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ABSTRACT

The advent of the Fourth Industrial Revolution (IR 4.0) drives a significant
increase in energy demand, highlighting the limitations of fossil fuels and the
urgent need for renewable energy and advance storage solutions. While
Lithium-lon batteries dominate the battery market, their toxic chemical content
contributes to environmental pollution during production and disposal,
highlighting the need for more sustainable practices and greener alternatives.
Aluminium-air batteries (AABs) present a promising alternative due to their
high energy density, specific capacity, and environmental advantages. However,
AABs face challenges such as rapid anodic corrosion in alkaline solutions,
significant hydrogen gas evolution, and electrolyte leakage. To address these
issues and reduce environmental impact, this study explores the use of
nanocellulose-incorporated gel electrolytes as a thin film for AABs. Various
thin films cellulose gel electrolyte with differing thicknesses, nanocellulose
content, and KOH concentrations were fabricated, and the electrochemical
properties of AABs using these films were analysed. Furthermore, the Al-air
battery incorporated with thin film cellulose gel electrolyte are subjected to
battery performance analysis including polarization test, constant current
discharge test, corrosion test, water absorption test, shrinkage test, reusability
test and Scanning Electron Microscopy (SEM) Analysis. The results reveal that
the incorporation of nanocellulose into gel electrolyte achieve an open circuit
voltage (OCV) of 1.86 V and enhances the peak power density of Al-air battery
to 91 mW as compared to 55 mW from the gel electrolyte without nanocellulose.
The discharging time for the thin film cellulose gel electrolyte also improved
significantly to 95 minutes with 10 mA of discharging current. Additionally,
with the investigation of the effect of gel electrolyte thickness, effect of
nanocellulose content and effect of potassium hydroxide concentration on the
performance of Al-air battery, it reveals the thin film cellulose gel electrolyte
with 10 wt% nanocellulose content, thickness of 20 ml content volume and 3 M
of potassium hydroxide deliver the best performance among all the gel
electrolyte fabricated. With an open circuit voltage (OCV) of 1.95 V, the battery
was able to maintain a discharging period around 7 and half hours along with a
peak power density of 187 mW.
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CHAPTER 1

INTRODUCTION

1.1  General Introduction

With the approaching of Industrial Revolution (IR 4.0) necessitates significant
energy usage, with a considerable demand for energy resources. However, eco-
friendly alternative energy sources are widely emphasized concerning to the
limitations of conventional energy sources including environmental pollution,
global warming, depletion of fossil fuels. Furthermore, fossil fuels based energy
is a non-renewable energy source and it will eventually deplete with the massive
consumption leading to energy crisis. Energy is important as it is the
fundamental resource on powering devices, hence, it is prudent to also discover
safer, more reliable, and efficient energy storage solutions to be integrated into
the IR4.0 applications. There are several renewable energy sources including
hydropower energy, solar energy as well as wind energy that are explored to
address the energy crisis issue. In addition to examining energy sources, it is
important to also investigate solutions for storing energy. Among the energy
storage solutions, batteries are commonly selected owning to their high energy
density with satisfactory electronic efficiency making them applicable for
portable electronic devices and large applications such as electric vehicles (EVS).
Regarding to battery, Lithium-lon batteries are commonly mentioned and have
dominated the market. However, with the energy density of Li-ion battery
having approximately 100~200 Wh/kg, the applications such as electric vehicles
(EVs) requiring high energy and power density remain somewhat limited. (Liu,
etal., 2017)

While numerous studies have focused on the improving the performance
of Lithium-lon Batteries, there is a need to explore alternative energy storage
solutions. (Xia, et al., 2015) The metal-air batteries has gained considerable
attention recently and considered to be a potential alternative among the energy
storage solutions as it possess high energy density and capacity while maintain
a discharge voltage along with minimal dependance of capacity on operating
temperature. (Rahman, et al., 2013) Generally, metal-air batteries feature a

metal anode and an air cathode to generate electrical energy through chemical



reaction when immersed in a suitable electrolyte. The design of metal-air
batteries is able directly received oxygen from the surrounding allowing it to
have high energy densities in a compact and light mass. Several studies were
conducted to investigate and compare the characteristics of metal-air batteries
using various common metal includes lithium (Li), magnesium (Mg), sodium
(Na), zinc (Zn) and aluminium (Al).

According to the previous study, Li-air battery offers a theoretical
energy density of 13 kWh/kg which is the highest among the metal choices, but
it still has many challenges such as the instability of lithium under humid
environments, blockage of carbon cathodes by the discharge products and side
product formation during cycling affecting the reversible charging capability
and overall cycle life. (Liu, et al., 2017) Conversely, Zn-air battery is
rechargeable, but it has the lowest theoretical energy density of 1.3 kWh/kg
providing a limited life cycle and suffer from dendrite formation along with high
charge overpotentials. (Hardwick and Bruce, 2012) Similarly, the Mg-air
batteries and Na-air batteries suffer low theoretical energy density with value of
1.6 kWh/kg and 6.8 kWh/kg respectively which affects the cycle life of the
battery. However, Mg-air battery is not rechargeable, and it face the challenge
of high corrosion rate contributing to short shelf life. (Yang, 2002) Conversely,
Al-air battery experience the same hindrance as Mg-air battery being non-
rechargeable, but it was reported that Al-air battery with ionic liquid solve the
issue of rechargeability. Nonetheless, Al-air battery still gain interest in the
energy storage system owning to its high theoretical specific capacity of 2.98
Ah/g, high theoretical voltage of 2.7 V and high theoretical energy density of
8.1 kWh/kg. (Nestoridi, et al., 2008) Moreover, aluminium is lightweighted and
naturally abundant making it inexpensive, environmentally friendly, and high
recyclability. Thus, this study will continue exploring the potentiality of
Aluminium-air Battery (AAB) technology.



