maya Moreshwar Meshram, S., Pande, S., (2025). Design of origami-inspired paper batteries
as a power source for soil moisture sensing system. (Submitted)
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5.1. INTRODUCTION

The increasing demand for eco-friendly and sustainable energy solutions has sparked
increased interest in the development of biodegradable batteries (Juqu et al., 2022). In contexts
such as remote agricultural or environmental monitoring, sustainable energy options such as
MEFC (especially SMFC) (Donovan et al., 2008) and small-scale batteries are ideal for powering
soil moisture sensors. However the conventional batteries pose significant environmental
hazards owing to their reliance on toxic components (Melchor-Martinez et al., 2021) and
complex recycling processes (Y. Li et al., 2021). To address these challenges, research on
alternative materials and designs for energy producing systems that are both efficient and
environmentally friendly has intensified (Bertaglia et al., 2024). One promising approach to
overcome this challenge is the development of paper-based batteries (Economou et al., 2018;
Z. Rafiee et al., 2024). It is also easy to design the SMSS by combining the concepts of a MFC
with a paper battery, as they can be self-powered with no need for external traditional batteries,
are environmentally sustainable, low-cost, and capable of long-term moisture monitoring.

In SMSS, the SMFC can functions both as a power source and a primary sensor
(Doglioni et al., 2024) because it generates electricity through the metabolic activities of soil
microbes, which are directly affected by the soil's moisture level. In the SMFC, electrodes (i.e.
anodes) are placed strategically deeper in the soil anaerobic layers and a cathode near the
surface (Toczytowska-Maminska et al., 2025). When the soil is wet, microbial activity and
ionic conductivity rise, leading to increased electrical output, whereas in dry conditions, both
decrease, resulting in lower voltage (Nguyen and Nitisoravut, 2019). This characteristic makes
the SMFC particularly suitable for the continuous monitoring of long-term soil moisture
variations. The paper battery component serves as a rapid-response moisture indicator
(Korotcenkov, 2023). When the soil is wet, the paper absorbs moisture and facilitates ionic
conduction between electrodes, rapidly generating a voltage. In dry soil, the paper battery
produces minimal or no output, making it ideal for swiftly detecting moisture changes.
However, the limitation of conventional SMFCs is the low power output because of the distance
between the cathode and the buried anode, soil resistance, and the electrode materials (Yu et
al., 2017). These limits hinder their practical applications due to their complex installation and
field operation (Hsu et al., 2017). In addition paper batteries have lower power which can be
attributed to the limitations of electrochemical reactions, material degradation, and current
manufacturing complexities (Juqu et al., 2022). Nevertheless, the power source, specifically
the SMFC, can be directly integrated into paper via a paper battery utilizing papertronics,
wherein electrical circuits are printed on paper for the design of SMSSs which can help to
increases the power output and use SMFC for longer time. This is easy because SMFC and
paper batteries work on same principle and they rely on similar electrode-based architectures,
typically involving an anode and cathode, which can be made from compatible materials such
as graphite or carbon felt, facilitating potential shared or hybrid electrode designs. Additionally,
both systems depend on ion movement through an electrolyte medium soil in SMFCs and liquid
or gel electrolytes in batteries suggesting the feasibility of integrated or co-functional
electrolyte environments, especially in moisture-rich conditions. In addition, the structural
properties of paper, such as rough and porous surfaces, facilitate ion and electron transportation
through the entire structure to attain high power performance, distinctively within the electrode
(Juqu et al., 2022). In addition the SMFC itself can be used as a soil moisture sensors, where
the bacteria are used as living sensors (Nakamoto et al., 2024).

Paper as the primary substrate material for batteries offers advantages including
porosity, permeability for water and electrolyte ions, adsorption capacity, abundance, cost-
effectiveness, lightweight nature, and biodegradability (Khan et al., 2021; Pandey et al., 2022;
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Peng et al., 2023; Thom et al., 2012; Yang et al., 2021). Paper facilitates fluid transportation
through capillary action, eliminating the need for additional pumps (Shen et al., 2019). It also
serves as a microfluidic channel that enables laminar electrolyte flow, which is crucial for
battery efficiency and addresses electrode passivation (Shen et al., 2019).

Paper batteries are flexible, allowing them to be seamlessly molded into any desired
form or dimensions without compromising their structural integrity (Agrawal et al., 2015).
Hence, when divided in half, their energy output declines, however, when stacked, their power
output is enhanced.

However, the durability of filter paper decreases under wet conditions (Fan et al., 2018).
Using CS, the durability of the filter paper can be improved under wet conditions (700%
increase in the tensile strength compared to when there is no CS coating) (Fan et al., 2018). CS
is a slowly degradable biopolymer and is responsible for the sustainable power production
(Karthikeyan et al., 2017). P. Yang et al. (2021) conducted research in which they reinforced
hydrogel with cellulose paper for printable zinc batteries and paper electronics. By combining
the characteristics of cellulose paper and hydrogel, the composite paper presented favorable
mechanical and ion conductivity properties that are suitable for its function as a membrane and
electrolyte in quasi-solid zinc batteries (Yang et al., 2021). These batteries exhibit high
volumetric capacity ( i.e. the amount of energy a battery can hold within a given space) and
energy density (i.e. the amount of energy the device can store per mass or volume), which
surpass those of other paper-based or thin-film energy storage units (R. Borah et al., 2020; Yang
etal., 2021). They also reported that the printed micro batteries delivered limited areal capacity
and volumetric energy density (up to ~10 mWh cm™).

As previously noted, both SMFC and paper batteries operate on the same principle and
utilize similar electrode-based architectures. The design of these systems is crucial and may
involve configuring the entire paper battery in either a 3D or 2D format, or alternatively,
designing the electrodes in 2D or 3D. However, limited research has been conducted on paper-
based batteries, where either the entire battery is designed in a 3D form (Gao and Choi, 2017,
Gonzalez-Guerrero and Gomez, 2019; Mohammadifar and Choi, 2018; Xu et al., 2015) or the
electrodes are fabricated in 3D form (Chen and Hu, 2018). Researchers have used 3D paper
electrodes for constructing battery. Xu et al. (2015) introduced a flexible 3D Si/C fiber paper
electrode, synthesized through electro spraying of nano-Si-PAN clusters and electrospinning
of PAN fibers, followed by carbonization for Li-ion batteries. The electrode exhibited a
capacity of 1600 mAh g—1 and excellent cycling stability with capacity loss below 0.079% per
cycle over 600 cycles. Gonzalez-Guerrero and Gomez (2019) developed a 3D alkaline
Zn/Fe304 origami battery using printed wax for hydrophobic and hydrophilic barriers. The 3D
battery, shaped like a boat, comprised of two screen-printed Zn/Fe3Os batteries in series. It used
6M KOH electrolyte, activated by water through dry KOH redissolution. The battery achieved
a current of 22 mA and a power output of 7.5 mW, demonstrating the potential of 3D origami-
based Zn/Fe3O4 batteries as energy sources. Cho et al. (2015) introduced hetero-nanonet (HN)
rechargeable paper batteries using cellulose nanofibrils (CNFs) and multiwall carbon
nanotubes (MWNTs) electrodes. These provided a 3D bicontinuous electron/ion transport
pathway, enhancing electrochemical performance and flexibility. HN paper batteries achieved
an energy density of 226 Wh kg'. Mohammadifar et al. (2018) developed a scalable 3D
biobattery stack using origami techniques. A 2D paper sheet with functional components was
folded to form nine 3D MFC. Pseudomonas aeruginosa PAO1 was introduced into areas that
formed the MFCs. The biobattery stack generated a maximum power of 20 pW and current of
25 pA. Wang et al. (2018) introduced a design for lithium metal batteries (LMBs) using
nanocellulose fibers (NCFs). They created a 3D porous conducting cellulose paper (CCP)
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current collector by combining NCFs with carbon nanofibers. The porous CCP structure
enabled dendrite-free lithium deposition. Lithium electrodes were formed by electrodeposition
on CCP substrates. The LMB showed excellent cycling stability, retaining 91% capacity after
800 cycles and 85% after 1000 cycles at 2 C (L. Wang et al., 2023) (1.27 mA cm™2).

These studies have used complex shapes to design the battery that require multifold
folding and bending of the paper. This folding and bending can induce stresses folding and
bending can cause stress, leading to wear and possible failure over time (Song et al., 2014).
Complex folding patterns might cause energy loss, affecting battery performance
(Mohammadifar et al., 2016b). In addition, the production of these batteries needs precise
techniques, which can make mass production difficult (Chen et al., 2014). In addition, adding
these batteries to current SMSSs can be difficult because of their complex shapes and folding
patterns (Song et al., 2014). Additionally, the positioning of the cathode in complex 3D
configurations is difficult, as both the orientation and surface area of the cathode are crucial
determinants of power output performance (Dziegielowski et al., 2022; Papillon et al., 2021).
One significant challenge associated with 3D configuration is the storage of liquid compounds,
which serve as electrolytes within the hollow spaces of the batteries. There is a risk of leakage
if the 3D paper batteries are not sealed adequately. Furthermore, the replacement of these
compounds becomes problematic once they are fully depleted. Integrating complex 3D paper
batteries into SMSSs presents significant challenges, particularly in embedding wireless tags,
which are integral components of SMSSs. Additionally, managing the orientation of these
wireless tags poses a considerable challenge. Hence there is a need to design 3D paper battery
that should facilitate the storage of catholyte, ensure optimal orientation of the cathode and
wireless tag, allow for modifications to the cathode's surface area, enables easy stacking, and
can easily be integrated into SMSSs, all while maximizing power output.

