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ABSTRACT

This thesis investigated cathode and anode electrode materials for application in
rechargeable zinc-air battery (RZAB). Two types of cathode materials were
strategically studied in RZAB applications: (a) cobalt carbon composites of (i) cobalt
atomic clusters (Co AC@Csrppc) and (ii) cobalt nanoparticles (Co NP@Cspbc), and (b)
high-entropy spinel oxide (HESOx, containing five transition metals — Cu, Mn, Fe,
Ni, and Co). The activities of these materials toward oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) were investigated in both half- and full-cell
configurations as a proof-of-concept in RZAB cells in alkaline electrolyte. Considering
that conventional zinc plate has several short-comings as an anode for RZAB, a new
material, polydopamine-derived carbon-coated zinc oxide (ZnO@PDA-DC), was also
synthesised and applied in RZAB as a possible alternative anode to the popular zinc

plate.

First, Co AC@Csprpoc and Co NP@Csppc Were prepared using the metal-organic
framework (MOF) route through the microwave-assisted solvothermal method and
acid treatment. From the XRD results, the spectra showed dominant {111} and {200}
phases, characteristic of metallic cobalt with a face-centred cubic (fcc). There were
trace amounts of CoO observed indicating the coexistence of Co/CoO. From TEM
imaging, Co AC@Csrpc Was highly defective with a visible porous carbon structure
than its counterpart (Co NP@Csprpc) and showed dispersed atomic clusters. BET data
showed that Co AC@Csprpc had a higher surface area (144.8 m?/g) than the Co
NP@Csprpc (33.25 m?/g). The improved physicochemical merits of the Co AC@Csprbc
allowed for better ORR and OER activities than the Co NP@ Cspbc in terms of low half-
way potential (E12), onset potential (Eonset), overpotential at 10 mA/cm? (n1o), potential
gap (AE) between the overpotential of OER and the halfway potential, and a higher
kinetic current density (jx). The enhanced electrochemistry of the Co AC@Csrbc wWas
attributed to the defects created by the acid treatment. As proof of real-life applicability,
the Co AC@Csppc electrocatalyst delivered an excellent air cathode in a parallel plate
RZAB cell with notable OCV (1.23 V), peak power density (49.9 mW/cm?), areal
energy density (477 mAh/cm?), long-term stability for 210 h, enhanced voltage

vii



retention, Coulombic efficiency (ca. 100 %) and DOD (51.3%), comparable to
literature. In addition, an all-solid-state RZAB based on the Co AC@Csppc catalyst
gave a higher and constant OCV (1.73 V) at varied bending angles (0 — 180 degrees)

and excellent stability.

Second, new HESOx materials were prepared via the Pechini method at two different
annealing temperatures of 500 and 750 °C (abbreviated herein as HESOx-500 and
HESOx-750). P-XRD results showed that these are inverse spinel oxides, with {311}
as the dominant phase. HR-TEM images proved that they are single nanocrystalline
materials. XRD and BET data showed that the HESOx-500 is smaller in size, more
porous, and has a higher surface area than its counterpart (HESOx-750). HESOx-500
showed superior ORR performance with an onset potential of 0.93 V and a E12 of 0.88
mV. The OER performance also showed improved nio compared to IrO2 with an
overpotential of 340 mV at a current density of 10 mA/cm?, and a 45 + 5.0 mV/dec
Tafel slope, above the performance of IrO2 (66 + 6.1 V/dec). The AE of HESOx-500
was 0.69 V. The material was further tested as a cathode material in a RZAB cell. The
optimised RZAB cell showed remarkable performance with a theoretical potential of
1.67 V and long-term stability of 375 h at 10 mA/cm?. The performance was attributed
to the high-entropy compositional design with a high number of surface oxygen

vacancies and different metal oxidation states.

Finally, having dealt with the issue of bifunctionality in RZAB, a new ZnO@C anode
material was also considered. The ZnO@PDA-DC (where PDA-DC means
polydopamine-derived carbon) was used due to its ability to form Zn?* pathways.
Electrochemical potentiodynamic polarisation tests were performed to understand and
compare the corrosion inhibition effects in an alkaline medium (6 M KOH). The
ZnO@PDA-DC showed better corrosion inhibition properties than the zinc plate and
other samples: low corrosion current (icor = 0.107 uA/cm?) and corrosion potential (Ecorr
= 1.077 V), and a mixed inhibition effect, indicating reduced hydrogen evolution
reaction and zinc dissolution. Due to the excellent corrosion inhibition properties of the
ZnO@PDA-DC, it was then evaluated in the RZAB cell. The shallow galvanostatic
charge-discharge cycle stability at 2 mA/cm? was able to maintain 150 h in a RZAB at
a voltage gap of 0.76 V to 0.80 V. The results demonstrated that enhanced
rechargeability is possible with ZnO@PDA-DC for RZAB.
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CHAPTER 1
INTRODUCTION

This chapter provides an overview of the motivation and rationale, the objectives, and

the outline of the thesis.

1.1. Motivation and rationale

The increasing energy demand, driven by the growth of electric vehicles and portable
electronic devices, coupled with the depletion of fossil fuels and the urgent need to
address climate change, has spurred the exploration of alternative renewable energy
resources for a clean energy economy. Technological innovations for reliable
production, storage, and use of renewable energy are at the core of current energy
research [1]. Renewable energy is projected to account for a significant portion of the
overall electrical energy during the next coming years. Batteries are known as great
energy-storage and conversion devices and they have several applications ranging
from small devices like watches to electric vehicles (EVs) and grid-scale storage.
Lithium-ion batteries dominate the energy storage application industry, however, there
is a depletion of lithium metal deposits, which will continue to increase its cost due to
the lowering global supply, more obvious as demand increases. Another disadvantage
of the use of Lithium (Li) is its safety concerns and temperature sensitivity.

Proposed and pursued alternatives have been Li*, Na*, K*, Mg?*, and/or metal ion (Li;
Ca; Mg; Al; Zn; Fe), and metal-air batteries (MABs). Besides its low cost and non-
toxicity characteristic (depending on the specific metal employed), MABs have
attracted significant interest owing to the incorporation of gaseous oxygen from the
surrounding environment as an active cathode component, which is infinitely available
due to the open-cell architecture. This affords the battery with exceptional energy
density, consistent discharge voltage, extended shelf life, and affordability. Zinc-air
batteries (ZAB) have attracted significant attention due to the abundance of zinc, high
theoretical energy density (1 086 Wh/kg), and specific energy density (470 Wh/kg)
which is twice that of the state-of-the-art lithium-ion batteries (200 Wh/kg) [2], constant
discharge voltage, low weight, reversibility and good stability in agueous electrolytes

[3], safety and environmental friendliness of operation. The volumetric capacity of Zinc
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(5 854 mAh/cm?3) is almost three times higher than that of Li (2 062 mAh/cm?) [4]. The
primary (non-rechargeable) ZAB has been applied in portable devices such as hearing

aids, navigation devices, railway signal devices, and telecommunication applications.