Electrolyte

Al electrode

AI(OH), 40H

Air cathode

Figure 1.1: Schematic Illustration of Al-air Battery (Liu, et al., 2017).
Copyright 2017. Elsevier.

1.2 Importance of the Study

The outcome of this present study may propose an alternative modification to
the Al-air battery and solve challenges related to the anodic corrosion that led
to low performance of the battery while providing an analysis on the Al-air
battery fabricated using thin film cellulose gel electrolyte. There are many
reviews on Al-air batteries that concentrates and reviewing on the key
components of Al-air batteries which includes the anode, cathode, electrolyte,
and design respectively. This study attempts to focus on the fabrication and
evaluation of the thin film cellulose gel electrolyte incorporate in Al-air battery.
The development of a gel electrolyte in Al-air batteries can potentially create
several possibilities for various applications especially with the emergence of
IR4.0 applications, flexible wearable device as well as the electric vehicles (EV)
industry. The implementation of gel electrolyte in Aluminium-air batteries
application generally features the ability to eliminate leakage issues while
providing thermal and electrochemical stability. However, the current
implementation of gel electrolyte in Al-air batteries is still not sufficient to apply
in industrial usage and hindered by the problems associated with limited shelf
life of the battery and low discharging performance. In this study, it is aspired
that the thin film cellulose gel electrolyte can overcome the conventional design
of Al-air batteries being bulky by reducing the complexity of the cell. Hence, it
allows the possibility of practical applications such as wearable applications.



1.3 Problem Statement

Numerous research has assessed the performance of Al-air batteries indicating
its potential to meet the future energy demands as a sustainable energy storage
solution. Nonetheless, there are still problems associated with the Al-air battery
including rapid anodic corrosion in alkaline solutions, significant hydrogen gas
evolution as well as electrolyte leakage hindering the performance of the Al-air
battery. The implementation of gel electrolyte provides a solution to the issues
associated with the conventional Al-air battery. The gel electrolyte immersed in
aqueous solution helps to reduce the anodic corrosion and mitigate the hydrogen
gas evolution as it limits the electrolyte interaction on the Al surface.
Furthermore, gel electrolyte can eliminate the concerns related to leakage while
act as a separator for the cathode and anode to prevent short circuit. However,
the conventional gel electrolyte is hindered by the challenges of low ionic
conductivity and limited shelf life. The incorporation of nanocellulose into gel
electrolyte offers high porous structure which can potentially limits the
excessive electrolyte to interact with the Al anode and allow better electrolyte
uptake ability resulting in better electrochemical properties of the Aluminium-
air battery.

1.4 Aim and Objectives
The aim is to develop a thin film gel electrolyte incorporated with cellulose for
Al-air battery and the specific objectives of this study are as follows:

i To fabricate a thin film cellulose gel electrolyte for the Al-air battery.

ii. To investigate the influence of gel electrolyte with different
thickness on the electrochemical properties of the Al-air battery.

iii. To investigate the influence of the concentration of potassium
hydroxide in the thin film cellulose gel electrolyte on the
electrochemical properties of the Al-air battery.

iv. To investigate the discharging performance and discharging capacity

of thin film cellulose gel electrolyte in the Al-air battery.

1.5 Scope and Limitation of the Study
The scope of the study is to synthesize a thin film cellulose gel electrolyte and

study the electrical performance including the discharging performance,



discharging capacity, and life cycle of the Aluminium-air battery. Despite gel
electrolyte has gained popularity as an alternative to liquid electrolyte in Al-air
batteries, there remains a scarcity of research and ongoing testing regarding the
incorporation of binders and crosslinking agent into gel electrolyte, as well as
the investigation of potassium hydroxide concentration within the gel
electrolyte. Therefore, these aspects will also be addressed within the scope of
this study. Nevertheless, the study's limitation is its exclusion of the
investigation into the mechanical properties of thin film cellulose gel
electrolytes. In addition, the gel electrolyte inherent the characteristic of
swelling contributing to the limitation of the study. A potential limitation
affecting this study is the duration for which gel electrolyte can be stored, as it
is prone to degradation over time due to variables like temperature changes and

exposure to air.

1.6 Contribution of Study

This study proposed the incorporation of nanocellulose in the fabrication of gel
electrolyte and provided a novel approach on the performance of the Al-air
battery using various gel electrolyte fabricated. The findings of this study may
offer valuable insights for future advancements aimed at addressing the
challenges of Al-air batteries, potentially improving their performance based on

the outcomes obtained from the research.

1.7 Outline of Report

The overall report consists of 5 chapters which discuss on the performance of
Al-air battery with thin film cellulose gel electrolyte. Chapter 1 Introduction
mainly covers the background of the research topic, the problem statement, aim
and objectives with the scope and limitations of the research. In addition,
Chapter 2 Literature Review involved a detailed review on the Aluminium-air
battery technology. Chapter 3 Methodology and Work Plan outlines the
procedures and tests conducted whereas Chapter 4 presents the results and a
detailed analysis. Finally, Chapter 5 Conclusion provides a summary and
conclude any important findings as well as providing recommendations for

future developments.