Alternatively, a 2D paper battery utilizing MFC technology may also offer a viable
solution to the aforementioned challenges while also generating energy. Several studies have
explored the use of 2D designs for energy production applications. Shimohata, Nakamoto, and
Taguchi et. al. (2023) developed a 2D vertical MFC employing Bokuju (drawing ink used in
Japan) and smoked charcoal. This configuration indicates that the vertical arrangement
enhances both the installation process and the electrode replacement. Nguyen, Nguyen, and
Taguchi (2022) employed multiwalled carbon nanotube paper for SMFCs, demonstrating that
these systems can be activated on demand by insertion into wet soil. They found that a cathode
floating on water outperformed a non-floating cathode. Chang et al. (2020) developed a novel
biochar air cathode utilizing the naturally porous structure of Balsa wood chips, concluding
that biochar chips can be used to create binder-free air cathodes, which exhibited a 45%
increase in power density compared to carbon felt cathodes. Md Khudzari et al. (2019) utilized
biochar granules as an anode, demonstrating that biochar can serve as an electrode in place of
carbon felt in MFCs, provided that its electrical conductivity is enhanced (Li et al., 2016). The
2D design can be utilized for extended periods because of the availability of oxygen in the
environment, which serves as an electron acceptor. In addition, the 2D design can be easily
integrated with wireless tags in SMSSs. However, none of the aforementioned studies have
incorporated the biodegradable polymer CS alongside cellulose filter paper in the design of 3D
or 2D paper battery structure. Moreover, no research has yet investigated the impact of
crosslinking on the performance of paper batteries, despite evidence suggesting that
crosslinking enhances dimensional stability, electrolyte uptake, wet strength, and ionic
conductivity (Davis et al., 2024; Selinger et al., 2024; Zeng et al., 2022).

The primary objective of this research is to assess the feasibility of integrating the
SMFC as both a power source and a sensor within the framework of paper batteries. This
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integration aims to facilitate the development of SMSSs by employing a 3D paper battery
structure incorporating origami techniques and biopolymers. In addition, a 2D paper battery
structure was also evaluated. The study involved testing the performance of the prepared 3D
biodegradable paper battery using a potassium ferri/ferrocyanide redox couple. Additionally,
the research aimed to examine the effects of crosslinking and cathode placement on the battery's
performance using methodologies such as CV, OCP, chronoamperometry, and electrochemical
impedance spectroscopy. Furthermore, a 2D air cathode paper battery was designed using a CS
membrane, and its performance was tested under fully saturated soil conditions. This study
seeks to contribute to the development of more environmentally sustainable off-grid energy
producing solutions that align with environmental sustainability goals and can serve as power
sources for small devices in the agricultural sector.

5.2. MATERIALS AND METHODS
5.2.1. EQUIPMENT AND CHEMICALS

All chemicals utilized were of analytical grade and employed without additional
purification. Cellulose filter paper, designated as #610, with a diameter of 7.5 cm, grade5, was
procured from Ahlstrom (Helsinki, Finland). CS, which is characterized by a high molecular
weight, was obtained from Sigma-Aldrich. Conductive ink containing graphene was sourced
from FWG Limited, United Kingdom. Both Potassium Ferricyanide and Potassium
Ferrocyanide were supplied by Sigma-Aldrich, which also provided Sodium Hydroxide. MiliQ
water was employed for the preparation of solutions. A Squidstat potentiostat was utilized for
conducting OCP, chronoamperometry, and CV tests, while an Autolab potentiostat was used
for executing electrochemical impedance spectroscopy (EIS). The thermal stability of CS
membrane was investigated using thermogravimetric analyzer (TGA, Netzsch STA 409 C/CD)
instrument under argon (Ar) atmosphere, in the range of 25 °C - 600 °C and heating rate was
20 °C min L.

5.2.2. COLLECTION OF SOIL SAMPLES

For this study, soil specimens were extracted from the grounds of Delft University of
Technology in South Holland, Netherlands as it is shown that the exo-electrogenic bacteria
exist in soils of different land types, including arid farmlands, woodlands, grasslands, paddy
fields, lakeshore, and coastal areas, accounting for 0.26% - 7.70% of total bacterial abundance
(Jiang et al., 2016; Rumora et al., 2024, 2023; Jun Wang et al., 2019). The aforementioned
studies demonstrate that these bacteria are present in soil regardless of location, soil type,
contamination in the soil, and soil classification. However, to enhance the performance of
SMFC, the presence of compost in soil was found to augment microbial activity and electricity
generation, suggesting that soil amendments can improve SMFC performance without the need
for external bacterial addition (Gagliardi et al., 2024) Consequently, a small quantity of
compost is incorporated into the soil for conducting the experiments. Also, in the
aforementioned studies, it was observed that soil samples were extracted from depths ranging
from 0 to 50 cm. The extraction process involved collecting samples at a depth 10 cm below
the surface. The soil was then turn into mud by adding tap water and then subsequently passed
through a 2 mm sieve to achieve particle homogeneity (Li et al., 2016). In SMFC,
exoelectrogenic bacteria, such as Geobacter species, adhere to the anode embedded in
anaerobic soil. These bacteria migrate towards the electrode in response to electrochemical
gradients, subsequently forming a biofilm on its surface. This process involves the utilization
of structures such as pili, adhesion proteins, and extracellular polymeric substances (EPS)
(Rumora et al., 2023). To expedite the process of bacterial attachment, bacteria from Plant-¢
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(Wageningen University) were applied to the anode side. However, the primary application of
this SMFC system is intended for the agricultural sector, where the compost will be used by
the farmers for the growing their crops. Hence, 10% of organic compost was incorporated into
the soil, serving as a source of microorganisms for the operation of the SMFC in addition to
bacteria from Plant-e.

5.2.3. PRODUCTION OF THE BATTERIES
5.2.3.1. MEMBRANE PREPARATION

An aqueous solution of CS at a concentration of 2% (w/v) was prepared by dissolving
4 g of CS in 200 mL of an acetic acid aqueous solution containing 2% v/v. The mixture was
stirred for 12h at room temperature at 1000 rpm. To make the solution thinner, 150 mL of acetic
acid was added to the previously prepared solution, and the mixture was stirred for another
hour. The solution was then filtered and stored at 4 °C for 24 h. Afterward, a filter paper was
fashioned into the 3D shape depicted in the Figure 5.1 (A). The incorporation of 3D shapes in
battery design presents a methodology for enhancing the areal energy density by decoupling
the electrode thickness from the ion-transport distance. This geometric configuration enables
more efficient utilization of materials without increasing the ion transport distance.
Optimization of the electrode spatial configuration might improve the battery performance,
resulting in improved power and energy densities. This approach increases the capacity per unit
area (i.e. the amount of charge a battery can store per unit area of the electrode) (Arandhakar
et al., 2024) by utilizing vertical space and enhances the performance through expanded active
surface areas and improved electrolyte infiltration, thereby leading to greater overall efficiency.
Moreover, the design flexibility afforded by various substrate geometries facilitates the
optimization of battery performance and integration into diverse devices (J. Ma et al., 2024;
Miyamoto, 2024; Miyamoto et al., 2020; Roberts et al., 2011).

Subsequently, the CS solution was poured onto a filter paper, which was laid
horizontally on a steel plate. The filter paper along with CS solution was left at room
temperature for 24 h, allowing the CS solution to permeate through the filter paper and dry
completely. Subsequently, the filter paper was turned upside down and the CS solution was
poured onto it again. The filter paper was then left to sit at room temperature for an additional
24 h, enabling the CS solution to seep thoroughly into the filter paper. The filter paper was then
dehydrated at 60 °C for 6 h. The dry weight of the membrane was then measured to determine
the amount of solution that had been absorbed by the filter paper.

The membrane was neutralized with 2M NaOH for 5 min and washed with Milli-Q
water. It was then crosslinked by immersion in 0.5M H2SO4 for 24 h at room temperature. To
remove excess crosslinking agent, the membrane was dipped in Milli-Q water and allowed to
dry for 24 h at room temperature.

5.2.3.2. PROPERTIES OF CS MEMBRANE

The various properties of the biodegradable CS membrane, as prepared using the
method detailed in Section 2.3.1, are presented in Table 5.1 and is adopted from the previous
work (Meshram et al., 2025b). Understanding the properties outlined in Table 5.1 is crucial, as
they have a significant impact on the system's efficiency, stability, and viability (Banerjee et
al., 2022). These property values are dependent upon the membrane's applications. In the
context of SMFC and paper batteries used in the design of SMSSs, a higher water retention
capacity is advantageous for maintaining consistent operation despite variations in moisture
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levels. The swelling ratio, which indicates membrane expansion during water absorption, must
be regulated to ensure durability in environments with varying mechanical stress. The ion
exchange capacity, indicative of proton transport ability, is directly correlated with electrical
performance; therefore, to achieve increased current production, it should be enhanced. A low
oxygen transfer coefficient is essential for anaerobic electron acceptors, such as NOs ', as it
prevents oxygen diffusion through membranes and supports the reduction reaction of NO3~
used in 3D batteries. The contact angle reflects membrane wettability, with more hydrophilic
membranes (characterized by a low contact angle) promoting better microbial adhesion and
proton transport, thereby enhancing SMFC power generation. Furthermore, the membrane
should exhibit lower fouling and degradation rates to ensure longevity (Banerjee et al., 2022;
Jenani et al., 2024).The contact angle property of the membrane can be adjusted according to
the specific application in which the membranes are utilized, as outlined by (Cherian et al.,
2022).