Rechargeable Zinc-air batteries (RZABs) are considered more attractive. This is
because they have less environmental impact than primary cells, in that they are
reusable and cost-effective. RZABs can be used to store and deliver high energy for
portable and stationary devices as well as for the operation of electric vehicles. Despite
progress in developing RZABs, performance has been hampered by limitations in the
air cathode. The sluggish nature of oxygen reactions (reduction and evolution) at the
cathode leads to potential deviation from the standard potential during galvanostatic
charging and discharging. This is because the actual voltage deviates from the ideal
during operation, reducing overall energy output. To address this challenge,
researchers are seeking efficient and durable catalysts for both oxygen reduction and
evolution reactions. While precious metals like platinum have been used, their high
cost, scarcity, and limited stability in the battery's environment necessitate the
exploration of more sustainable alternatives. For RZABs to reach their full potential in
terms of energy storage capacity, the air cathode needs to excel at facilitating both
oxygen reactions. Ideally, the cathode material should be a powerful oxidiser, remain
stable in the electrolyte, boast strong redox properties with high capacity, and exhibit

exceptional cycling stability.

Unlike the air cathode, limitations in the zinc anode of RZABs stem from the complex
chemical reactions involved between the solid-solute-solid (Zn-Zn(OH)4>-ZnO)
interface. The amount of usable energy is directly tied to the amount of zinc available
in the anode. Once the zinc is depleted, the battery can no longer function. Several
factors hindering the efficient utilisation of zinc include; (i) corrosion caused by the
production of hydrogen gas, (i) change in the zinc surface forming needle-like
structures (dendrites), and (iii) formation of irreversible zinc oxide layer (passivation
layer). These issues lead to a decrease in battery capacity (capacity fade), inefficient
charging (low Columbic efficiency), and a shortened lifespan (poor cyclability and
stability). Scientists are exploring various strategies to improve the anode
performance. One approach involves coating the zinc anode with materials like metal

oxides, polymers, or carbon, or incorporating specific elements like aluminium,
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cadmium, or bismuth oxide. These coatings can help prevent physical changes in the
anode by stabilising its structure, allowing for better utilisation and retention of the zinc
structure. Alternative zinc structures, such as zinc foam and zinc oxide, are also being
investigated. These modifications can further enhance conductivity, distribute current
more evenly, and promote the formation of smoother, thinner zinc deposits during

discharge.

Motivated by the arguments listed above, transition metal-based electrocatalysts have
emerged as promising electrocatalysts to replace Pt group metals [5]. This work
studied i) cobalt nanoparticles (Co NP@Cesrpc) and cobalt atomic clusters (Co
AC@Csppc) metal-organic framework-derived carbon and ii) high-entropy spinel oxide
(HESOX) as cathode materials in RZAB applications. Co/C has been widely regarded
as an effective electrocatalyst for OER and ORR. HESOx has characteristics like
excellent stability, improved corrosion resistance, a high number of active species,
electrochemical and catalytic properties [6], to mention a few. These materials were
explored for their potential to improve OER and ORR and to maintain excellent stability
in RZAB. On the anode side, ZnO was employed as an alternative zinc anode to
facilitate Zn?* ion transport pathways. Polydopamine (PDA) was chosen as a corrosion
inhibitor for its exceptional adhesion to various materials and its ability to hinder the

movement of corrosive ions, (as demonstrated in [7]).

1.2. Aim and objectives of the study

1.2.1. Aim

This work focused on developing cathode material of i) cobalt nanoparticles (Co
NP@Cegprpc) and cobalt atomic clusters (Co AC@Cesppc) of metal-organic framework
(MOF) derived carbon, and ii) high-entropy spinel oxide (HESOXx) as cathode materials
and iii) polydopamine coated zinc oxide (ZNnO@PDA-DC) as an anode material in
RZAB applications.



1.2.2. Objectives

The objectives of the study are as follows:

. To synthesise cobalt nanoparticles (Co NP@Cspbpc) and cobalt atomic clusters
(Co AC@Csppc) by use of metal-organic framework (MOF) template through

microwave, heat- and acid-treatment.

. To synthesise ZnO through conventional and microwave approaches and coat

it with polydopamine.

. To study the physical characterisation of the synthesised materials.

. To investigate the electrochemical oxygen reaction properties and performance
of Co NP@Cgpoc, Co AC@Ceprpc, HESOx-500 and HESOx-750.

. To investigate the corrosion-resistant properties of the coated zinc oxide

nanoparticles in an alkaline saturated solution.

. To assess the RZAB response of Co NP@Cgprbc, Co AC@Cspbc, HESOx-500
and HESOx-750 as cathode materials and zinc plate as an anode material in an

alkaline electrolyte.

. To assess the response to ZnO@PDA-DC as anode material in RZAB with the

use of the best performing synthesised air cathode in an alkaline electrolyte.

1.3. Outline of the thesis

Chapter 1 (Introduction): This chapter provides the motivation of the thesis and

presents the objectives of the study.

Chapter 2 (Literature review): This chapter details the literature review on air
cathode electrocatalysts and alternative anode materials in ZABs.

Chapter 3 (Experimental procedure): This chapter details the physical techniques

and conditions used in this study.



Chapter 4 (Results and discussion): This chapter provides the results and

discussion of Co NP@Csproc and Co AC@Cesprpc as a cathode electrocatalyst in ZAB.

Chapter 5 (Results and discussion): This chapter provides the results and

discussion of HESOx as a cathode electrocatalyst in ZAB.

Chapter 6 (Results and discussion): This chapter provides the results and
discussion of ZNO@PDA-DC-based anode materials in ZAB.

Chapter 7 (Conclusion and recommendations): This chapter provides the general

concluding remarks and recommendations.
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CHAPTER 2
LITERATURE REVIEW

While wind and solar power are environmentally friendly and can meet some of our
energy needs, their energy output can be unpredictable as they rely on specific
conditions for peak performance. Electrochemical energy storage systems are the
next generation of energy devices, due to their capacity to convert and store electrical
energy and shift the energy demand from fossil fuels and the peak-trough fluctuation
of the electrical grid. Their applications stretch from small portable electronic devices
to powering electric vehicles and grid-scale energy storage.

2.1. Metal-air batteries

2.1.1. Metal-air batteries

The design of MABs is that of a traditional battery and a fuel cell battery. The traditional
battery component uses a metal as the negative electrode and the fuel cell component
uses a porous positive electrode. They use air or oxygen feedstock for energy storage
and conversion. These batteries have received a great deal of interest as potential
energy alternatives to the current lithium-ion batteries (LIBs) due to their high energy
density. Rechargeable MABs are praised as promising electrochemical energy
storage for the next generation of energy storage technologies, with applications
ranging from large-scale energy storage systems to electric vehicles and handheld
electronics. The potential produced in these batteries depends on the anodic metal
species (Ca, Al, Li, Na, K, Mg, Fe, Cd, and Zn), their performance is summarised in
Figure 2.1. These devices operate in different electrolytes including agueous, non-
aqueous, quasi-solid, and hybrid electrolytes. Typically, MABs are classified into

aqueous electrolyte-based cell systems.

Lithium-air (Li-air) batteries operating in a non-agueous system do not have the critical
pure oxygen atmosphere issues. To achieve practical application, there are still
important challenges that need to be addressed such as the large decomposition
overpotential of lithium peroxide during charge and its clogging at the porous channels

of the cathode during discharge [1]. While aqueous and solid systems lack the critical



problems found in the non-aqueous system, they have not demonstrated the ability to
achieve high power density and prolonged deep cycling [2].
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Figure 2.1: Specific energy, volumetric energy density and nominal cell voltage of
RMABs [3].