CHAPTER 2

LITERATURE REVIEW

2.1 Anode

2.1.1  Pure Aluminium

Pure Aluminium is consistently selected as the anodic material in metal-air
batteries due to its advantageous characteristics including high energy density,
negative charge potential, being able to recycle, naturally abundance, and
excellent electrochemical properties. When compared to a Hg/HgO reference
electrode, a pure Al anode exhibits a potential of -2.35 V in aqueous solution
and -1.66 V in saline solution. (Parsons, 1967; Doche, et al., 1999) However,
the actual open-circuit potential of the Al electrode tends to be elevated, mainly
because of the competition among various electrode processes occurring on its
surface. (Liu, et al., 2017) These processes encompass the initial formation of
Al>Os3 layer followed by Al(OH)s layer, the transfer of 3 electron charge process
resulting in aluminium ion production, the development of corrosion products
such as Al(OH)z and Al(OH)Z, and the occurrence of parasitic reactions on the
aluminium surface leading to hydrogen evolution. (Mohamad, 2008; Bernard,
et al., 2006) The parasitic reaction contributes to passivation and corrosion of
the Al surface and can be represented in the equation, 2Al + 6H20 — 2A1(OH)s3
+ 3H2. This will tentatively lead to low performance of the Al-air batteries.
(Doche, et al., 1999) Despite that these processes elevates the open-circuit
potential of the aluminium electrode, they ultimately present as challenge for
Al-air batteries and eventually leading to failure of it.

The common problem associated with aluminium being the anodic
material of metal-air batteries is the instantaneous development of a naturally
occurring oxide layer on the aluminium surface when in contact with air and
aqueous solution. The surface passivation increases the corrosion rate of the
aluminium electrode and significantly affects the rate of aluminium activation.
The self-corrosion at the Al electrode discourages storage of Al-air batteries in
wet environments and adversely affects the capacity of the batteries along with
the reduction of discharge efficiency. (Egan, et al., 2013) Recently, there are
studies conducted by selecting the 2N5 commercial grade aluminium (99.5%



purity) and 4N high pure grade aluminium (99.99% purity) as the anodic
material. The use of 2N5 commercial grade aluminium in aluminium-air
batteries results in lower performance compared to 4N high pure grade
aluminium due to inherent impurities and the formation of an impurity complex
layer. It decreases battery voltage during standby status, reduces discharge
current, and diminishes the efficiency of the battery at the standard operating
voltage of 1.0 V for Al-air batteries. Nonetheless, the impurity complex layer in
2N5 grade aluminium dissolves as the discharge voltage decreases to 0.8 V. The
dissolution improves the discharge current density and efficiency of the battery
by minimizing the self-corrosion reaction. Hence, there are research suggest the
potential use of 2N5 grade aluminium as the anodic material given it is
economical. (Cho, et al., 2015) Overall, pure aluminium is infeasible and
impractical in the application of Al-air batteries as it suffers from rapid
corrosion rate and parasitic reaction which leads to hydrogen evolution on the

surface when feature as the anodic material in the battery.

AI(OH),

OH"
OH"

Figure 2.1: Schematic Illustration of Aluminium Self-corrosion and Oxidation
Process in Al-air Battery (Pino, et al., 2015). Copyright 2015.

Elsevier.



2.1.2  Aluminium Alloys

Pure aluminium is rather infeasible when selected as anodic material in Al-air
battery as it corrodes rapidly and occurs parasitic hydrogen evolution when
introduced to aqueous electrolyte. Hence, alloying aluminium has been studied
to eliminate the limitations associated with pure aluminium to prolong the
battery operation time and serves as an alternative in the anodic material of Al-
air batteries. There are various elements including Ti, In, Ga, Zn, Sn, Bi, Mg
and Mn that were incorporated as alloying elements for composition of
aluminium alloys. Among the adopted elements gallium (Ga), zinc (Zn), indium
(In), and tin (Sn) are commonly used as doping element for aluminium alloys
as they offer different advantage to the Al-air battery. Thus, combining each of
these alloying elements contribute to the exceptional performance of aluminium
alloys in Al-air batteries.

Zinc (Zn) is claimed to be popular for reducing the parasitic reaction of
hydrogen evolution on Al anode through the increase of hydrogen evolution
potential in addition to the relieving of the Al anode degradation. (Pino, et al.,
2015) However, Al-Zn showed a shorter voltage stabilization time when
comparing with pure 4N Al. Throughout the research, the content of aluminium
used for the alloy is 99.75% doped with iron (Fe) and tin (Sn) as opposed to
commonly used aluminium with content of 99.99%. As a result, the corrosion
reduction caused by Zn is dominated by the corrosion from Fe and Sn. (Park, et
al., 2017) In addition, it is found that Al-Zn alloys forms oxidation layers
includes type 1, which consists of porous Zn(OH). and defective ZnO, and type
2, which consists of protective layer ZnO. The discharging performance of the
battery significantly decreased by the presence of the protective ZnO layer, but
it can be reduced by doping indium (In) into the Al-Zn alloy resulting in Al-Zn-
In alloy as it impedes the protective ZnO layer formation. Additionally, a study
was conducted to investigate and compare the performances of Al-air batteries
with pure Al and Al-0.5In (wt%) selected as anodic material in a 4 M NaOH
solution.