Table 5.1: Properties of CS membrane used in the construction of paper battery

Properties | Water | Swelling | Ion Proton Oxygen Contact | Degradation
Uptake | ratio exchange | conductivity | diffusion angle (°) | rate (%)
(%) (%) capacity (nS/cm) coefficient after 100

(meq/g) (cm? /s) days

CS coated 59.62 1.50 0.61 735.5 0.142 x10° | c.a. 82.5 | 2.00

with

graphene

ink

5.2.3.3. PAPER BATTERY PREPARATION
5.2.3.3.1. 3D BATTERY

In Section 2.2.1, a membrane was prepared using filter paper, which was subsequently
shaped into a 3D cubic form using the origami technique and superglue, as illustrated in Figure
5.1 (E). A mixture of water-resistant graphene conductive ink and CS polymer ( 1:1, w/w) was
prepared. The electrodes were fabricated using water-resistant graphene ink owing to its
superior conductivity, larger specific surface area, and enhanced pore structure. Furthermore,
graphene contributes to improved electrode stability in terms of both the structure and
composition (Li et al., 2023). The mixture was stirred for 24 h at 200 rpm using a magnetic
stirrer. A 1:1 mixture was applied to the three sides of the paper battery, namely surfaces 4, 5,
and 6, using a hand brush in five coating layers to facilitate proton movement through the
surface and increase the durability of the paper.

A conductive ink layer is essential to enable paper batteries to store and transmit
electrical charges. This is because cellulose, the primary component of paper, is non-conductive
and electrochemically inactive (Isacsson et al., 2024). Hence, surfaces 1, 2, and 3 of the paper
battery were coated with water-resistant graphene conductive ink, which functioned as an
electron carrier and served as the anode. The coating was performed on the outer surface
because printing electrode inks on both sides may cause the battery to short-circuit owing to
the rough and permeable surface of the paper (Yang et al., 2021).

A graphite felt cathode, measuring 4 cm x 4 cm x 0.3 c¢cm, was also prepared for the
battery and utilized as the cathode. The total active area of the anode (surfaces 1, 2, and 3) is
16 cm?, whereas the total surface area of the cathode is 36.8 cm?. Also, the cathode were placed
in different position to see the effects of the cathode placement on the performance of the 3D
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paper battery, as previous studies has shown that the position of cathode affects the
performance of the battery (Lee and Huang, 2013).
B
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Figure 5.1: (A) Cross-section of the electron conductive electrode acts as anode i.e. surfaces
1,2,3, (B) Cross-section of the proton conductive surface i.e. surfaces 4,5,6, (C) Dimensions
and folding pattern of origami structure is shown, where solid red lines represent the valley
folds with 40 mm length of 3D paper battery, (D) Final shape of the prototype after folding,
(E) 3D model of paper battery designed using origami technique after coating, where “P”
represents the various points used for folding .

Figure 5.2 depicts the configuration of the electrode setup, which comprises three
cathodes: two vertical (2V) positioned at the back and left side, and one horizontal (1H) situated
at the bottom, with all three cathodes interconnected. In contrast, the setup designated as 1H
employs only the bottom electrode. Henceforth, 2V1H will refer to the three electrode
configuration, while 1H will denote the single horizontal electrode setup. Figure 5.2 also
provides detailed dimensions of the cathode and indicates the specific locations where the
cathode was folded to facilitate its integration into the paper battery.
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Filter paper

Membrane
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Figure 5.2: Configuration for 3 electrode (2V1H) setup: (A) Cross section of anode, (B)
Dimensions of the cathode, (C) Folding of the cathode in 3 cathode setup, (D) 3 cathode
placement inside the paper battery, (E) 1 horizontal cathode, and (F) 1 horizontal cathode
placement inside the 3D paper battery

Figure 5.3 shows the reactor setup for testing the 3D paper battery using potassium
ferro/ferricyanide and moist soil/potassium ferricyanide as anolyte and catholyte respectively.
The first set up as shown in Figure 5.3 A used potassium ferrocyanide as anolyte and potassium
ferricyanide as catholyte. Potassium ferrocyanide functions as an electron donor by undergoing
an oxidation reaction within the anolyte compartment and on the anode surfaces. The electrons
generated then travels through the external circuit and reach the catholyte chamber, where they
encounter the cathode. In the presence of potassium ferricyanide within the catholyte chamber,
these electrons are accepted through a reduction process (Kog et al., 2021). In Figure 5.3B,
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moist soil functions as an anolyte, wherein bacteria oxidize organic matter present in the soil,
thereby releasing electrons. These electrons subsequently travel towards the cathode through
an external circuit, where potassium ferricyanide present in catholyte chamber is reduced by
accepting the electrons.
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Figure 5.3: Reactor setup for testing 3D paper battery (A) in potassium ferro/ferricyanide
(B) in moist soil/potassium ferricyanide

Initially, electrochemical investigations were conducted to evaluate the influence of
crosslinking on the membranes, employing a single horizontal electrode configuration within
a 3D paper battery setup as shown in Figure 5.3A. The potassium ferro/ferricyanide redox
couple was used in this setup. Subsequently, electrochemical analyses were performed to
investigate the effect of cathode orientation with crosslinked membranes, initially utilizing a
configuration of 3 cathode (2V1H) setup, followed by a 1 horizontal cathode setup in the
potassium ferro/ferricyanide redox couple. Finally, electrochemical studies were conducted
using 3 cathode , with crosslinked membranes under moist soil conditions, as depicted in Figure
3B. Further electrochemical studies were conducted to evaluate the electron acceptors,
potassium ferricyanide and oxygen, using a 3 cathode setup. In these studies, the anode was
exposed to moist soil, while the cathode was initially exposed to potassium ferricyanide.
Subsequently, the potassium ferricyanide was removed from the catholyte chamber, and the
cathodes were exposed to oxygen to assess the effect of the electron acceptor in moist soil.

5.2.3.3.2. 2D BATTERY

The 2D air-cathode configuration is the most practical and extensively utilized cathode
design in MFCs. This configuration effectively addresses the challenges posed by the low
solubility of oxygen in water, thereby facilitating the attainment of higher current densities
(Chen et al., 2018). Also, the vertical design of the battery ensures contact between the cathode
electrode and the air, easing the installation of the device and the replacement of the electrode
(Shimohata et al., 2023). Schematic representation of the 2D air cathode paper battery is shown
in Figure 5.4.

The anode was prepared using graphene conducting ink because reducing the distance
between soil and anode results in the decrease of remediated medium quantity. The cathode
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composed of carbon felt was employed as an air cathode due to its porous structure, which
enhances the electrochemically active surface area and facilitates improved oxygen
reduction reactions (ORR) (Kosimaningrum, 2018), good electrical conductivity, and lower
cost (Deng et al., 2010).Titanium wires were used to connect anode and cathode.
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Figure 5.4: Schematic representation of the 2D air cathode paper battery showing the front,
back, and side view

5.24. ELECTROCHEMICAL CHARACTERIZATION OF PAPER
BATTERY

To evaluate the performance of the 3D paper battery prepared in Section 2.3.2.1 (Figure
5.3) was tested for using electrochemical experiments under crosslinked and non-crosslinked
conditions. OCP (i.e. the potential difference between two electrodes in an electrochemical cell
when no current is flowing), electrochemical impedance spectroscopy (EIS), and CV, were
performed to assess the electrochemical stability of the system under study.

The experiment utilized a three-electrode setup consisting of working (anode),
reference (Ag/AgCL3M KCIl), and counter electrodes (carbon felt) submerged in potassium
ferrocyanide electrolyte as shown in Figure 5.3. For OCP, the potential was tracked for a
predetermined period without applying any external current to the system, ensuring accurate
determination of the natural equilibrium potential of the working electrode. CV experiments
were performed to examine the cyclic redox behavior and electrochemical characteristics of
the system. The potential was swept between the 0 and 0.8 V and at different scan rates, and
data were collected using a potentiostat. The resulting data were evaluated to determine crucial
parameters, including the peak current, peak potential, and reversibility of the redox reactions.
Electrochemical Impedance Spectroscopy (EIS) was performed to evaluate the electrochemical
properties of the system. Impedance spectra were recorded over a frequency range of 0.01 Hz
to 100 kHz, with an AC amplitude of 0.01V with frequency decreasing from left to right.
Nyquist plots were constructed by plotting the real part (Z') of the impedance against the
negative imaginary part (—Z'). The high-frequency semicircle is attributed to the charge transfer
resistance (Rct) and double-layer capacitance at the electrode-electrolyte interface. The low-
frequency linear tail is associated with diffusion-controlled processes and is often described
using the Warburg impedance as shown in Figure 5.5A. The Bode plots as shown in Figure
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5.5B represent the impedance magnitude |Z| and phase angle (¢) as functions of the logarithmic
frequency. All the above experiments were performed at room temperature.
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Figure 5.5: (A) Nyquist plot and (B) Bode plot; ®=2=f is angular frequency, Rs is solution
resistance, R is charge-transfer resistance, Cq is double-layer capacitance and Zy is infinite
diffusion Ref: (Mohd Said, 2014).

First, OCP was measured for 18 h. Then the CV were performed, followed by the
potentiostatic electrochemical impedance spectroscopy (EIS) test at a frequency range from
100 kHz to 0.1 Hz and an amplitude of 0.01 V. The reactions occurring at the anode and
cathode are (Kog et al., 2021; Logan et al., 2000).