The development of a potassium-air (K-air) battery is still in its early stages, though it
has higher redox kinetics its round-trip efficiency is lower than lithium-ion batteries [4].
Sodium-air (Na-air) batteries have sparked widespread interest and quick
development for application in electrochemical energy storage [5]. This was because
of its inexpensive cost, abundance of precursor material, high theoretical specific
capacity, and high energy density. However, it suffers from low catalytic activity of
oxygen redox processes which cause low reversibility of charge-discharge processes
as well as sodium dendrite development at the anode [5]. Aluminium air (Al-air)
batteries have higher energy density than ZABs, but they easily corrode than Zn [6].
Magnesium-air (Mg-air) batteries on the other hand have discharge products
(Mg(OH)2, MgO, and MgO:3) that are difficult to decompose at moderate voltage ranges
because of their stable thermodynamics and poor kinetic properties which make high
rechargeability challenging to develop [5].

Zinc-air (Zn-air) battery is the most developed of the MABs. In light of all the
environmental, economic, and electrochemical properties, Zn is the most promising

contender among the other MABs. However, their commercial products are primarily
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meant for low-power applications like small hearing aids, due to the limited rate
capabilities of inefficient air catalyst However, their commercial products are primarily
meant for low-power applications like small hearing aids, due to the limited rate
capabilities of inefficient air catalysts and poor reversibility of the anode [7]. RZABs
have a low energy efficiency of less than 60% because of the high overpotentials at
the air cathode [7]. These batteries also suffer from poor cycle life due to a lack of
reliable bifunctional electrocatalysts and cyclable metal anodes. Deep cycling

batteries at high currents exacerbate this weakness even more.

There are three types of MAB storage configurations shown in Figure 2.2. The static
battery configuration in Figure 2.2a is the standard stacked battery with a positive and
negative electrode, a separator, and an electrolyte all housed in one compartment.
This battery type can be in the form of a parallel plate cell, a coin cell, or a pouch cell
configuration. The parallel plate design battery is used in this thesis with more detall
in the sections below. This type of battery setup has been extensively reported,
however, it is said to have limitations of realistic power/energy density and energy
efficiency [8]. This is caused by the mass limitation of the cell. The coin-cell can be
either a standard configuration shown in Figure 2.2a or a dual OER and ORR cathode
system sandwiching the zinc anode with perforated caps. The flow system is versatile
and may be easily integrated with various energy technologies for cell construction or
scaled up for larger applications such as energy storage and stationary power plants.
It is regarded to be safe and has a long operational life due to the flow of the
anolyte/electrolyte, which reduces side reactions. The flowing electrolyte enhances
OH" transport and lowers concentration gradients, while also eliminating precipitated
carbonate and other by-products through external filters. With a circulating electrolyte
solution, RZABs have a substantially longer cycle life and higher operating voltage
than static electrolytes. The flow battery has a similar design to the parallel
configuration and an electrolyte/anolyte bank that is positioned outside the cell to drive
the flow (Figure 2.2b). While the anolyte circulation battery system includes an ion
transport membrane [9]. The flow battery can also be constructed as a dual pumping
system with independent electrolyte tanks for the anode and cathode. The flow battery
design can reduce the energy efficiency of the battery as some of the energy is lost
through circulation and any loss of pressure might affect the energy output. The

presence of other components that might be needed to set up the flow system may

9



take up some of its volume and affect its volume density. With the growing demand
for flexible wearable electronic gadgets, research into flexible batteries, particularly
guasi-solid electrolytes, has set higher standards. The flexible battery in Figure 2.2c
has similar components to other cells but uses a gel electrolyte prepared with polyvinyl

alcohol (PVA), polyacrylic acid (PAA), gelatine, or graft copolymer gelling agents.

2.1.2. Types of metal-air battery storage designs
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2.2. Zinc-air batteries

2.2.1. Working mechanism of zinc-air batteries

RZAB is made of four components, i) a porous air cathode (positive electrode:
consisting of a catalyst and the gas diffusion layer), ii) a metallic zinc anode (negative
electrode), iii) an electrolyte, and iv) a separator (Figure 2.3). The surface of the air
electrode undergoes two oxygen reactions, oxygen reduction reaction (ORR) takes

place when the battery discharges, and the oxygen evolution reaction (OER) during

charging.
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Figure 2.3: Schematic illustration of (a) aqueous and (b) non-aqueous ZABs during

charge and discharge.

During discharge, the concentration gradient of oxygen gas from the environment
causes it to infiltrate into the porous cathode material. The oxygen is then reduced at
the triple phase boundary between the solid working electrode, liquid electrolyte, and
gas phase. Hydroxide ions (OH") are then transported in the aqueous electrolyte from
the air cathode to the metallic anode (i.e. oxygen evolution reaction). At the anode
metallic zinc is oxidised and reacts with hydroxide ions to produce soluble zincate ions
(Zn(OH)4%) [12]. When these zincate ions are supersaturated in the electrolyte they
undergo spontaneous decomposition to form insoluble zinc oxide (ZnO). Parallel to
this, the parasitic hydrogen evolution reaction (HER) reaction takes place at the anode
when water receives electrons and converts them to hydrogen gas (Hz2) and hydroxide
ions [13]. When hydrogen combines with the dissolved Zn, the self-corrosion of Zn can
occur. Upon recharging the reaction processes are reversed by the reduction of

zincate ions to zinc at the anode and oxygen is released at the cathode (i.e. oxygen
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reduction reaction) [14]. The described reaction processes are summarised as follows

[13,14]:
Discharge

Anode:

Cathode:

Overall reaction:

Parasitic reaction:

Charge

Anode:

Cathode:

Overall reaction:

Zn + 40H — Zn(OH)e> + 2e-  (E°=-1.25V vs. SHE)
Zn(OH)4?> - ZnO + H20 + 20H"

O2 + 4e” + 2H20 — 40H" (EO =+0.4 V vs. SHE)
2Zn + O2 - 2Zn0O (Ecen = EOcathode - E%node = +1.65 V)
Zn + 2H20 — Zn(OH)2 + H2

Zn + 20H" + 2H20 - Zn(OH)#? + H2

ZnO + H20 + 20H" > Zn(OH)4?*
Zn(OH)4% + 2e- - Zn + 40H"
40H" - O2 + 2H20 + 4e-

2Zn0 - 2Zn + O2

(2.1)
(2.2)

(2.3)
(2.4)

(2.5)

(2.6)
2.7)
(2.8)

(2.9)

In a room-temperature ionic liquid (RTIL), a quasi-reversible oxygen reduction reaction

occurs, and oxygen gains electrons and forms superoxide (O2-"). The presence of the

superoxide results in the blockage of electron transfer in aprotic RTIL [15]. On the

other hand, superoxide is a strong nucleophile that can react with protons in protic

RTIL to produce per-hydroxy radical (HO2-) [15]. The radical further reacts with the

superoxide to form peroxide (HO2). The reaction processes are summarised in

equation 2.10 to 2.15 [15,16].

ORR
O2+e - 02

027 + H" - HO2

HO2: + O2 - HO2 + O2

HO2: + e -> HO2

HOz2 + H* - H202

12

(2.10)

(2.11)
(2.12)
(2.13)

(2.14)



OER

2H20 - O2 + 4H* + 4e- (2.15)

2.2.2. Challenges of zinc-air batteries

The challenges associated with the RZABs have affected their commercialisation
success. On the cathode, the charge (OER) and discharge (ORR) processes tend to
be sluggish and have energy barriers [17]. This is because of the solid-solute-solid
mechanism (Zn-Zn(OH)4?-Zn0O) of RZABs. ZAB’s low practical working voltage (1.2
V) compared to its theoretical voltage (1.66 V) is reported to be due to the deviation of
the charge and discharge potentials from the standard value as a result of the over-
potential of the positive electrode causing low roundtrip efficiency [18]. This is caused
by the catalysts’ low tolerance for alternating reductive and oxidative conditions during
discharge-charge cycles [7]. Itis hard to avoid COz: in the air, and RZABs are sensitive
to CO2 in the feed gas stream [19]. CO:2 reacts with the electrolyte to form
carbonate/bicarbonate anions (equation 2.16) which decrease the electrolyte

conductivity and clog pores [19].