Generally, indium (In) is proven to be advantageous as an alloying
element in the composition of Al alloys as it exhibits high anodic efficiency and
increases the hydrogen evolution potential. (Sun and Lu, 2015) The results

indicates that the Al-In alloy exhibit higher anodic efficiency due to lower self-



corrosion rate compared to pure Al leading to higher capacity. On the other hand,
introducing gallium (Ga) as an alloying element in the composition for Al alloys
limits the passivation of Al,Oz oxide layer and increases the aluminium
diffusion and dissolution by breaking down and thinning the oxide layer. (Sun,
et al., 2015; Tuck, et al., 1987) Furthermore, tin (Sn) when doped in the
composition of Al alloys drive the activating behavior relative to aluminium
thereby increases the dissolution rate of Al in the battery with minimal corrosion
behavior. The anodic dissolution decreases noticeably when approaching higher
potentials. (Sun, et al., 2015; Lee and Kim, 2001)

As each individual alloying element retain certain advantage when
doped with aluminium as Al alloy, there have been studies conducted to
combine the alloying element. The Al-1Mg-1Zn-0.1Ga-0.1Sn (wt%) and Al-
1Mg-0.1Ga-0.1Sn (wt%) alloys were selected as the anode for the Al-air
batteries and studied thoroughly. Generally, the alloy containing Zn perform
better in terms of the electrochemical performance with lesser anodic
degradation. (Ma, et al., 2014) Furthermore, Wang et al. (2017) proposed a
selection on Al-0.15Bi-0.15Pb-0.035Ga (wt%) alloy as the anodic material
which possess a satisfactory result having nearly 2 times of peak power density,
253.4 + 2.5 mW/cm? comparing with pure aluminium, 108.5 + 2.5 mW/cm?
when immersed in KOH solution. It also shows a higher anodic efficiency 85.40
+ 5 % comparing with 73.6 £ 1.0 % by pure aluminium. Due to the presence of
Bi, PB and Ga, the hydrogen evolution potential increases leading to lower rate
of corrosion for the alloy. (Wang, et al., 2017) As of current, the Cu-deposited
7075 T-7351 Al alloy with wt% of 5.6-6.1 Zn, 2.1-2.5 Mg, 1.2-1.6 Cu, < 0.5 Si,
Fe, Mn, Ti, and Cr arguably the preferred alloy for the composition of Al alloy
as it shows the most convincing results. The homogenous absorbed layer of Cu
that is electrochemically formed creates a solution to the challenges related to
the hydrogen evolution by developing a barrier which reduces the hydrogen
evolution rate while maintaining the Al efficiency as the anode. Due to the
nature of copper, when include in the Al alloys, the discharging performance,
and the battery potential increases significantly with minimal anodic resistance.
(Mutlu and Yazici, 2018) Substantially, doping elements in composition of Al
alloy create a solution to the hindrance of self-corrosion rate in the anode and
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hydrogen evolution but requires a relatively higher cost as compared to pure Al
depending on the choice of fabrication process and the elements involved.

2.2 Air Cathode

The Al-air batteries feature an air-breathing cathode otherwise known as the air
cathode, and it is crucial for completing the electrochemical process within the
battery. The air cathode is made up of a current collector , gas diffusion layer,
and a catalytic active layer. The gas diffusion layer is constructed from a carbon
material and a hydrophobic binder including polyvinylidene difluoride (PVDF)
or polytetrafluoroethylene (PTFE). The presence of the binder film is used to
ensure only the permeation of air instead of water or electrolyte. (Harting et al.,
2011), (Li, etal., 2016) The current collector is usually constructed from a mesh
made of nickel (Ni) which provides structural reinforcement to the cell while
facilitates and enhances the electron transfer process. (Liu, et al., 2017) The
impracticality of Al-air batteries applications is contributed by the slow oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) which primarily
occur at the catalytic active layer that comprises of an electrocatalyst, carbon

materials and binder.

Electrolyte Air/ 0,

Catalyst layer
Current collector
Gas diffusion layer GDL

Air cathode

Figure 2.2: Schematic Illustration of Air Cathode (Olabi, et al., 2021).
Copyright 2021. Creative Commons.
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2.2.1  Oxygen Reduction Reaction (ORR)

The oxygen reduction reaction (ORR) primarily occurs by reducing the oxygen
molecule in an aqueous alkaline electrolyte following both the direct four-
electron pathway and the successive two-electron pathway. Among these, the
direct four-electron pathway is more preferrable in the oxygen reduction
reaction and represented in equation (2-1). On the other hand, the successive
two-electron pathway expressed in equations (2-2), (2-3) and (2-4) experiences
an initial reduction to peroxide HO; and following with a two-electron
reduction from HO; to OH™. However, when the reactions in equation (2-2) and
(2-3) occurs rapidly, the ORR is likely to happen through the four-electron
pathway. On the contrary, the direct four-electron pathway and the successive
two-electron pathway in acidic solution is represented in equations (2-5), (2-6),
(2-7) and (2-8). (Li and Chen, 2013)

Equation for the direct four-electron pathway in alkaline medium:

0, + 2H,0 + 4e~ - 40H"™ E® = 0.401Vvs. SHE  (2-1)

Equations for the successive two-electron pathway in alkaline medium:

0, + H,0 + 2e~ - HO3 + OH™ E® = —0.076 V vs. SHE (2-2)
HO; + H,0 + 2e~ — 30H"™ E® = 0.878Vvs. SHE  (2-3)
HO; - 20H™ + 0, (2-4)

Equation for the direct four-electron pathway in acidic medium:

0, + 4H* + 4e~ - 2H,0 E® = 1.229Vvs. SHE  (2-5)

Equations for the successive two-electron pathway in acidic medium:

0, + 2H* + 2e~ - H,0, E® = 0.695Vvs. SHE  (2-6)
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H,0, + 2H* + 2e~ - 2H,0 E® = 0.878Vvs. SHE  (2-7)

2H,0, - 2H,0 + 0, (2-8)

2.2.2  Catalysts

The electrocatalyst in the catalytic active layer of the air cathode significantly
influences the performance of the electrode and the energy density. Generally,
the cathodic material should incorporate with suitable electrocatalyst to improve
the oxygen reduction reaction (ORR) efficiency, the formation of by-products
and improve the rate of electrode kinetics. There has been various selection of
electrocatalytic materials used as the cathodic catalysts which includes noble
metals & alloys, carbonaceous materials, transition metal oxides, polymer, and
polymer-based complexes. However, in this research will only covers the noble
metals and alloys as well as the carbonaceous materials along with transition

metal oxides.