Oxidation reaction (at anode):[Fe(CN)g]*™ = [Fe(CN)g]® 4+ € oriiiiniiiiniiiieeiinnn )
Reduction reaction (at cathode):[Fe(CN)g]3~ + e~ — [Fe(CN)¢]*~,E® = 0.361V vs SHE
Whereas the reactions occurring at the anode and cathode in soil are (Kacmaz and Eczacioglu,
2024) .
Oxidation reaction (at anode):(CH,0),, + H,0 —» CO, + HY +e™ ..o, 3)
Reduction reaction (at cathode) :
a) for 3D paper battery — [Fe(CN)g]3~ + e~ - [Fe(CN)g]*~,E®° = 0.361V vs SHE.(4)
b) for2D paperbattery — 0, + HY +4e™ = 2H,0...cooiiiiiiiiiiiiiiie i (5)

5.3. RESULTS AND DISCUSSION

5.3.1.TGA ANALYSIS FOR CROSSLINKED MEMBRANE

In the case of a 2D paper battery, the section of the battery situated above the soil is
exposed to environmental conditions, resulting in temperature variations between the portions
above and below the soil. Consequently, it is essential to assess the thermal stability of the
membranes. Figure 5.6 shows the TGA curve of CS membrane coated with graphene ink
adopted from (Meshram et al., 2025b). It shows that at about 100 °C, the weight loss was about
1.5 % which could be concerned with the loss of free water in the molecules. A significant mass
loss occurred at about 235 °C, indicating the beginning of degradation, which was concerned
with the loss of amino and hydroxyl groups in the CS membrane (Yang et al., 2018). At about



96

410 °C, the weight loss was about 70% and the rate of degradation decreased due to the rigid
and regular ring structure of CS (Yang et al., 2018). From the TGA curve, it can be seen that
the membrane investigated was stable below 100 °C.
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Figure 5.6: TGA curve for CS and crosslinked membrane

53.2. OCP FOR 3D PAPER BATTERY PREPARED USING
CROSSLINKED AND NON-CROSSLINKED MEMBRANE

The OCP vs. time behaviour of the crosslinked and non-crosslinked paper-battery
samples is shown in Figure 5.7. It has two curves, one representing crosslinked samples (black)
and one representing non-crosslinked samples (red). Non-crosslinked curves initiated at c.a.
0.195 V, whereas the crosslinked curves were initiated at 0.18V.
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Figure 5.7: OCP for paper batteries prepared using crosslinked and non-crosslinked
membrane

As can be seen, the potential first decreased in samples and approached a minimum
value. Subsequently, it gradually increased to ~ c.a. 0.22 V for the non-crosslinked and c.a.
0.225 V for crosslinked at the end of exposure time of 18 h. First decrease in OCP c.a. 0.172 V
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(crosslinked) and ~ 0.176 V (non-crosslinked) can be attributed to the removal of the air-formed
oxide film on the electrode surface (Salahinejad et al., 2013), as well as to the transient
phenomenon associated with stabilization or initial equilibration. Then, there was an increase
in the OCP with time after passing through the minima, where a new surface film might have
developed. This increase reflects the stabilization and potential development of the
electrochemical properties of the material under open-circuit conditions. The crosslinked
membrane exhibits a lower OCP compared to non-crosslinked membranes until approximately
1.45 x 10* seconds (i.e., 4 hours). Subsequently, the OCP increases continuously. This
observation suggests that crosslinking enhances the performance of the material by increasing
voltage after the initial phase. The disparity becomes more pronounced as time progresses,
indicating that crosslinking enhances the stability or efficiency of the system over time.
Crosslinking is likely to improve the structural integrity or electrochemical properties of the
material, resulting in enhanced voltage output and stability in the system. The graph elucidates
the beneficial effects of crosslinking on performance over time.

533. EIS FOR 3D PAPER BATTERY PREPARED USING
CROSSLINKED AND NON-CROSSLINKED MEMBRANE

Figure 5.8A and 5.8B shows Nyquist plots (left panels) and Bode plots (right panels)
for crosslinked and non-crosslinked paper batteries plotted using electrochemical impedance
spectroscopy (EIS) data respectively. In Figure 5.8A the Nyquist Plots (Left Panels) depict the
real impedance (Z’) on the x-axis, and imaginary impedance (—Z'") on the y-axis (Laschuk et
al., 2021; Mei et al., 2018). A semicircular arc was observed at lower Z' values, representing
the charge-transfer resistance (Rct). The linear portion at higher Z' in the crosslinked region
indicates Warburg impedance, which is associated with ion diffusion within the battery. The
arc for the crosslinked system is smaller, indicating a lower charge transfer resistance,
suggesting improved ionic conductivity or enhanced electrode-electrolyte interactions. The Ret
value for the crosslinked sample was c.a. 1000 Ohms. For the non-crosslinked system, similar
trends are observed, however, the semicircular arc is larger than that in the crosslinked system,
implying a higher charge transfer resistance, which is c.a. 2300 Q, likely due to reduced
structural integrity or less effective ionic transport in the absence of crosslinking.
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Figure 5.8: Nyquist plot (A) and Bode plot (B) for paper batteries

Figure 5.8 (B) shows the Bode Plots in which the impedance magnitude (Z) is shown
on the left y-axis, the phase angle (¢) on the right y-axis, and the frequency (in Hz) on the x-
axis (log scale). The phase angle attains a maximum at intermediate frequencies (c.a. 500 Hz),
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indicating the predominant relaxation process associated with charge transfer. The magnitude
of impedance for the crosslinked film is lower than that of the non-crosslinked film, which
shows higher conductivity. The phase angle in the case of crosslinking was lower c.a. -30°
compared of the non-crosslinked c.a. -55°. This difference suggests less efficient charge
transfer and slower ion dynamics owing to the absence of crosslinking. In conclusion,
crosslinked paper batteries demonstrate superior electrochemical behavior, rendering it a more
effective for paper batteries.

534. CV FOR 3D PAPER BATTERY PREPARED USING
CROSSLINKED AND NON-CROSSLINKED MEMBRANE

Figure 5.9 presents CV curves, which are electrochemical measurements utilized to
investigate the redox behaviour and electrode properties of the paper battery for crosslinked
and non-crosslinked configuration.
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Figure 5.9: Cyclic voltammetry of paper batteries for various scan rates 1,5 and 10 mV/s,
(A) crosslinked (B) non-crosslinked, voltage range 0 to 0.8 V.

In case of the crosslinked system, the current increases significantly with increasing
voltage, reaching 5.5 mA at 0.7 V, demonstrating electrochemical oxidation activity. The curves
are well defined and vary with the scan rates (1, 5, and 10 mV/s). Whereas, in non-crosslinked
system, the current response was substantially lower than that of the crosslinked batteries, and
the curves were less distinct across scan rates, as shown in Figure 5.9 (B). The maximum
current reached at 0.6 V is c.a. | mA. Reductive current was observed at c.a. 0.17 V whereas
an oxidation peak was observed at c.a. 0.28 V. It can be concluded that the crosslinked electrode
exhibited enhanced electrochemical activity and improved conductivity, stability, and active
surface area, enabling a higher current response. This observation indicates that the absence of
crosslinking reduces the electrochemical activity of the material, likely due to poor
conductivity, reduced surface area, or limited electron transfer pathways. Additionally, the
nearly overlapping curves suggest slower kinetics or a less efficient charge transfer. Therefore,
it can be concluded that crosslinked paper batteries exhibit a significantly higher current,
indicating superior performance in terms of electron transfer and redox activity. Ultimately, it
can be concluded that crosslinking is crucial for enhancing the electrochemical properties of
the paper battery under investigation, owing to the improved current response, kinetics, and
redox activity.
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535. CV FOR CATHODE PLACEMENT ACROSS VARIOUS
CONFIGUREURATIONS AND SURFACE TREATMENTS USING
CROSS-LINKED MEMBRANE

Figure 5.10 represents the CV for the set up with 3 electrodes (2V1H) and paper coated
with ink + CS and without coating under multiple cycles, highlighting the effect of surface
modification and coatings for crosslinked membranes. It was observed that the current
increased significantly as the working voltage increased, and the current also decreased with
the number of cycles (3 cycle <2 cycle < 1 cycle). The peak current was approximately 61 mA
at the highest working voltage (~2.9 V). No distinct oxidation peak was observed for coated
samples, while a reduction peak was observed at c.a. 0.4 V for the 1% cycle. The maximum
current peaks moved slightly towards a higher potential as the number of cycles increased. It
is interpreted that the ink + CS coating enhances electrode performance, likely by improving
conductivity, adhesion, and stability.
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Figure 5.10: CV for 3 cathodes using cross-linked membrane : (A) coated and (B) uncoated

Figure 5.10 (B) shows that the current response is lower than that shown in Figure 5.10
(A). Two oxidation peaks were observed at c.a 2.1 V and c.a. 2.9 V. The maximum current
observed was c.a.45 mA. The reduction peak was observed at 0.6 V. Here, the current also
decreased as the number of cycles increased. The absence of a CS coating results in reduced
electrochemical activity, likely owing to poor surface properties (e.g., lower conductivity or
stability). Both systems exhibited activity across the same voltage range, but the higher current
of the coated electrode implies improved kinetics or electron transfer efficiency. Hence, it is
concluded that the ink + CS coating enhances the electrochemical performance, demonstrating
its potential for improving electrode properties, such as conductivity, stability, and redox
activity.

Figure 5.11 presents CV for 1 horizontal electrode setup and for two surfaces of paper
battery coated with ink + CS and without coating under multiple cycles, highlighting the effect
of surface modification and coatings for the crosslinked paper batteries. It is observed that the
current increases significantly as the working voltage increases, also the current decreases with
the number of cycles (3 cycle < 2 cycle < 1 cycle). The current reaches c.a. 40 mA at the
highest working voltage (c.a. 3.0 V). Two oxidation peaks are observed first at c.a. 2.1 V and
second at c.a. 2.7 V for the 1% cycle, whereas a reduction peak was observed at c.a. 0.5 V for
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all the cycles.