2KOH + CO2 — K2COs + H20 and/or KOH + CO2 - KHCOs (2.16)

The presence of carbonate/bicarbonate anions causes the weakening of the ionic
conductivity of the electrolyte. Another challenging issue with the use of air feedstock
is moisture absorption from the environment, as well as electrolyte evaporation, which
both contribute to the short life cycle of the battery. Water accumulation may cause air
electrode flooding, impairing oxygen delivery to the catalyst's active sites [8]. Water
loss increases the concentration of the electrolyte in the cell, which has a negative
impact on the discharge response [8]. Furthermore, if the electrolyte is diluted, ionic
conductivity decreases, resulting in increased internal resistance of the system [8].

The air hole also poses a problem of electrolyte leakage as well as evaporation.
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Figure 2.4: Challenges associated with zinc degradation [20].

Figure 2.4 shows the challenges associated with the zinc anode: Hz evolution, metal
corrosion, dendrite formation, and passivation. The reaction between Zn and the
electrolyte has a spontaneous Hz generation (equation 2.5), it is an undesired reaction
because it brings about the self-corrosion of the Zn anode. Metal corrosion leads to
capacity fade due to the loss of the active material. H> depletes the electrolyte, leading
to drying, increased internal pressure, and blocked ionic pathways. This results in low
Coulombic efficiency (60%) and zinc loss during charging and discharging [13,21]. The

build-up of this gas can cause the battery to explode.

During charging, there is a tendency of some of the zincate ions to deposit onto
different locations on the electrode surface causing uneven surface roughness and
dendrite formations and change in morphology. This can cause the gradual
degradation of the battery performance due to the loss of active sites. The gradual
build-up of dendrite growth can penetrate the separator, causing decreased
Coulombic efficiency and short circuits. Dendrite growth is the formation of tree-like
structures. The battery also suffers from poor cyclability and stability due to the high
solubility of zincate ions in the electrolyte. In a highly concentrated electrolyte, excess
zincate ions are generated, leading to the high production of zinc oxide (ZnO). The
build-up of excess ZnO later forms an insulating layer (or passivation layer) on the
electrode surface. The passivation layer prevents further reaction of unreacted Zn,
preventing efficient discharge of the battery, and results in low catalytic activity of the

active content and poor rechargeability.
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2.3. Electrochemical kinetics and characterisation

Electrochemical measurements are influenced by heterogeneous environments (i.e.
electrode, electrolyte, and analyte). When an electrode is immersed in an electrolyte,
a phase boundary forms between the solid electrode and the surrounding electrolyte.
The difference in charge carriers between the two phases creates a barrier to charge
transfer and charge can only pass this barrier when a molecule receives (reduced, R)

or gives up (oxidised, O) an electron (e).
O+nesSR (2.17)

n is the number of electrons transferred.

2.3.1. Mass transport

Electrochemical systems involve charge transfer between the electrode and
electrolyte interfaces. Mass transfer plays a very important role in these systems. lonic
mass transport takes place in three modes migration, convection, and diffusion.
Migration is the movement of charged particles under the influence of an electric field.
In the bulk electrolyte solution (away from the electrode), concentration gradients are
often minor, and the total current is conveyed primarily by migration. Convection is the
movement of ions due to the flux of the bulk electrolyte solution caused by external
mechanical energy such as stirring or rotation. Diffusion is the movement of species
from high to low concentration under the influence of a gradient of a chemical potential.
Fick proposed that diffusion should take place wherever there is a concentration
gradient in order to reduce the gradient [22]. After eliminating the concentration
gradient, the flux ought to be zero [22]. The flux can be related to the concentration

gradient using Fick’s first law (equation 2.18) [22].
_ RoC
J= 'Da_y (2.18)

where J is the solution flux, C (mol/m3) is the concentration, D (cm?/s) is the diffusion
coefficient, y (m) is the position parameter and d is the partial derivative. However,
because there is no time parameter, Fick's first law cannot be applied to determine the
diffusion coefficient. Therefore, Fick’'s second law was derived from the mass

conservation and Fick's first law (equation 2.19) [23].
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ac _ d%C

=D (2.19)

2.3.2. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is an extensively applied multipurpose electrochemical
technique used to provide qualitative analysis of different electroactive materials. CV
is a powerful tool for understanding the thermodynamics of redox processes,
adsorption processes, coupled chemical and electrochemical reactions, and
heterogeneous electron transfer reaction kinetics of electroactive materials [24]. CV is
often the first experimental method used in electroanalytical studies due to its ability
to quickly determine the redox potentials of electroactive species and evaluate the
impact of the electrolyte on the process [25]. A cyclic voltammogram is generated by
applying a linear potential sweep to the working electrode (WE) with respect to the
reference electrode (RE). The electrochemical signal recorded reflects the process
taking place at the interface between the WE and the electrolyte. When the
electrochemical reaction taking place at the WE/electrolyte interface is at equilibrium,
the Nernst equation can be used to describe the interaction. The Nernst equation is a
strong tool for predicting how a system will react to a change in the concentration of
species in an electrolyte or a change in the electrode potential [26]. The Nernst
equation connects the potential of an electrochemical cell (E) to the standard potential
of a species (Eo) and the relative activity of the oxidised (Ox) and reduced (Red)

analytes in the system at equilibrium [26].

_ RT, (Ox) _ RT (0x)
E=Eo+ E|Og@ =E+ 230265'0910@ (2.20)

where F is Faraday’s constant, R is the universal gas constant, nis the number of
electrons, and T is the temperature. When the voltage is scanned during the CV
experiment, the concentration of the species in the electrolyte near the electrode
varies with time, according to the Nernst equation [26]. If we take an example of the
ferri-ferrocyanide reaction in Figure 2.5, when the potential is scanned cathodically
observing the IUPAC conversion, the ferricyanide (Fe(CN)s*) is steadily depleted near
the electrode as it is reduced to ferrocyanide (Fe(CN)s*). The diffusion of Fe(CN)e>
from the bulk solution to the interface results in an observable peak cathodic current

(jec). Throughout the scan, the volume of solution at the electrode's surface containing
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Fe(CN)s*, known as the diffusion layer, increases. This slows the mass transport of
Fe(CN)e> to the electrode. As the scan progresses, the diffusion rate of Fe(CN)e* from
the bulk solution to the electrode surface slows down, causing the current to drop.
When the switching potential is achieved, the direction of the scan reverses and the
potential is scanned in the anodic direction. While the concentration of Fe(CN)e*> at
the electrode surface decreases, the concentration of Fe(CN)s* increases, obeying
the Nernst equation [26]. As the applied voltage increases, the Fe(CN)s* on the
electrode surface oxidises back to Fe(CN)e*. The halfway potential (E = E12) between
the two observed peaks gives an easy approach to estimate the Eo for a reversible
electron transfer [26]. The analyte's diffusion to and from the electrode causes the two
peaks to separate [26]. If the reduction process is reversible both chemically and
electrochemically, the difference between the anodic and cathodic peak potentials
(called peak-to-peak separation, AEp) is 57 mV at 25 °C (2.22 RT/F) [26]. The position
and shape of the peaks can reveal important details about the nature of the

electrochemical activity and the chemical species involved.