2.2.2.1 Noble Metals & Alloys

Gold (Au), silver (Ag), palladium (Pd) and platinum (Pt) are usually the
preferred noble metal catalysts as they offer an unoccupied d-orbital providing
vacancy for the reactant molecules which allows the occurrence of catalytic
activity. The catalytic activity of noble metals is generally defined by their
surface atomic configuration and electron level state. Hence, through the
modification of the surface atomic configuration, the catalytic activity
performance of noble metal catalysts can be improved in a positive way. This
fairly explains the widely usage of platinum (Pt) as catalysts in the application
of batteries. As of the current, the Pt-based catalysts which involves platinum
nanoparticles supported by a carbon framework enhances the surface atomic
configuration providing high electrocatalytic activity, stability and is known to
be the state-of-the-art ORR electrocatalyst. (Wang, et al., 2008) While
numerous research suggest that catalytic activity is primarily influenced by the
particle size, it is also worth mentioning that the crystallographic facets impact
on the catalytic activity within the air cathode. (Ge, et al., 2015) However, the
high cost of Pt-only catalysts making it inadequate as a selection. Thus, Pt-metal

alloys which surprisingly offer better catalytic activity performance are
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introduced as a substation for Pt-only catalysts. The Pt lattice parameter is
reduced through the incorporation of transition metal with small-size atoms into
the Pt lattice. Furthermore, the differences in the electronegativities within the
Pt-metal alloy system altered the transfer of charge from the transition metal to
Pt during the filling of Pt d-orbitals. Howbeit, alloying Pt with suitable transition
metals come with a cost of more complicated synthesis process and preparation.
(Wang, et al., 2008)

2.2.2.2 Carbonaceous Materials

Among the choices for the selection of catalysts, carbonaceous materials are the
preferrable ones as they have been consistently providing satisfactory catalytic
activity and durability towards the oxygen reduction reaction (ORR). These
carbonaceous materials cost relatively lesser as compared to the noble metal
catalysts, Pt and Ag while being able to have wide stabilization potential
windows as well as superior electronic conductivity. Fundamentally,
carbonaceous materials exist in diverse structural forms which covers Zero-
dimensional (0D) fullerene, one-dimensional (1D) carbon nanotubes and
nanofibers, two-dimensional (2D) graphene and graphite nanosheets or three-
dimensional (3D) nanostructured carbon materials. Other structural forms of
metals, metal oxides such as spinel and perovskite, metal nitrides, carbon and
non-metals.

There are studies proven the viability of lower cost catalysts becoming a
reliable alternative as to the commercial Pt/C catalysts. The analysis of a
bifunctional Co-N/CN catalyst (at 800 °C) exhibits an onset potential of 0.987
V and prefer the direct four-electron pathway for the oxygen reduction reaction
(ORR). Additionally, the oxygen evolution reaction (OER) shows an
improvement being the onset potential of 0.98 V is relatively close to the
potential of commercial Pt/C catalysts, 1.06 V and having similar current
densities. (Shen, et al., 2018) Furthermore, the encapsulating iron (Fe) in the
carbon nanotubes (CNTSs) lessens the energy required to remove an electron
from the surface of carbon which eventually improves the ORR activity. It can
be further improved with nitrogen (N) doping. (Deng, et al., 2012; Mamtani, et
al., 2018; Liu, et al., 2016) It was discovered that most catalytically CNTs for
ORR activity are the ultra-thin CNTs doped with high concentration of nitrogen
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(N). As compared to the commercially available Pt/C catalysts, the CNTs doped
with nitrogen (N) and encapsulated within ferric carbide nanoparticles (FesC)
and pyrolyzed at 800 °C performs better showing remarkable onset potential of
0.098 V when measured against Ag/AgCl. (Zhong, et al., 2015) However, the
synthesis method involved requires massive consumption of energy, hence,
more environmentally friendly approaches for the catalyst synthetization are
discovered. For instance, the nitrogen-doped carbon nano onion (N-CNO)
developed using biomass collagen are reported to have satisfactory performance
with improved onset potential and high current densities along with durability
which is comparable to commercially available Pt/C catalysts. (Chatterjee, et al.,
2018)

2.2.2.3 Transition Metal Oxide

On the other hand, transition metal oxides are widely explored as an alternative
for the usage of conventional noble catalysts as it being naturally abundant, eco-
friendly, inexpensive. The transition metal elements such as iron (Fe), cobalt
(Co), manganese (Mn), and nickel (Ni) can exhibit in various oxidation states
as it consists of multiple valences. (Byon, et al., 2011) However, only the
transition metal, Mn will be covered in this section. Due to the multiple valence
state of Mn, it exists in various oxidation states from +2 to +7. Therefore, it
serves as an effective component for acting as a bifunctional catalyst and has
been demonstrated to exhibit electrocatalytic capabilities for ORR under
alkaline conditions. (Cheng, et al., 2009) Despite the valence state and
elemental composition are same for the manganese oxides, the catalytic activity
is significantly influenced by the crystallographic structures. (Cao, et al., 2003)
Based on the past research conducted, MnO- have been proven to be satisfactory
when selecting as the catalyst for ORR, but it is often associated with carbon for
support due to MnO; offer low conductivity. (Roche, et al., 2006) Nonetheless,

the electrocatalytic activities presented with MnO; are excellent.