The oxidation peaks moved towards a higher potential as the number of cycles

increased.
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Figure 5.11: CV for 1 horizontal cathode using cross-linked membrane : (A) with ink + CS
coating and (B) without coating

It was observed that the current response for paper battery without coating also shows
two oxidation peak current of 39 mA and 41 mA at 2.2 V and 2.9 V respectively. The reached
a current of 40 mA whereas in coated the current continuously increasing and reached the
maximum current of 60 mA at 3 V. Here, the current also decreased as the number of cycles
increased. The absence of a CS coating results in reduced electrochemical activity, likely owing
to poor surface properties (e.g., lower conductivity or stability). Both systems exhibited activity
across the same voltage range, but the higher current of the coated electrode implied improved
kinetics or electron transfer efficiency.

In conclusion, membrane coatings can significantly enhance the performance of
electrochemical systems. These coatings facilitated ion transport and stabilized the system over
multiple cycles, thereby reducing energy losses and ensuring reproducibility. These findings
validate the importance of surface modifications in optimizing energy storage devices and
illustrate how material engineering can affect device performance. Based on these results, 3D
design with 3 electrodes and membranes coated with graphene conductive ink was chosen for
experiments with moist soils.

5.3.6. TESTING OF 3D PAPER BATTERY WITH 3 ELECTRODES IN
MOIST (100% SATURATED) SOIL

5.3.6.1. OCP MEASUREMENT
Figure 5.12 presents the open-circuit potential (OCP) of a 3D paper battery configured

with three electrodes under moist soil conditions, utilizing potassium ferricyanide as the
electron acceptor over a period of approximately 70 hours prior to the introduction of acetate.
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Figure 5.12: OCP of 3D paper battery using 3 electrodes in moist soil conditions

Initially, the OCP experiences a rapid decline from approximately 65 mV to nearly 36 mV
within the first 10 hours. This swift reduction likely reflects early electrochemical adjustments
on the electrode surface, such as the formation of a double layer, initial microbial attachment,
or redox reactions occurring in the absence of a carbon source. Following this initial decrease,
the OCP gradually increased over time, indicating a progressive stabilization of the system.
This trend suggests the establishment of a quasi-equilibrium state, potentially due to the
gradual formation of a biofilm or microbial community on the electrode surface in systems
involving microbial activity. At approximately 60 hours, the OCP stabilizes at around 54-55
mV, signifying that the system has reached a relatively stable electrochemical state. This
stabilized OCP serves as a baseline measurement before the addition of acetate, a common
electron donor, which is expected to alter the potential due to enhanced microbial metabolic
activity and electron transfer processes.

5.3.6.2. OUTPUT VOLTAGE ACROSS DIFFERENT EXTERNAL
RESISTANCES

Figure 5.13 illustrates the output voltage profile of the 3D paper battery equipped with
3 cathodes in moist soil over a duration of approximately 150 hours, subjected to three distinct
external resistances (1000 Q, 560 Q, and 220 Q). The data indicate a continuous decline in
performance over time. Initially, at 1000 Q, the MFC generated a relatively higher voltage at
2 mV, which gradually decreased to 0.75 mV, likely due to substrate depletion or diminished
microbial activity. When the resistance was reduced to 560 Q, the voltage decreased more
rapidly from 0.75 mV to 0.1 mV, suggesting that the system struggled to accommodate the
increased current demand. In the final phase, with an applied resistance of 220 Q, the voltage
approached zero, indicating that the MFC could no longer sustain power generation under 220
Q load conditions. This overall decline suggests a progressive weakening of electrochemical
activity, potentially due to limited substrate availability, microbial inactivity, or increased
internal resistance within the system.
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Figure 5.13: Output voltage of 3D paper battery using 3 electrodes across different external
resistances.

5.3.6.3. CURRENT AND POWER DENSITY CURVES
Figure 5.14 presents the power and current density outputs of a system over

approximately 150 hours, evaluated under three distinct external resistances: 1000 Q, 560 Q,
and 220 Q.
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Figure 5.14: Current and power densities monitoring for 140 days across different external
resistances

Initially, at a resistance of 1000 €, the MFC exhibits relatively high power of 0.8 mW/m? and
current densities 0.4 mA/m2. However, both metrics gradually decline, likely due to substrate
depletion or reduced microbial activity. Upon reducing the resistance to 560 €, there is a
sudden increase in power density and current density, but it both power and current densities
is decreased as the time passes, indicating that the MFC struggles to accommodate the
increased current demand, possibly due to limited electron availability or stress on the biofilm.
In the final phase, at 220 Q, the current density shows a slight improvement, while the power
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density remains low. This suggests a minor recovery in microbial activity or electron transfer,
yet the low voltage associated with the reduced resistance impedes efficient power generation.
Overall, these patterns indicate a consistent decline in MFC performance under increased
electrical load and prolonged operation, likely attributable to biological and electrochemical
constraints within the system.

5.3.6.4. CV FOR 3D PAPER BATTERY WITH 3 ELECTRODES

CV curves depicted in Figure 5.15 illustrate the electrochemical performance of the
cathode under three distinct conditions associated with the presence of the redox mediator
potassium ferricyanide. Initially, when the cathode is immersed in a fresh ferricyanide solution
(black curve), a pronounced redox response is observed, characterized by distinct anodic and
cathodic peaks and elevated current levels, indicative of efficient electron transfer and active
electrochemical reactions.
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Figure 5.15: CV for 3D paper battery with 3 cathodes in moist soil

By the conclusion of the experiment, with the cathode still immersed in the same
ferricyanide solution (green curve), the redox peaks are significantly diminished, suggesting a
notable decline in electrochemical activity, likely attributable to mediator degradation,
electrode fouling, or a reduction in reactive surface area. Finally, when the cathode is exposed
to air in the absence of ferricyanide (red curve), the CV profile exhibits minimal current and
lacks distinct redox peaks, reflecting poor electron transfer and limited oxygen reduction
activity. This progression underscores the critical role of the ferricyanide mediator in
maintaining cathodic performance and highlights how its degradation or absence results in
reduced electrochemical efficiency.

5.3.7. FAILURE OF 3D PAPER BATTERY DESIGN

During the experimental procedures, it was observed that potassium ferricyanide
migrated from the catholyte chamber to the anolyte chamber. This might have been caused by
the CS membrane or due to weak bonding of the paper substrate. This migration has the
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potential to impact both the structural integrity and the performance of the system (Sun et al.,
2025), aspects which were not examined in this study. The inherent porosity of the paper
facilitates ion movement but also permits electrolyte leakage. Such leakage could result in a
short circuit between the electrodes (C. Zhang et al., 2022). These findings highlight the
necessity for robust sealing, binder or coating techniques to enhance the stability and longevity
of paper-based energy storage devices. An alternative approach to mitigate electrolyte seepage
involves employing an air cathode 2D paper battery configuration, which utilizes naturally
available oxygen in the environment as an electron acceptor instead of potassium ferricyanide
in the design of the paper battery.

53.8. EFFECT OF 2D AIR CATHODE ON THE CURRENT
PRODUCTION IN SOIL MFC

5.3.8.1. CHRONOAMPEROMETRY TEST FOR 2D AIR CATHODE IN SOIL
MFC

Chronoamperometry tests were conducted and it can be seen that the 2D air cathode
battery could consistently generate electricity for up to six cycles when sodium acetate was
utilized as a carbon source as shown in Figure 5.16. This efficient repetitive operation is
beneficial in environments containing atypical microorganisms (Choi et al., 2004), such as
those found in typical soil conditions. It is also seen that the current increased as soon as the
sodium acetate was added (spikes in current) but the current gradually decreased as the time
passed. It was observed that increasing the concentration of sodium acetate did not enhance
current production in the air battery setup, resulting in a decline in current production over
time. Other factors contributing to the reduced current production may include the limited
anode surface area available for exo-electrogenic bacteria to form biofilms and the biofouling
of the cathode and of the water layer.
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Figure 5.16: Current generation at 0.5 V anode potential and with spikes of different
concentration of sodium acetate.

This biofouling covered the catalytic-layer side after prolonged operation, leading to
performance degradation primarily by obstructing the transfer of OH™ ions and reducing the
effective cathode surface available for O oxidation, thereby resulting in decreased current
production (Al Lawati et al., 2019; Chen et al., 2018; Jadhav et al., 2021; Kolajo et al., 2022;



105

Pasternak et al., 2022). Previous research indicated that biofouling begins after seven days
(Baranitharan et al., 2015; Haupt et al., 2022), initially without impacting battery performance.
However, after 10 days, biofouling significantly diminishes the battery's performance. Water-
resistant graphene ink might also have contributed to decreased current production due to its
ability to repel water, preventing bacteria from adhering to the surface (Uneputty et al., 2022).
The CS has both the hydrophilic (amine and hydroxyl groups) and hydrophobic (acetyl groups)
sites and these properties could be controlled by adjusting pH (X.-Y. Wang et al., 2023). At pH
=7 (i.e. in neutral condition) where most of the exoelectrogenic bacteria’s are active (Guang
et al., 2020), the CS shows hydrophobic nature (X.-Y. Wang et al., 2023), which could be one
of the reason for the reduced performance. This hydrophobic nature could discourage the
biofilm growth on the anode surface, and hence the performance. Hence, it can be concluded
that the optimum concentration of sodium acetate is necessary to maximize the performance of
the air cathode for prolonged experimental runs without biofouling or adapting other strategies
to avoid detrimental biofouling. It is essential to decrease the hydrophobicity of CS membranes
at pH 7 to optimize their performance in MFCs.