60

Bare GCE E

40 -
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E (V vs Ag/AgCl)

Figure 2.5: A typical cyclic voltammogram of a glassy carbon electrode (GCE) in 0.3

M ferri-ferrocyanide electrolyte.

2.3.3. Double layer capacitance

CV can be used to estimate the electric double-layer capacitance (EDLC) along the

non-faradaic current region of the voltammogram. The capacitive charge can be
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determined by varying the scan rate (v) in a non-faradaic current region to evaluate
the performance of a material. Adsorbed cations and anions intercalate/de-intercalate
at the surface of the electrode and charge carriers (ions) build up at the electrode-
electrolyte interface resulting in the formation of a capacitive current [27]. To balance
the charge on the electrode and maintain charge neutrality, a capacitive double-layer
forms where ions are packed as densely as possible to create a dense layer of ions
close to the electrode [28]. The Gouy—Chapman-Stern-Grahame (GCSG) model can
be used to model the double-layer region in Figure 2.6. The model is divided into three
separate layers. The first layer is the inner Helmholtz plane (IHP) which is made up of
adsorbed anions on the surface. The second layer is the outer Helmholtz plane (OHP)
which is primarily made up of completely hydrated cations. The diffusion layer makes

up the third layer which contains hydrated anions and cations.

Stern Diffusion layer
layer (Gouy-Chapman)
|

¢ Cations (+) surrounded
by electrolyte particles

o Specially adsorbed
anions (-)

Electrolytic solution

Electrode with
negative charge

PN

Inner Helmholtz Inner Helmholtz
plane (IHP) plane (IHP)

Figure 2.6: Schematic illustration of the electrical double-layer build-up at the

electrode-electrolyte interface.

The anodic and cathodic capacitive current (jc) is extracted from the middle of the
potential window of a voltammogram. The jc is plotted against the v and the double
layer capacitance (CoL) extracted from the slope of the resulting curve. The CDL is
then converted to electrochemically active surface area (ECSA, cm?) using equation
2.21.

18



ECSA = CpbL/Cs (2.21)

2.3.4. Linear scan voltammetry (LSV)

The rate of electron transport between the electrode and electrolyte interface can be
understood and used to evaluate the kinetics and mass transfer effects by performing
Linear sweep voltammetry (LSV). LSV applies the potential for an anodic (reverse, i.e.,
upper limit to lower limit) and a cathodic (forward, i.e., lower limit to upper limit) sweep,
respectively, to investigate the redox (oxidation/reduction) behaviour of an
electroactive species [24]. The potential applied changes linearly with time (Figure
2.7a), parallel to the experiment, current is recorded and the current-potential
voltammogram results in a typical shape seen in Figure 2.7b. The LSV profiles are
obtained using a rotating disk electrode (RDE) and a rotating ring disk electrode
(RRDE). RDE is used to study oxygen reduction reactions (ORR) at different electrode
rotation speeds, oxygen evolution reaction (OER), and hydrogen evolution reaction
(HER) kinetics at a fixed scan rate. Bhuvanendran et al. [24] report three main
influencing factors in determining ORR and OER: (i) the electron transfer rate, (ii) the
reactivity of electroactive species, and (iii) the potential scan rate. LSV profile can be
used to extract the limiting current density and kinetic current density and to determine
the kinetics of ORR. The Koutecky-Levich equation can be used to determine the

mass-transfer effect over the electrode surface.
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Figure 2.7: Linear sweep voltammograms showing the (a) linear change of the applied
potential with time and (b) current-potential curve showing peak potential (Ep) and the

peak current (jp).
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2.3.5. Rotating disk electrode (RDE)

a) ) b) Diffusion Convection
S >
~ ol Nernst diffusion ~ Reactant
T w layer thickness concentration in

the bulk solution

Reactant concentration

T =

Distance from the electrode surface

Figure 2.8: (a) Electrolyte movement caused by the rotation of RDE and (b) the Nernst
diffusion layer model.

The rotating disk electrode voltammetry (RDE) is a well-established hydrodynamic-
transport-based voltammetric approach that produces a perfectly defined solution
movement by controlled mass transport. A RDE is an electrode (such as platinum or
glassy carbon) embedded in an insulator (such as glass, Teflon, or Kel-F) and rotated
perpendicular to the surface of the disc electrode centre at a known frequency (w),
Figure 2.8a. According to the Nernst diffusion layer model (Figure 2.8b), diffusion is
the only transport mechanism near the electrode surface and strong convection
dominates away from the electrode surface [29]. RDE employs forced convection to
improve the mass transport of electroactive species toward the electrode surface,
resulting in increased sensitivity and quicker rate constants [30]. The RDE is a
versatile technique widely used to study various aspects of electrode processes at
solid electrodes. Besides having a simple setup, the RDE has several advantages
[31]: (i) it creates a diffusion layer whose thickness is constant over time; (ii) double-
layer charging has little impact on the measurement; and (iii) it solves the theoretical
basis of the mass transfer process, providing equations that link the experimental
parameters to the mass transfer of reactants to the electrode surface. The Levich
equation can be used to derive the limiting current equation for a mass-transfer

controlled process at the RDE [31].

jL = 0.620 NFACo, D2/3y-16(y1/2 (2.22)
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jL is the diffusion limiting current (A), n is the number of electrons transferred (mol?),
A is the area of the electrode (cm?), Co, is the oxygen solution concentration (1.15 x
10-° mol/dm?3), D is the diffusion coefficient (1.95 x 10° cm?/s), y is the kinematic
viscosity (8.98 x 10° cm?/s), w is the rotation speed (rad/s) and F is the Faraday
constant (96 485 C/mol). The diffusion layer thickness can be expressed by § = 1.61
D3y1/16y-12 [31]. The plot of jL increases linearly with w'/?. Figure 2.9 shows the half-
cell reaction equations of ORR and OER and a typical steady-state polarisation curve
for an individual catalyst using a RDE. OER generally obeys the Butler-Volmer model
even with very high overpotentials, but the current density of ORR approaches a
constant value at high overpotentials because of the limitation in the mass transfer
rate [32].

ORR OER
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Figure 2.9: ORR and OER polarisation curves [33].

The RDE can be effectively used to measure the electrocatalytic activity of
electrocatalysts during oxygen reactions. The polarisation curve can be used to
determine various reaction index parameters such as the onset potential (Eonset), half-
wave potential (Ev2), overpotential (under a given current density (n;)) commonly at
10 mA/cm?, and diffusion-limiting current density (j./ja). The limiting current is obtained
when the potential of the RDE is set to the plateau of the matching current-potential
curve for the reactant. The Eonset iS proposed to be at a potential value of 5% of j./ja or
0.1 mA/cm? [34]. The OER overpotential (1) is calculated as the difference between

equilibrium potential (Eeq) and potential at a current density of 10 mA/cm?. The change

in potential (AE) or bifunctionality index (BI) is calculated as the difference between n;
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and Ei2. The smaller the difference the more effective the materials are in catalysing
both reactions. In general, the large overpotential of OER affects the overall efficiency

of oxygen reaction processes [33]. The Eonset and n; are commonly used to estimate

the complexity of an oxygen process [33]. The half-wave potential (E12) of ORR is the
potential at which the current density equals half of the diffusion-limiting current

density (ju/ja) [33]. A more positive E12 value indicates a more effective electrocatalyst.