15

2.3 Electrolytes

The electrolyte is an essential component within the Al-air battery as it is a
conductive medium that facilitates ion transfer from the cathode to the anode.
The parasitic reaction which leads to hydrogen evolution, precipitation reactions
and the self-corrosion rate which happens at the aluminium anode were
primarily influenced by the choice of electrolyte. It also significantly influences
the overall potential and performance of the battery cell. Addressing the major
problem associated with the Al-air batteries, several research were attempted to
focus on the various form of electrolyte to suppress the unwanted effects occur
in the cell. These includes aqueous alkaline electrolytes, salt electrolytes and
acidic electrolytes with pH value of 7 <pH < 14, pH=7and 1 <pH <7
respectively. Among these various form of electrolytes, aqueous alkaline
electrolyte has been proven to perform the best as the electrolyte choice for the
Al-air battery. Generally, alkaline electrolytes including aqueous sodium
hydroxide (NaOH) and potassium hydroxide (KOH) are the preferred ones
owning to their high ionic conductivity, non-toxicity, low viscosity, low
overpotential, and rapid reaction kinetics. (Santos, et al., 2013; Mokhtar, et al.,
2015) Hence, alkaline electrolyte is mainly discussed in this paper.

There have been studies investigating the anodic corrosion rate in KOH and
NaOH using various methods such as weight loss technique, steady state
technique and polarization technique. As adopting different kind of anodic
materials in the alkaline electrolyte shows different characteristics of the cell.
The corrosion dissolution of pure Al was analyzed with steady-state technique,
it was revealed that pure Al remains in passive state as indicate in the delineated
polarization curves. In addition to that, one of the studies investigating fine
structured Al as anodic material in alkaline electrolytes for the AAB. It was
reported that the Al anode with finer grain sizes enhances the performance of
the battery in 4 M of KOH and NaOH due to the active dissolution. (Fan, et al.,
2015)

Conversely, the efficacy of alkaline solutions as the choice of electrolytes
significantly excels with Al alloys as anodic material. It was reported that
incorporating In, Mg, Sn, and Ga into the composite of Al alloy improves the
self-corrosion rate when immersing in 4 M NaOH. Furthermore, there are

research revealing the integration of active metal into Al anode improves the



16

corrosion resistance leading to higher discharging capacity. (Wilhelmsen, et al.,
1991) However, varying the operating temperature and KOH concentration
significantly influences the polarization characteristics but doesn’t affect on the
mass transfer. (Chu and Savinell, 1991) Composite of Al alloy containing Al-
Zn-Mg and Al-Zn-In were tested in 4 M NaOH at room temperature and reveal
potentials of -1.67 V and -1.65 V respectively. Both composites suffer
crystallographic pitting corrosion, in addition to that, Al-Zn-Mg alloys also
undergo hemispherical pitting corrosion. However, the chemical dissolution by
OH" leads to significant anodic corrosion in both alloys. (Ma, et al., 2013)
Addressing to the parasitic hydrogen evolution at the anode, past research has
improvised a hybrid concept involving ordinary kitchen aluminium foil as
anodic material, a Ho/air fuel cell and concentrated NaOH electrolyte shows
significant improvement of power output with no sacrifice on the efficiency of
the AAB. The research concludes that increasing the concentration of the
alkaline electrolyte allows more power density but the self-corrosion at the
anode remain significant. (Wang, et al., 2013) Generally, alkaline electrolytes
offer high ionic conductivity with efficient oxygen reduction rates but often
relates to various problems including rapid anode corrosion, potential leakage,

significant hydrogen gas evolution.

2.4 Alkaline Based Gel Electrolyte
As liquid electrolytes pose various challenges such as rapid anode corrosion,
leakage of electrolyte and significant hydrogen gas evolution, a considerable
amount of research has been conducted to address these challenges. (Zuo, et al.,
2020) One of the notable approaches being the advancement of gel-based
electrolyte as it proposes an effective substitution to the aqueous electrolyte and
solid-state electrolyte owning to its high ionic conductivity along with thermal
and electrochemical stability while eliminating concerns related to electrolyte
leakage extending the service life of Al-air battery. (Nada, et al., 2023; Guisao,
et al., 2015) Gel electrolyte generally is neither solid nor liquid but comprises
both the cohesive properties of solids and diffusive properties of liquids.

As of current, poly (vinyl alcohol) (PVA) has been utilized extensively
as the polymer host in the gel polymer electrolytes comparing with other

polymer due to its flexibility, good adhesion, and hydrophilicity as an
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electrolyte reservoir. (Santos, et al., 2019) There are numerous studies utilizing
PVA doped with potassium hydroxide (KOH) to feature in different
electrochemical applications including super-capacitors and metal-air batteries.
Incorporation of KOH into PVA was reported to promote the mobility of free
ions inside the gel electrolyte film and produces high ionic conductivity of 4.7
x 102 S.cm™. (Yang and Lin, 2002) The ionic conductivity of PVA-KOH gel
electrolyte strongly depends on the content of KOH ad H.O within the film.
Hence, indicating the importance of optimized concentration of the alkaline gel
electrolyte. (Lewandowski, 2000; Yang and Lin, 2002) A stretchable flexible
Zinc-Air battery is prepared by utilizing PVA-KOH based gel electrolyte which
kept stable for up to 20 cycles but the system prepared exhibits significant
defects being the dense cross-linking of PVA and the presence of surface water-
resistant groups. These defects result in decreased KOH concentration and ion
conductivity in gel electrolyte (10 ~ 10 S.cm™) (Qu et al.,2017). Other than
that, a study suggested on the preparation of a gel electrolyte using potassium
alcohol (PVA) reveals high ionic conductivity and electrochemical properties.
(Ma, et al., 2014) However, the partial exposure and volatility of KOH causes
water evaporation within the gel electrolyte leading to swelling effect whereas
PVA tends to experience hardening from high concentration of alkaline. (Tran,
etal., 2019; Fan, et al., 2019)