5.3.8.2. EFFECT OF SCAN RATE AND SODIUM ACETATE
CONCENTRATION

Figure 5.17 shows the CV curves for the various concentration of sodium acetate and
for different scan rates.
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Figure 5.17: CV curves for various concentration of sodium acetate and scan rates.
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CV measurements were performed on a 2D air cathode paper battery within a SMFC
setup, utilizing varying concentrations of sodium acetate and different scan rates. The CV for
0 M sodium acetate did not exhibit the classical S-curve, whereas the CVs for other
concentrations of sodium acetate displayed the classical S-curve, indicating biological and
electrochemical activity in the presence of sodium acetate. It was observed that all paper
batteries demonstrated similar peaks at 0.6 V for a scan rate of 1 mV/s, 0.5 V for 5 mV/s, and
0.25 V for 10 mV/s (versus Ag/AgCL3M KCIl). The peak potential was also similar for the
different concentration of sodium acetate. It can be concluded that the concentration of sodium
acetate has little affect on the current production, in these given conditions. Upon increasing
the scan rate, the oxidation peak shifted towards more positive potentials, accompanied by an
increase in peak-to-peak separation. This observation suggests that the electron transfer process
is not fully reversible, likely being quasi-reversible or irreversible (Randviir, 2018). This
behavior is attributed to ohmic polarization or IR-drop, which refers to the resistance of the
electrolyte and other cell components during the flow of electrical current (Y. Liu et al., 2023).
The shift indicates slower electron transfer kinetics, implying that the reaction cannot match
the increasing scan rate and requires more energy to proceed. Previous studies have
demonstrated that the current should increase with the concentration of acetate (Lorant et al.,
2015). However, in this study the current does not increase, which may be attributed to
biofouling of the cathode surface. This biofouling results in a reduction of the effective cathode
area and decreases the power output of the microbial fuel cell, as observed in this study (Kolajo
et al., 2022). .

5.4. FUTURE SCOPE AND WORK

Future research directions include evaluating the performance of the proposed 3D and
2D paper battery designs using various crosslinking agents and electron acceptors. Further
investigation is needed to develop a 3D paper battery that incorporates a binder, ensuring
secure adhesion of paper components and making the entire design leakage-proof to prevent
electrolyte leakage. Further research is necessary to fully comprehend the charge transfer
resistance exhibited by paper batteries and to minimize it in order to enhance the operational
lifespan of these batteries. Moreover, additional research is necessary to incorporate alternative
biodegradable polymers into the design of 2D paper batteries to mitigate biofouling, thereby
optimizing the performance of the paper battery. It is essential to determine the optimal
concentration of sodium acetate to generate a sustained current under moist conditions without
depleting the sodium acetate.

5.5. CONCLUSIONS

This study describes a 3D and 2D paper battery design prepared using origami
technique. Paper-based batteries are characterized by simplicity, low cost, lightweight nature,
and ease of fabrication using Whatman 1 paper. The battery was constructed using a CS
polymer, and conductive graphene ink was manually applied and used as the electrode. The 3D
battery was evaluated using a potassium ferro/ferricyanide redox couple. Crosslinking the
paper battery results in reduced resistance to ion flow and enhanced electrochemical behaviour.
These results indicate that the ink and CS coatings facilitate higher current generation. It was
observed that an increased cathode area (3 electrodes) yielded higher current generation than a
single horizontal electrode. However the performance of these batteries reduced after some
time, this can be due to the electrolyte leakage in 3D paper battery , which negatively impacted
its performance. To enhance performance, it is essential to employ effective binders to secure
the corners of the surfaces. Biofouling was observed in both the 3D and 2D paper battery
designs, contributing to the reduced performance of the batteries. Therefore, improved
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biofouling treatments should be applied to the electrodes to address this issue. Finally it can be
concluded that biodegradable CS membranes are suitable for the design of 3D and 2D paper
battery for current generation. It is also concluded that the cubical shape of 3D paper battery
can be used as SMSSs construction with this the anode and cathode surface areas can be
maximized, it will be easy to keep the orientation of the cathode and the SMMSs on a whole
in correct position and use them as an low-cost energy sources for powering small portable
devices under saturated soil conditions in off-grid regions of the world, provided that the issues
related to leakage and biofouling are resolved.
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6.1. CONCLUSIONS

The thesis objectives and research questions are reflected upon in this chapter. The
overall objective of the thesis was to “Design a soil moisture sensor powered by bacteria
charged paper batteries”. The objective was assessed through the four research questions. The
following section summarizes the findings corresponding to each of the four research
questions.

6.1.1. FINDINGS OF THE RESEARCH QUESTIONS

6.1.1.1. RESEARCH QUESTION 1

The first research questions was ‘What are the technological challenges and
advancements in developing low-cost, off-grid, biodegradable in situ autonomous soil moisture
sensing systems, and is a fully optimized solution feasible?’ .

This was examined in Chapter 2 by analyzing the challenges, technical difficulties and
factors associated with employing affordable soil moisture sensors in off-grid regions of the
world. The study concluded that while low-cost soil moisture sensors offer a more economical
alternative, they often yield less accurate results compared to high-cost currently available soil
moisture sensors. The study emphasized that the calibration functions provided by
manufacturers are typically developed under laboratory conditions, which may not be accurate
when the sensors are deployed in diverse, remote and off-grid field conditions. Low-cost
sensors tend to have shorter operational lifespans due to the accelerated wear and tear of their
components, which diminishes their effective measurement range and suitability across
different soil types. Currently available sensors, including both low and high cost, require
periodic maintenance and recalibration, which can increase overall costs in terms of time, labor,
and resources. The research highlighted that current soil moisture sensors rely on off-grid
energy sources such as batteries and solar panels. Although these alternatives eliminate the
need for grid-powered electricity, they present their own challenges, including limited energy
output, higher initial costs, dependance on climatic conditions and the necessity for periodic
replacements, which can be hurdles for smallholder farmers with limited technical resources.
This indicated that while off-grid solutions extend the reach of soil moisture sensing,
particularly in remote locations, they also require specialized skills for maintenance and repair,
rendering them less ideal for users with limited resources. The study discussed how traditional
electrical components generate environmental waste, including plastic and heavy metal
residues from batteries and solar panels and mentioned that biodegradable sensors are emerging
as a promising solution to reduce environmental impacts, however, these are still in the early
stages of research and require further development to become a viable alternative for
agricultural use.

The study emphasized that there is no single ‘perfect’ soil moisture sensing system that
meets criteria studied (namely low- cost, off-grid, autonomous, and biodegradable). Instead,
the selection of a system depends on balancing sensor performance, operational feasibility
(such as cost, size, durability, and power requirements), and biodegradability. This trade-off
necessitates users to consider their specific application context, such as small-scale versus
large-scale farming, where decisions will differ based on whether the focus is on water use
efficiency, yield maximization, or sustainable practices.
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6.1.1.2. RESEARCH QUESTION 2

The second research question was ‘How does the electrodes prepared utilizing the
environmentally friendly technique of physical vapor deposition affects the electrocatalytic
NOs™ reduction, and how the NO;3;~ can be used as an electron acceptor for the battery
construction?’

This was addressed in Chapter 3 by preparing bimetallic Cu-Ni electrodes using the
PVD technique. The study highlighted that PVD can be used as one of the green technologies
in which bimetallic electrodes can be prepared without any other chemical contamination. The
study examined how the thickness of a Cu film deposited on Ni plates influences the
performance in NOs3;RR. The findings demonstrated that employing a Cu-Ni bimetallic
electrode can enhance NOs™ reduction by modifying the thickness of the Cu layer on the Ni
plate. Various thicknesses (25, 50, and 100 nm) were tested, revealing that although the Cu film
was uniformly distributed, the current density decreased as the thickness increased, indicating
a complex relationship between thickness and catalytic performance. It was thus concluded
that the thickness of the Cu layer impacts NO3RR when using Cu-Ni bimetallic electrodes. It
showed that careful control of film thickness allows for better management of reaction
conditions, which is essential in practical applications. Electrochemical studies, such as CV,
indicated that the onset potential for NOs~ reduction varied with Cu thickness. The study
checked the influence of stirring on NO3RR and found out that under non-stirred conditions,
distinct peaks were observed, suggesting that the Cu-Ni electrodes facilitated effective electron
transfer under non-stirring conditions. However, under stirred conditions, the absence of a NOs~
reduction peak was noted, indicating that mass transport limitations were alleviated, which is
crucial for practical applications. The study emphasized that thin Cu films deposited using PVD
enable the formation of uniform, well-adhered layers, ensuring minimal impurities, and defect-
free surface to promote effective catalysis. This approach was noted to be underexplored in the
context of NO3RR, making the findings significant for future research and applications.

Finally, it was concluded that further studies are needed to clearly understand the
underlying reaction mechanisms. Future research might explore advanced in-situ spectroscopic
methods to pinpoint intermediates and elaborately model how Cu and Ni interact at the atomic
level. This underscores the ongoing commitment to optimizing electrode design and improving
reaction efficiencies in practical applications. These points collectively demonstrate that the
research not only advances the technical understanding of thin film deposition and
electrochemical performance but also provides practical guidelines for designing more
effective electrodes for energy storage devices and NO3 ™ removal.

6.1.1.3. RESEARCH QUESTION 3

The third research question was ‘How can a membrane be prepared for use in paper
batteries, and what materials are suitable for its fabrication?’