A deviation of the Levich plot from linearity suggests a kinetic limitation involved in the
electron-transfer reaction. The Koutecky-Levich (K-L) equation is used to measure the
kinetic current density (jk) and the number of transferred electrons (n) by evaluating
the mass transport kinetics at different rotation speeds (w) and diffusion-controlled

processes. The K—L equation is given below [35]:

1

1 1 1 1
—_ =4 — =

= +
i ja ik 0.21nFD2/3y=1/6Co,w”  nFkCo, (2.23)
where
jk = NFkCo, (2.24)
==, (2.25)

j—iL

j is the measured current density at a given potential, jk is the kinetic current (A) and k

is the electron transfer rate constant (cm/s).

When a flat and smooth electrode is used, the total area exposed to the electrolyte is
equivalent to the geometric area. However, in porous materials, such as carbon-based
electrocatalysts, the area that can interact with dioxygen molecules (including inner
porosity) is substantially larger than the geometric area, which is not accounted for by
the K-L equations [36]. Furthermore, such microporosity can extend the retention
duration of ORR by-products, resulting in a second reduction process of O2 and
H202 within the porous structure of the carbon material [37]. RRDE has been used to
characterise porous carbon materials for electrochemical processes [36,37]. In the
work by Gabe et al. [37] a carbon material with a surface area of less than 300 m?/g
showed a similar number of electrons in the RRDE experiment to the K-L theory.

Bouleau et al. [36] discovered that the RRDE experiment is highly necessary when the
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specific surface area of the porous carbon is larger in order to obtain an accurate

number of electrons transferred.

2.3.6. Linear Polarisation resistance (LPR)

Linear polarisation resistance (LPR) is an electrochemical method used to measure
real-time corrosion current density (icorr) and corrosion rate (Cr). The corrosion current
density in corrosion studies is commonly represented with i instead of j. LPR is used
to monitor the relationship between potential and current generated. The technique is
mostly effective in agueous electrolytes and it has been used in water-based corrosion
environments. Major advantages of LPR monitoring include; (i) Changes in corrosion
rate can typically be detected within minutes, providing a near-instantaneous
measurement system. (ii) It can be used to provide a qualitative measure of pitting
behaviour, whether the pitting tendency is shallow and rare, or deep and profuse. (iii)
LPR monitoring can also monitor a metal’s behaviour under different conditions. This
method can be used to evaluate the performance of the anode materials towards
corrosion resistance. To evaluate the corrosion parameters, the plot of the logarithm
of current density (Log i) to potential can be obtained. The intercept of the extrapolation
of the anodic and cathodic contributions is used to determine icor and corrosion
potential (Ecorr). The slope of the linear component of the polarisation curve of the
Butler-Volmer equation current-potential curve can be used to extract the polarisation
resistance (Rp). Stern and Geary [38] were the first to present the link between Rp and

corrosion icorr Using equation 2.26.

Rp=— (2.26)

Icorr

where B is an electrochemical constant (mV) theoretically calculated using the

following equation:

— Ba X Bc
B et B (2.27)

Ba and ¢ are the anodic and cathodic slopes of a Tafel plot, respectively. The corrosion

rate can be calculate using icorr, Where

icorr X EW

Cr=K (2.28)
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Cr is the corrosion rate (mils per year), K is the conversion constant, EW is the
equivalent weight of the corroding metal (g) and p is the density of the corroding metal
(g/cm?3). Corrosion potential (Ecorr) is the potential at which anodic and cathodic
reactions are of equal rate. The Ecor is not equivalent to the equilibrium potential
because the potential measured is between a corroding electrode and a reference
electrode in an electrolyte [39]. Ecor represents the mixed potential at which the anodic
(oxidation of the metal) and cathodic (reduction of species in the electrolyte) reactions

simultaneously occur.

2.3.7. Tafel analysis
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Figure 2.10: The current-potential relationship at B-V and Tafel regions.

Tafel analysis provides valuable information on the kinetics and fundamental
parameters in electrochemical systems such as exchange current density, charge
transfer resistances, electrode mechanism (i.e. Volmer, Heyrovsky, Tafel), or rate
determining-step. The Volmer-Tafel and Volmer-Heyrovsky pathways are the
mechanisms that are responsible for the hydrogen oxidation and evolution reactions.
The Tafel equation is a linearised form of the Butler-Volmer expression (Figure 2.10).
The Butler-Volmer equation is commonly used in electrochemical theory to describe
the relationship between electrode potential and current density. Equation 2.29 can be

used to extract these parameters.

anF —(1- a)nF

i=ip[expRT"-exp RT ] (2.29)
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where j is the current density, jo is the exchange current density, « is the charge
transfer coefficient (0 < a < 1), n is the number of electrons transferred, F is the
Faraday constant, R is the gas constant, T is the temperature in K and 7 is the
difference between the electrode potential (E) and standard potential (E°) or the
overpotential. Tafel analysis involves the use of linear sweep voltammetry at
comparatively lower scan rates, converting the j versus E into a plot of log(j) versus n.

For large values of n

. RT .
n-= ﬁ“’llo - ﬁ“’ll (2.30)

The Tafel slope (b) is obtained by fitting the linear section of the curve to the Tafel

equation. Tafel equation is empirically formulated to
n =a+ b log(i) (2.31)
where a is the Tafel slope. The empirical Tafel constants can be identified as

= 23R 10g(ie) b2 = ‘2'1“ log (i) (2.32)

" oF o

b1

As observed in Figure 2.11, the plot consists of an anodic [(1 - a)F/2.3RT] and cathodic
slopes [(-aF/2.3RT]. An intercept of log io can be obtained by extrapolating the plot's
linear section. As 1 gets closer to zero, the anodic and cathodic curves start to diverge
significantly from the linear behaviour. At high overpotentials, the mass transfer

limitation causes a negative deviation from linearity [40].

-2+ slope = -aF/2.3RT slope = (1-a)F/2.3RT
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Figure 2.11: Tafel plot representing the anodic and cathodic branches of the current-

overpotential curve.
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Small changes in the activation energy can significantly impact how quickly the
reaction occurs, reflected by the Tafel slope. Additionally, the Tafel slope can also be
influenced by the a value, which describes the energy barrier for a redox reaction.

When a = 0.5, the resulting Tafel slope is 120 mV for a one-electron process [41].

In corrosion studies the Butler-Volmer is generally applied in an empirical form [42]:
_— n -1n
I = Icorr [(exp(b—) - exp(b—)] (2.33)

where ba and bc are the anodic and cathodic Tafel slopes, icorr is the corrosion current
and 7 is the polarisation. n is defined as the difference between electrode potential
and corrosion potential [42]. Equation 2.33 can be linearised in two ways; (i) If N >> ba
or n < bc and, consequently, one of the exponential terms is negligible compared to

the other one, then the equation is transformed into the linear anodic and cathodic
Tafel equations, respectively [42]:

Ini = Inicor + bl (2.34)

a

Ini = INicorr + l‘)—“ (2.35)

C

(i) Polarisation resistance (Rp) is determined by expanding the exponential terms and

omitting the second- and higher-order elements.

1 1

I O SR S
R, = |n=0 = Icorr (ba + ba) (2.36)

Note: The sign of baand bc are equal.