2.5 Cellulose

Recently, biodegradable matrixes obtained through natural renewable sources
such as cellulose have attracted significant attraction in the field of gel
electrolyte. Cellulose is a naturally abundant biomass material with
macromolecule offering renewability, cost-effectiveness, eco-friendly nature
along with inherent biocompatibility and biodegradability. Owning to its large
number of polar hydroxyl groups consists of linear chains of repeating § (1—4)
linked D-glucose units, it provides strong intramolecular and intermolecular
hydrogen bond which result in superior thermal stability and mechanical
property. (Moon, et al., 2011; Wang, et al., 2016; Chang and Zhang, 2011)
Nanocellulose is a structural polysaccharide which formed from cellulosic
extraction that have nano-scale structural dimensions. As the nanocellulose are

extracted from plant, there are several options with different properties available.
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Generally, the nanocellulose derived from coniferous plant otherwise known as
the softwood have higher crystallinity and mechanical strength. There was a
research suggesting the microparticles of the nanocellulose extracted from pine
wood and corncob both have high crystallinity index of 67.8% and 70.9%
respectively using spray-dying. (Ditzel et al., 2017) Another research has
reported the extraction of nanocellulose from pine tree through delignification
and bleaching process using different concentrations of acetic acid. The
nanocellulose extracted with 10% of acetic acid is able to produce a crystallinity
index of 55.60% with a width of 12.82 nm and length of 290.82 nm. (Aisiyah et
al., 2020) Furthermore, a research provided a review on the strength and
stiffness of the nanocellulose derived from softwood and describes the structure
and the mechanical performance. With that being said, the nanocellulose
derived from coniferous plant comes with high crystallinity and mechanical
strength making it favourable for the application in gel electrolyte. (Aisiyah et
al., 2020)

There was a report suggested a soy protein isolate/poly(vinyl alcohol)
composite membrane was fabricated as a separator for lithium-ion battery
reveals superior ionic conductivity of 3.8 x 10° S.cm™ along with good
electrochemical stability. (Zhu, et al., 2016) Furthermore, research was
conducted with cellulose nanofiber (CNF) as the derivative material to form a
cellulose based separator. The results show that the cellulosic separator
experience lesser meltdown when exposed to heat by overcharging of the
lithium-ion batteries. (Kuribayashi, 1996) In addition, a composite membrane
made of cellulose/polysulfonamide was developed and tested in lithium-ion
batteries. The separator yields high thermal stability along with stable charging-
discharging performance when operating at 120 °C. Other than lithium-ion
batteries, there is research applying thin film cellulose gel electrolyte for
application of metal-air batteries. For instance, an Al-air battery was developed
with cellulose paper as electrolyte substrate to substitute the circulation of
electrolyte. It reveals that these cellulose paper separators act as corrosion
inhibitors suppressing the self-corrosion at the Al anode while achieving
satisfactory performance of open circuit voltage with a value of 1.6 V along
with 21 mW/cm? peak density. The discharging capacity of Al-air battery shows
aresult of 1273 mAh/g when using NaOH as the electrolyte. (Wang, et al., 2019)
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Aside from that, a water hyacinth cellulose nanofibrils was fabricated and uses
as the separator in the Al-air batteries. It was further modified by incorporating
a separator made of water hyacinth cellulose nanofibrils and polyethylene glycol
in the ratio of 85 wt% and 15 wt%. The tested result from the research discloses
that Al-air battery with the cellulose separator has a total discharge time of
307.85 min when using 10 mA of discharge current which performs better than
the commercial filter paper as a separator. (Selan, et al., 2023) On top of that, a
PVA-based cellulose composite hydrogel electrolyte was developed using
carboxyl modified nanocellulose (C-CNFs) and tested in Zinc-air battery. The
thermal stability and mechanical properties of the composite HGE improved
significantly leading to extended cycle life and enhanced discharge capacity for
the Zinc-air battery. (Li, et al., 2021) Overall, cellulose is a good separator

especially incorporated in gel electrolyte.

2.6 Summary

Generally, aqueous alkaline electrolyte has the highest performance among all
the electrolytes of choices but tends to suffer from rapid anodic corrosion and
hydrogen evolution reaction. There have been several studies suggesting
solutions to address the related problems. One of the notable approaches being
the implementation of gel electrolyte as it acts as a good corrosion inhibitor.
However, due to the hydrophobic properties of gel electrolyte making it have
limited electrolyte uptake ability. Cellulose on the other hand fulfilled the
characteristics as a good separator owing to its hydrophilic property which can
retain the electrolyte. In this study, research is performed which incorporates
cellulose into gel electrolyte developing a cellulose-based alkaline gel

electrolyte.
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 Overall Process Flow Chart

The Figure 3.1 below presents the overall process flow chart for this research

project.
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Figure 3.1: Overall Process Flow Chart.
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3.2 Electrochemical Reaction

The usual electrochemical reactions in the Al-air batteries are represented by
equation 3-1, 3-2 and 3-3 while the parasitic reaction which contributes to
corrosion and passivation of Al anode is represented by equation 3-4.