In response to the question, Chapter 4 demonstrated the feasibility of preparing
biodegradable membranes using CS and PVA polymers, reinforced with cellulose filter paper
and coated with graphene conductive ink. The membranes were synthesized through a solution-
casting method using CS, PVA, and a 1:1 CS/PVA composite, reinforced with cellulose filter
paper. A water-resistant graphene conductive ink was applied as a coating to study the
membranes' performance. The graphene-coated membranes exhibited superior electrochemical
properties compared to their uncoated counterparts. Specifically, the coated CS/PVA membrane
showed the lowest oxygen diffusion coefficient and the highest proton conductivity among all
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samples. This improvement is attributed to the graphene-based conductive ink creating more
interconnected channels for proton transfer and acting as a barrier to impede oxygen diffusion.
Uncoated CS membranes had the highest water uptake capacity, while uncoated PVA
membrane showed the highest swelling ratio and ion exchange capacity. The graphene coating
significantly reduced both water uptake and swelling ratios, as graphene is hydrophobic and
repels water, forming a physical barrier. All three membrane types (CS, PVA, and CS/PVA
membranes) demonstrated slow degradation over 100 days when exposed to compost tea at
room temperature. The observed long-term stability indicates the membranes' appropriateness
for medium-term applications in aqueous environments, such as biobatteries used in soil
moisture sensors, which generally necessitate a functional lifespan of at least 100 days.

Chapter 4 thus underscored the potential of these membranes as a sustainable and cost-
effective alternative for various applications, particularly in biobatteries and other low-power
electronic devices.

6.1.1.4. RESEARCH QUESTION 4

The fourth research question was ‘How can a 3D paper-based battery be designed
through the application of origami techniques, in comparison to a 2D paper-based battery
without origami, and what is the relative suitability of each design for current generation in
water-saturated soils?’

Chapter 5 successfully designed and prepared both 3D and 2D paper batteries using
origami techniques. These batteries were constructed using CS polymer and conductive
graphene ink, which was manually applied to serve as electrodes. Paper-based batteries were
characterized by their simplicity, low cost, lightweight nature, and ease of fabrication using
Whatman 1 paper. The performance of the 3D battery was assessed initially through the use of
a potassium ferrocyanide reaction at the anode and a potassium ferricyanide reaction at the
cathode. Subsequently, the evaluation was conducted under moist soil conditions at the anode,
while maintaining the potassium ferricyanide reaction at the cathode. Crosslinking which refers
to the creation of tiny links or bridges between polymer chains so they form a strong
interconnected network in the paper battery which significantly reduce resistance to ion flow
and enhanced electrochemical behavior. The ink and CS coatings were found to facilitate higher
current generation. An increased cathode area, specifically using three vertical electrodes,
yielded higher current generation compared to a single horizontal electrode.

The 2D air cathode paper battery was designed using a CS membrane, and its
performance was tested under fully saturated soil conditions. The CS membranes can be
effectively used in the design of 2D air cathode paper batteries for current generation in
saturated soil conditions. The findings demonstrate that origami-based paper batteries,
prepared with CS and graphene conductive ink, hold potential for use as alternative low-cost
energy sources for powering small portable devices. The 3D battery was observed to generate
a significantly lower current when utilizing both the potassium ferrocyanide (anolyte) and
potassium ferricyanide (catholyte) redox couple, as well as in the soil environment where
natural soil combined with sodium acetate served as the anolyte and potassium ferricyanide as
the catholyte.

The chapter concludes that biodegradable, origami-inspired paper batteries, particularly
those incorporating CS and graphene, present a promising, cost-effective, and environmentally
sustainable solution for portable energy applications. The study highlights that crosslinking and
cathode configuration are critical factors for enhancing performance. Furthermore, it
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emphasizes the necessity for additional research on both 3D and 2D paper batteries before they
can be effectively utilized as energy sources.

In conclusion, this thesis investigated the development of a biodegradable soil moisture
sensor powered by a paper-based, bacteria-charged battery. Although the device examined and
tested in this study utilized the principles of a microbial fuel cell, the term "paper battery" was
employed to highlight its structural and functional resemblance to small electrochemical power
sources, as well as its biodegradable and accessible nature. Biodegradable membranes,
reinforced with cellulose filter paper and coated with graphene, exhibited promising
electrochemical properties and stability, while 3D origami-inspired batteries showcased the
potential of foldable designs for enhanced functionality in soil environments. The origami-
inspired design involved folding paper to create a 3D (cuboid) functional structure, with a
binder used solely for stabilization to preserve the folding concept. This project provided
various insights and laid the foundation for future advancements by examining different aspects
of cost-effective, off-grid biodegradable soil moisture sensing systems, including electrode
performance, membrane fabrication, and battery design, by identifying areas for improvement.
These findings offer guidance for advancing paper based, microbial energy-harvesting devices
towards practical and sustainable applications in agriculture.

6.2. LIMITATIONS IDENTIFIED

It is crucial to recognize the limitations identified in this thesis, including the
assumptions and uncertainties associated with the employed design, as well as the complexities
involved in integrating all pertinent factors into the study, as discussed below.

This study highlighted that low-cost SMSSs often face accuracy issues. These
inaccuracies are influenced by various soil properties, such as texture and salinity, making these
sensors less reliable for a range of agricultural applications. Such SMSSs necessitate site-
specific calibration, which can be both time-consuming and resource-intensive, complicating
their practical use. The sensors analyzed in this thesis generally have shorter operational
lifespans due to the rapid degradation of their components. This limitation requires frequent
replacements, thereby increasing overall costs and reducing the practicality of these sensors
over time. Factors such as degradation time and sensitivity to moisture can limit their
operational capabilities. The reliance of SMSSs on off-grid power sources, like exo-
electrogenic bacteria, can be challenging, as these bacteria depend on various factors for
survival, and need periodic replacement, complicating the maintenance of remote sensors.
Although biodegradable sensors that are used in SMSSs can be a solution to reduce
environmental impacts, it can be seen that their effectiveness in complex biophysical
environments is still under investigation. The thesis emphasizes that there is no "perfect"
SMSS, and users has to navigate trade-offs between performance, operational feasibility, and
biodegradability as per their application requirements. This complexity can pose challenges for
users in selecting the most suitable sensor for their specific needs. These limitations underscore
the challenges in developing effective, sustainable soil moisture sensing systems, highlighting
the need for further research and innovation in this field.

The study highlighted that the degradation of Cu layer can significantly reduce the
effectiveness and lifespan of the catalyst during the NO3RR.The performance of the Cu-Ni
electrodes is sensitive to pH changes in the solution, and if the pH is not maintained in the
solution it can affect the NO3;RR and thus hindering the reaction.
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Chapter 3 discussed how the reduction of NOs™~ can yield various products depending
on the pH, which complicates the reaction pathways and may lead to the formation of undesired
byproducts. It pointed out that while the Cu-Ni alloy improves the electronic state for NOs~
reduction and selectivity towards desired product, the detailed mechanisms of how these alloys
interact with reaction intermediates remain poorly understood. This lack of clarity can hinder
the optimization of the catalyst for specific applications. Although the Cu-Ni alloy showed
improved performance and selectivity compared to monometallic Cu, the long-term stability
and performance of these electrodes in real-world conditions were not fully addressed. Cu-Ni
alloy also has the potential for side reactions, such as hydrogen evolution, which could also
affect the overall efficiency of the NO3;™ reduction process. It found that varying the thickness
of the Cu layer impacted the electrochemical performance, but the optimal thickness for
maximum efficiency was not definitively established. This presents a challenge for scaling up
the technology for industrial applications. These limitations underscore the need for further
research to address the challenges associated with Cu-Ni alloy electrodes and to enhance their
performance in electrocatalytic applications.

Chapter 4 highlighted specific limitations in the design of biodegradable membranes,
particularly noting that these membranes cannot be fabricated using any type of cellulose paper.
For the preparation of these membranes with polymers, it is crucial that the cellulose paper
exhibit a porous structure. The polymers must possess sufficient viscosity to ensure absorption
into the filter paper. Prolonged use of the membranes results in the diffusion of electrolytes
across the membranes. Manual coating presents limitations, as it cannot ensure uniform
coatings. In certain polymers, the conductive ink is entirely absorbed into their structure.

Chapter 5 identified several limitations and challenges associated with the design and
performance of origami-inspired paper batteries. The complex folding and bending required
for 3D battery designs can induce stresses, leading to wear and potential failure over time.
Complex folding patterns may cause energy loss, negatively affecting battery performance.
Because of the complex 3D patterns of these batteries they require precise techniques for mass
production, making mass production challenging. Integrating complex 3D paper batteries into
existing systems, such as SMFC systems, is difficult due to their intricate shapes and folding
patterns. The current output from a single 3D paper battery is limited due to the reduced anode
surface area available for bacterial growth and oxidation reactions, as well as the diminished
cathode surface area available for reduction reactions. The positioning of the cathode in
complex 3D configuration presents difficulties, as both its orientation and surface area are
critical for power output performance. A significant challenge for 3D configuration in soil is
the storage of liquid compounds (electrolytes) within the hollow spaces of the batteries, posing
a risk of leakage. Replacing depleted liquid compounds becomes problematic once they are
fully consumed. The studied 3D cubical shapes can deform under pressure and can easily
become parallelograms. The inherent porosity of the paper, while facilitating ion movement,
also permits electrolyte leakage, which could result in a short circuit between the electrodes.
This highlights the necessity for robust sealing, binding, or coating techniques to enhance
stability and longevity.