2.3.8. Electrochemical impedance spectroscopy (EIS)

EIS is a commonly used analytical approach for studying electrochemical systems by
applying a small alternating current (AC) voltage signal as a function of the frequency
of the amplitude signal [43]. EIS is a non-destructive and powerful approach that
provides information about a material’'s passive components (resistances, capacitors,
or constant phase elements) connected in parallel or in series using a suitable
equivalent circuit model. EIS is widely used in many fields such as corrosion studies,

semiconductors, energy conversion and storage technologies, chemical sensing and
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biosensing, non-invasive diagnostics, etc [44]. To measure the impedance response,
a small excitation potential (Ei12 or open circuit potential) is applied. The
electrochemical cell response is pseudo-linear, resulting in a phase shift, but the
current response to a sinusoidal potential is sinusoidal at the frequency applied (0.1
Hz - 1 MHz). Lazanas and Prodromidis [44] report the perturbation to be governed by
three processes: (i) charging and discharging of the electric double layer at the
electrode-electrolyte interface, (ii) the kinetics of the faradaic reaction and (iii) the
diffusion of redox species from the bulk solution to the electrode surface. The
impedance of an electrical circuit significantly depends on the type and configuration
of passive elements present. The generated excitation signal is presented as a

function of time (equation 2.37).
E(t) = Eosin(wt) (2.37)

where E: is the potential at time t, Eo is the amplitude of the signal, w is the radial
frequency (radians/second). If two periodic waves with the same magnitude exist (Eo
= Jo) the instantaneous values will be different because of the constant time shift
between the two waves at a certain angle (also known as the phase-angle shift (¢))
as seen in Figure 2.12a. Assuming one of the signals as a reference results in equation
2.38.

j(t) = Josin(wt - @) (2.38)
The impedance of the circuit at this frequency Z(w) is defined as
Z(w) = |Z|e/® = |Z|(cose + jsing) = Z' + JZ" (2.39)

Z' is the real part representing resistance on the x-axis, Z" is the imaginary part
representing reactance on the y-axis, |Z| is the module of impedance, and ¢ = wt which
is the phase shift. EIS measurements are often analysed using a correlation between
impedance data and an equivalent circuit reflecting the physical processes occurring
in the system under study. The graphical representation of Z(w) = Z' + JZ" known as
the Nyquist diagram and its corresponding circuit are represented in Figure 2.12b and
2.12c. For a given electrochemical process, several Nyquist curves could be
produced, such as single-, two-, or half-semicircles [43]. The key components of the
Nyquist diagram are solution resistance (Rs), charge transfer resistance (Rct) which is

responsible for the electron transfer and kinetics of the heterogeneous electrochemical
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process, double layer capacitance (Ca)) and Warburg impedance (W) expresses the
mass transport limitation of the redox species imposed by diffusion. The perfect
capacitor does not regularly exist in experiments, hence an additional element known
as a constant phase element (CPE) is used to mimic this non-ideal capacitance

behaviour.
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Figure 2.12: (a) Sinusoidal waveform response in a linear system showing phase shift,

(b) Nyquist diagram and (c) its equivalent circuit.

2.3.9. Depth of discharge (DOD) of zinc-air battery

Depth-of-discharge is a percentage of how much a battery's capacity has been utilised
in a single discharge cycle relative to its total capacity. The theoretical specific capacity

(C1) of a zinc electrode is 819.73 mAh/gzn, calculated from equation 2.40 [45].

nF
Cr= 3.6 X MW (2.40)

where n is the number of electrons (n = 2 for Zn in relation to equation 2.1), F is the
Faraday’s constant (96,485 C/mol), and M.W. is the molecular weight in g/mol. The
factor of 3.6 is used to convert the theoretical specific capacity from C/g to mAh/g. The

DOD for RZAB is calculated using performance metrics defined by Parker et al. [45].
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The DOD calculation considers the total capacity per discharge of the air cathode and
the theoretical capacity of the anode;

Cznar=IXt=AX|Xt (2.41)
Czn = Mzn X 819.73 = Vzn X pzn X 819.73 (2.42)

DODzn:CZn_airz Axjxt — Axjxt
Czn Vyn X Pzn X 819.73  Vy,p X pzn x hz x 819.73

(2.43)

where A (cm?) is the area of the air cathode, j (mA/cm?) is the current density, t (h) is
the individual discharge time, Vzn (cm?3) is the volume of the Zn electrode, pzn is the
bulk Zn density (7.14 g/cm3) and hzn (cm) is the height of the Zn. Since the active
cathode material (O2 from the air) is not stored in the battery, the mass of the Zn anode
determines the battery's total discharge capacity [45]. To optimise the specific energy
and energy density of a compact two-electrode device, the Zn electrode (Azn) should
have the same geometric area as the air cathode (Acathode) [45]. To satisfy the
technologically relevant barrier of 100 Wh/kg, a RZAB must have a DODzn of at least
0.20 [45]. To compete in a Zn-air cell, the air cathode must meet this basic technical

requirement.

2.4. Cathode
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Figure 2.13: Air cathode components.

The air cathode shown in Figure 2.13 is made up of a gas diffusion layer (GDL), a
catalyst, and a current collector. The gas diffusion layer allows oxygen to pass through
from the atmosphere to the catalyst layer. Ideally, the GDL should be hydrophobic,
porous, and lightweight [8]. These characteristics assist in preventing electrolyte
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leakage and evaporation and preventing the adsorption of moisture. The current
collector is used to connect the external electrical circuits and transfer electrons from
the cathode to the anode. The current collectors that are used are either metallic
(nickel (Ni) mesh, copper (Cu), and stainless steel) or non-metallic (carbon cloth,
conductive carbon paper, and graphitic fibre) [8]. The catalyst is used to improve the
oxygen reactions and kinetically reduce their overpotentials. The air cathode’s design
should be in a way that prevents electrolyte leakage from the air hole, has enhanced
OER and ORR activities, prevents the migration of CO2, and prevents electrode

flooding and electrolyte evaporation.

2.4.1. OER and ORR mechanisms

When a RZAB is discharged, oxygen diffuses from the air to the catalyst while on the
anode the metal is oxidised. Electrons are then transported from the anode through
the external circuit to the cathode to break the O-O bonds and metal hydroxide is
formed on the catalyst's surface. During discharge, O-H bonds are broken, and new
O-0O bonds are formed. However, due to the strong binding energy between O and H,
the reaction kinetics of OER is quite sluggish, causing a high onset potential. The OER
mechanism in alkaline media presents a four-electron pathway (40OH™ — O2 + 2H20 +
4e").

*+H0 > *OH + H" + e (2.44)
*OH - *O + H* + & (2.45)
*O + H20 > OOH* + H* + € (2.46)
*OOH - *Oz + H* + &’ (2.47)
*O2 > *+ 02 (2.48)

where * represents the active site of the electrocatalyst, and *OOH, *OH, and *O
indicate adsorbed intermediate species [32]. The ORR in alkaline media could occur
by a two-electron (O2 + 2H20 + 2e~ — HO2™ + 40H") or four-electron (O2 + 2H20 +
4e- — 40H") pathway. The four-electron pathway is a highly favoured reaction
because it is more efficient, while the two-electron pathway produces hydrogen
peroxide (H202). The four-electron pathway has possible mechanisms being
associative and dissociative [32].
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Dissociative mechanism:

02 + 2* - 20* (2.49)
20* + 2" + 2H20 — 20H* + 20H" (2.50)
20H* + 26 > 20H" + 2* (2.51)

This mechanism is the initial Oz adsorption, followed by O-O bond breakage and
formation of two adsorbed atomic O* species [32]. These species further gain two
electrons and two protons to directly form OH- without OOH" generation [32]. This
method can be classified as a direct 4e” pathway [32]. Alternatively, ORR can also
proceed according to the following associative mechanism [32]:

Four-electron pathway:

02 +* - O2* (2.52)
O2* + H20 + e - OOH* + OH" (2.53)
OOH* + e - O* + OH™ (2.54)
O* + H20 + e » OH* + OH~ (2.55)
OH* + e > OH™ + * (2.56)

or the two-electron pathway:

Oz +* 5 O2* (2.57)
O2* + H20 + & > OOH* + OH- (2.58)
OOH* + & > OOH™ + * (2.59)

The stability of the O* and OOH* intermediates obtained after the adsorption of Oz on
the surface of the electrocatalysts defines the dominant pathway [46]. The electron
pathway on most carbon-based materials is less than four, while metal surfaces often

follow a dissociative pathway due to the high adsorption of Oz [32].