The electrochemical reactions involved in the AAB are presented in these

equations:

Anode: Al - A3t + 3e” (3-1)
Cathode: O, + 2H,0 + 4e~ - 40H™ (3-2)
Overall: 4Al + 30, + 6H,0 — 4Al(OH); (3-3)
Parasitic Reaction: Al + 3H20 — Al(OH)s + 3/2H> (3-4)

3.3 Preparation of PVA/KOH Alkaline Gel Electrolyte

A 10 wt% of Polyvinyl Alcohol (PVA) is prepared by mixing 10 g of PVA
powder into 10 ml of distilled water using a magnetic stirrer for 1 hour at the
temperature of 80 °C until a clear PVA solution is obtained. Next, 1 M of
Potassium Hydroxide (KOH) alkaline solution is prepared by mixing the KOH
pellets into the distilled water. After that, the KOH solution is added into the
PVA solution and stirred for 1 hour using magnetic stirrer at ambient
temperature. Subsequently, the PVA/KOH solution is poured into a petri dish
and kept in vacuum condition to allow the removal of bubbles. Following that,
the PVA/KOH solution is subject to freeze-thawing for 1 day and a gel
electrolyte is formed. Finally, the gel electrolyte formed is then immersed into
1 M of KOH solution.

3.4 Preparation of PVA/KOH/Nanocellulose Alkaline Gel Electrolyte
To allow the dissolution of nanocellulose, a mixture solution comprising
Sodium Hydroxide (NaOH) and Urea is first prepared at the ratio of 7 wt% to
12 wit%. It is then kept in the freezer for 1 hour. Subsequently, 10 wt% of
nanocellulose (NCC) is added into the mixture solution and stirred continuously
until the nanocellulose is completely dissolved. The NCC solution is then added
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into 10 wt% of PVA and stirred continuously for 1 hour using magnetic stirrer
at ambient temperature, thus forming a PVA/NCC solution. Next, 1 M of
Potassium Hydroxide (KOH) alkaline solution is prepared by mixing the KOH
pellets into the distilled water. Following that, the KOH solution is mixed with
the PVA/NCC solution and stirred continuously for 1 hour at ambient
temperature. After that, the PVA/NCC/KOH solution is poured into a petri dish
and kept in vacuum condition kept in vacuum condition to allow the removal of
bubbles. The PVA/NCC/KOH solution is then subject to freeze-thawing for 1
day and a gel electrolyte with 10 ml content is formed. Finally, the gel
electrolyte formed is then immersed into 1 M of KOH solution and labelled
accordingly. Thereafter, the similar preparation procedures are repeated to form
gel electrolyte with 15 ml and 20 ml of content in the ratio of 0.5 PVA: 0.34
NCC: 0.167 KOH. Subsequently, the preparation of gel electrolyte is repeated
to form gel electrolyte with 20 wt% and 30 wt% of nanocellulose content.
Finally, the concentration of the KOH solution substituted with 2 M and 3 M in

the similar preparation procedures.

3.5 Preparation of Air Cathode

The preparation method of the air cathode is referred to the method proposed by
previous research. The manganese oxide functions as the electrocatalyst while
nickel mesh serves as the current collector in the air cathode. The total content
required by 1 piece of nickel mesh is 5g. Initially, the carbon black powder ,
activated carbon powder and manganese oxide is added in a mass ratio of 8:1:1
and mixed using a glass rod, thus forming a powder mixture. Subsequently, 10
ml of Polytetrafluoroethylene (PTFE) and 15 ml of Propanol is added bit by bit
into the powder mixture. While adding the PTFE and Propanol, the mixture is
stirred continuously using a glass rod. This mixture will slowly form into paste
texture. After that, the nickel mesh is coated with the paste formed earlier and
subject to rolling using a rolling pin to allow the pasted coated evenly on the
nickel mesh and form an air cathode. After that, the air cathode is allowed to

dry at ambient temperature.
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3.6 Design and Assembly of Battery
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Figure 3.2: Design of the Al-air Battery.

The components involved in the Al-air battery are the aluminium anode, the air
cathode, the gel electrolyte, and the battery case. The design configuration of
the AAB is presented as in figure 3.1. The battery case is made of 2 acrylic
plates with dimensions of 40 mm x 40 mm and 3 mm for thickness. However,
one of the acrylic plates consist of a center cut section with 20 mm x 20 mm to
allow the air from the surrounding to pass through and get in contact with the
air cathode for the chemical reactions required. The aluminium anode and the
air cathode were cut to shape of rectangle with dimensions of 40 mm x 30 mm
whereas the gel electrolyte is cut into quarter-circle shape. Generally, the
assembly of the Al-air battery follows in an order beginning with a centered
extruded top acrylic plate, the air cathode, the gel electrolyte, following with an
aluminium anode and finally ending with a bottom acrylic plate. Binders are
used to clamp the battery case when assembling the battery to ensure the
components in between the acrylic plates are fixed accordingly. Figure 3.2
below depicts the assembly of the fabricated Al-air battery which ready to

battery performance testing.
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Figure 3.3: Assembly of Al-air Battery.

3.7 Battery Performance Analysis

In essence, the research aims to study the performance of the Al-air battery using
a thin film cellulose gel electrolyte and investigate how varying the
concentration of KOH, the thickness of the gel electrolyte and the content of
nanocellulose impacts the battery’s performance. There are few types of
analysis involved in this research which includes Constant Current Discharge
test, Polarization test, SEM analysis, Corrosion Test, Water Retention Test and
Shrinkage Test. With different composition of gel electrolyte, the performance
of the Al-air battery could vary including the discharging time of the battery,
the open-circuit voltage, the current density, and the rate of the rate of corrosion
on the Al anode. These analyses were carried out to review and determine the
best performing Al-air battery.

3.7.1  Polarization Test

The investigation of the polarization characteristics of the Al-air battery
integrated with thin film cellulose gel electrolyte, the electrocatalytic
performance of the Cathode and the anodic pot