While 2D air cathode paper batteries can serve as alternatives to 3D paper batteries,
they possess inherent limitations. The study observed that in 2D batteries, biofouling on the
cathode surface, particularly after extended operation (e.g., seven to fifteen days), can
significantly impair battery performance by obstructing ion transfer and reducing the effective
cathode surface area. The 2D batteries are inserted into the soil such that half portion of these
2D batteries are exposed to the environment and are positioned partially in the soil and half
partially above it, the section above the soil is susceptible to damage during various agricultural
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activities. The 2D battery which is used in vertical position provides a limitation for keeping
the embedded wireless tags (such as RFID, NFC) in horizontal direction if the 2D battery is
intended to be used in SMSSs. These batteries are intended for use during the cropping season,
and since crops require a near-neutral pH (6-7.5), the CS membranes, especially at neutral pH,
exhibit a hydrophobic nature, which can inhibit biofilm growth on the anode surface,
potentially reducing performance in microbial fuel cells. In the context of 2D paper batteries,
water passes through the minute pores of the membranes employed in the battery's construction
through capillary action. Simultaneously, water is lost to the atmosphere via evaporation from
the portion of the battery exposed to the environment. A challenge emerges when the rate of
evaporation exceeds the membrane's capacity to draw water upward, a situation further
complicated by the gravitational resistance encountered in a vertical orientation. Consequently,
the membrane's surface may become desiccated despite the presence of water at its base. In
short the rate of capillary action in the membrane can be lower than the rate of evaporation.

Overall, while the thesis demonstrated the potential of origami-inspired paper batteries,
it also clearly outlined several areas that require further research and development to overcome
current limitations related to mechanical stability, energy efficiency, production scalability, and
long-term operational performance, particularly concerning biofouling and electrolyte
management.

6.3. WAYS FORWARD AND RECOMMENDATIONS

The development of biodegradable soil moisture sensing systems offers a promising
route for sustainable agriculture and environmental conservation. This study explains the
integration of biodegradable materials into the design of paper batteries, which can serve as an
energy source in off-grid regions. The research addressed some of the challenges posed by
conventional electronic waste used in soil moisture sensors, particularly in large-scale or short-
term agricultural applications. However, while current research emphasized the potential of
biodegradable sensors in SMSSs, several areas necessitate further investigation to ensure their
practical applicability and widespread adoption.

The bioanode is integral to the development of SMSSs that employ bacteria-powered
paper batteries. However, bioanodes encounter several challenges, including low and unstable
current densities due to environmental variability, microbial competition that diminishes
coulombic efficiency, mass transport limitations in compact soils, fouling or passivation of
electrode surfaces, and prolonged biofilm start-up times. These factors collectively obstruct the
provision of a reliable long-term power supply under field conditions. It is therefore advisable
to employ high surface area materials that can be modified with nanomaterials such as graphene
for the anode. Graphene possesses unique properties that can enhance soil health, including
nutrient availability and soil physical and chemical properties, if it leached into the soil. It is
also advised to position the anode in the moist anoxic zone. The anodes should be activated by
inoculating them with electrogenic microbes such as Geobacter or Shewanella immediately
prior to use to expedite the biofilm startup time. Furthermore, the anode substrates should be
prepared by incorporating nutrients to facilitate rapid utilization by the bacteria.

It is recommended to develop specific calibration method which can be used across
different soil types and different field conditions. The reliability of these sensors can then be
significantly improved, leading to better water management decisions among smallholder
farmers. It is recommended to comprehensively test paper degradation under real field
conditions, and share testing protocols openly to help improve future designs.



116

It is recommended to explore other methodologies to coat Cu and Ni onto filter paper
as a composite, as it is difficult to coat Cu and Ni on filter paper with PVD. This can help
evaluate NO3RR using biodegradable electrodes. Also, it is recommended to identify the
optimal composition of Cu and Ni while preparing Cu-Ni alloy for NO3RR applications in soil
batteries. Additionally, determining the appropriate thickness of the Cu-Ni composite is crucial
for the effective functioning of NO3;RR, given that these batteries will be deployed in soil
environments where stirring is not feasible.

It is advisable to determine the optimal viscosity of biodegradable polymers to facilitate
their impregnation into filter paper. Additionally, it is recommended to investigate various
cellulose papers that offer greater strength than filter paper and can effectively absorb
biodegradable polymers. Furthermore, it is suggested to explore methods or instruments
suitable for applying conductive inks, intended for use as anodes, onto biodegradable
membranes to achieve uniform thickness without compromising the integrity of the
membranes. The use of molds for casting the membranes using polymers as per the shape of
the battery is also recommended during the polymer impregnation process into filter paper to
ensure uniform membrane thickness. Conductive ink is fully absorbed by certain polymers;
therefore, an additional barrier layer is necessary to prevent ink absorption and ensure a more
uniform coating. The investigation of the capillary movement of water through membranes is
essential, and it is recommended to explore methods to enhance this capillary movement using
3-D microfluidic pathways within the paper layers.

It is recommended to explore alternative 3D structures capable of maintaining stability
in uneven soil conditions, demonstrating resistance to collapse or deformation when buried or
partially embedded. These structures should be designed to withstand the weight and pressure
exerted by the soil. Appropriate binding materials should be incorporated into the 3D design,
employing origami techniques to secure the edges. The folding and binding processes should
be executed with precision using machinery. The 3D design must ensure robust support for the
electrode, specifically the cathode, when utilized in the catholyte compartment. If the design
of the 3D battery is not airtight, then the electrodes used in the design are susceptible to fungal
growth on their surfaces. Consequently, once the entire SMSSs is embedded in the soil with a
defective design, replacing these electrodes becomes impractical.

Therefore, it is imperative to apply an anti-fouling treatment prior to their use. It is
recommended to incorporate antifouling agents to ensure longevity and prevent damage during
extended use. Additionally, it is essential to investigate the duration for which the electrodes
can function in such a system without experiencing biofouling. Thin, flexible connecting wires
are advised for establishing connections, or conductive ink may be utilized for connecting the
electrodes of the paper battery. In light of the observation that a single 3D paper battery has
generated a lower current in this study, it is advisable to arrange multiple 3D paper batteries in
parallel to enhance current output and to increase electrode areas. Additionally, arranging
multiple 3D paper batteries in series is recommended to achieve higher voltage generation.
Standard electrochemical equations are available to calculate or predict current and voltage
generation, taking into account electrode kinetics, ohmic losses, and mass transport.

The shape of the 3D battery should ensure that the embedded tags remain in a horizontal
direction (i.e., parallel to the soil surface) as shown in Figure 1 and can be captured by mobile
phones used in SMSSs.
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Wireless blodegradable
soil moisture sensor

Figure 6.1: Placement of paper battery in the soil as discussed in Chapter 5 and the detection
of signal using SMSSs with the help of mobile phones.

This orientation is crucial because, in developed countries with the necessary
infrastructure, including readers and satellites, the direction of signal-emitting tags
significantly influences their detection by readers, thereby facilitating farmers’ access to soil
moisture information. In contrast, while scaling up in developing countries where such
infrastructure is absent and are in need of such SMSSs, inadequate orientation may impede
farmers ability to accurately measure soil moisture. Figure 6.2 illustrates signal detection via
satellite in developed countries and through handheld mobile phones in developing countries.
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Figure 6.2: demonstrates the process by which signals are detected by the reader,
subsequently by the satellite in developed countries and by the farmers in developing
countries

In the case of 2D paper batteries, it is essential that the rate of capillary water movement
through the membranes is higher than the rate of water evaporation from these membranes.
This is critical because the portion of the battery exposed above the soil may dry out, thereby
compromising the performance of the 2D paper battery. Achieving this balance requires an
understanding of the relationship between the evaporation rate and the capillary movement rate
of water within the membranes. This can be accomplished by modifying the microfluidic
pathways within the membranes. Additionally, this can be achieved by designing the pore size
of the membrane (i.e., increasing the porosity of the membranes) and determining the height to
which the water must travel within the membrane using the Lucas-Washburn equation. It is
also advisable to design the 2D battery in such a way that it can be easily inserted into the soil
while maintaining the wireless tags in a horizontal position if used in SMSSs.
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papers and have earned the highest academic degree (Ph.D.) from one of the world’s leading
universities, Delft University of Technology, however, my father is not here to witness his son
using the title “Dr.” before his name. I will always regret that I could not complete my Ph.D.
during his lifetime.

I remember that some neighbours and relatives would question my parents, asking what
would come of educating their son in good schools whether he would become a renowned
engineer or doctor, or secure a government job. Yet, without expecting any immediate returns
and regardless of financial hardships, they never wavered in their determination to provide me
with a quality education. Today, I can proudly say that through their blessings and hard work,
I have reached this stage of my life and have become both an engineer and a doctor. I also
extend my special gratitude to my mother, who stood by me in every decision I made, whether
right or wrong. I remember when I decided to resign from my government job to pursue a Ph.D.
at that time, my father and many others opposed my decision. However, my mother convinced
my father, stood firmly by my side, and supported my choice. She instilled in me the confidence
that whatever I chose to do would be better than the past, for which I will always remain deeply
grateful.
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I also sincerely thank my siblings my elder sister, the late Mrunalini (Taai), my younger
sister Apeksha, and my younger brother Vaibhav for their unwavering emotional support, for
which I will always remain indebted.

This achievement is not solely mine but serves as a humble tribute to my Aai and Baba,
for their unwavering patience, encouragement, and dedication. Without your support, this
milestone would not have been attainable. Finally, I would like to say: “Every achievement
demands sacrifice; nothing truly valuable comes without it.”

Sumit Moreshwar Meshram
Delft, Netherlands, February 2026
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