2.4.2. Catalysts for OER and ORR

Volcano plot offers insight into the best catalyst materials for specific applications [47].
It gives information about the rate of the cathode reaction and the oxygen adsorption
energy. For ORR, the free energies of all the intermediates are calculated on a variety
of close-packed metal surfaces, and a volcano plot (see Figure 2.14a) was constructed
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relating their theoretical activity and AEo, with platinum (Pt) near the top [47]. Metals

that tightly bind oxygen experience reduced activity due to proton-electron transfer to
O* or OH* [48]. Metals that bind oxygen poorly may have limited activity due to proton-
electron transfer to O2* (associative mechanism) or breaking of the O-O bond in Oz
(dissociative mechanism), depending on the applied potential [48]. Pt is known to be
the best metal to effectively catalyse the ORR reaction. However, the rarity and
expensive cost of Pt limits its broad technological utilisation. Three approaches have
been investigated to reduce Pt costs for the ORR [49]: (i) reduction of Pt-loading, (ii)
synthesis of non-noble metal catalysts, and (iii) synthesis of metal-free catalysts. To
commercialise RZABs, a long-term strategy is to employ the second and third methods
for developing ORR electrocatalysts. On the other hand, the OER volcano plot (Figure
2.14b) was created using AGy - AGgoy descriptor for different metal oxides (rutile,
perovskite, spinel, rock salt, and bixbyite) [47]. IrOx was determined to be a great

material for OER.
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Figure 2.14: (@) ORR volcano plots for metals catalysts and (b) OER volcano plots for

metal oxides [47]

Taking into consideration the cost of raw materials, the synthesis approaches
suggested and the reactivity of metals and metal oxides for ORR and ORR, a relevant
catalyst would be a non-noble bifunctional catalyst. The catalyst needs to be porous
to allow for easy access of oxygen species to its active site to efficiently reduce oxygen

to OH™ during discharge and back to oxygen during charging. The catalyst should also
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possess the following characteristics: effective oxidising agent, stability in alkaline
electrolytes, high capacity, and excellent cyclability. Having an electrocatalyst that
facilitates both OER and ORR can promote faster reaction kinetics and fast charge
and discharge capacity, resulting in higher power output and energy density, and

extended battery lifespan by providing sustainable energy storage [50].

2.4.3. Cobalt as a bifunctional electrocatalyst

A wide range of transitional metals including cobalt, manganese, nickel, copper, and
iron, have been extensively studied as bifunctional catalysts in OER and ORR.
Amongst the investigated non-precious metal catalysts, cobalt has gained a lot of
attention in RZAB applications. It has been demonstrated that defects can serve as
electrocatalytic active sites, and in theory, more defects would result in more catalytic
activity. The defects can be introduced through thermal treatment, cation/anion
doping, plasma treatment, reduction processing, and acid/base treatment. A
heterostructure of Co304/Co(OH)2 on quantum dots was developed by Leng et al. [51].
In a three-electrode configuration, the electrocatalyst showed enhanced OER activity
with an overpotential of 300 mV and Ei2 of 844 mV. The catalyst had a high
electroactive surface area compared to the other studied materials due to the
presence of high oxygen defect regions (high Co?* species). The bifunctionality of the
catalyst was further tested in a RZAB. At 5 mA/cm? the cell showed good operating
stability of 70 h with a potential gap of ca. 0.9 V and discharge voltage of ca. 1.1 V. Its
solid-state battery demonstrated a good degree of flexibility with very little loss in the
battery performance.

High active sites in a carbon-based electrocatalyst are not enough to guarantee the
optimal performance of the catalyst. The porosity of the carbon support directly affects
how easily reactant molecules can reach the active sites within the catalyst. Porosity
offers more pathways for reactant molecules to travel through, reaching the active
sites faster and in greater quantities. This improves the overall efficiency of the
catalyst. This concept was proven through the preparation of N-doped cobalt-based
bifunctional single atom catalyst (SAC) on porous carbon networks as alternative air
cathodes due to the efficient use of cobalt atoms [52]. Co SACs anchored on a porous

nitrogen-doped carbon framework (Co-N-C SACs) was prepared by sol-gel method
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using glucose/SiO2 xerogels and after pyrolysis the material was etched with
hydrofluoric acid solution to remove silica and Co patrticles. The catalyst (Co-N-C
SACs) was reported to possess micro and mesopores, which were responsible for
hosting active sites and providing pathways for reactant and product molecules. Co-
N-C SAC had an Eu2 value of 0.851 V demonstrating that it was a promising catalyst
for ORR application. The Co-N-C SACs exhibited promising OER activity with a
moderate overpotential and favourable kinetics, suggesting its potential for
bifunctional applications in RZAB with a discharge-charge gap of 0.78 V maintained

over 54 cycles.

Cobalt-based metal-organic frameworks (Co-MOFs) are also being researched for
their potential as electrode materials, but they often face challenges in achieving
satisfactory electrochemical performances, particularly for long-term applications.
Metal-organic frameworks (MOFs) are a novel type of porous material made by
combining organic linkers and metal ions/clusters to create inorganic-organic hybrid
porous materials. MOF-derived materials are effective bifunctional catalysts due to
their tuneable surface area and abundant metal ions or clusters. However, during
carbonisation, the carbon framework can self-aggregate and clog the pore structures,
affecting the electrolyte-pore interaction [50], and the carbon-based materials derived
from MOFs generally have poor conductivity. In the work by Xi et al. [53] carbon black
was used to improve the dispersity and conductivity of MOF-Co (Co-CoO-Co0304/NC)
and achieved increased surface Co'"'/Co'" ratios for OER and ORR. The resulting
composite showed a highly improved oxygen response compared to the other
materials under study. In the case of RZAB, the material showed a good discharge
plateau (1.22 V) and only showed an irregular shape of the pulse cycling curve at
around 420 cycles (140 h). This response was assumed to be due to severe carbon

corrosion or electrocatalyst deterioration.

Zhou et al. [54] studied a 3D star-like MOF prepared by combining carbon-doped ZIF-
L and ZIF-8 which was used as a precursor to produce the cobalt single-atom catalysts
(Co SACs) supported on nitrogen-doped carbon frameworks (N-C). The carbon
framework had micropores that hosted the Co-Nx active sites and mesopores which
functioned as efficient channels that facilitated the mass transport of reactants. Cyclic
voltammograms showed that a catalyst without cobalt (Coo-N-C) had a significantly
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lower peak for oxygen reduction compared to those with cobalt (Cosa-N-C and Cone-
N-C). This confirmed the crucial role of cobalt in boosting the ORR activity. LSV curves
revealed that Cosa-N-C (moderate cobalt content) performed best among all the
catalysts. It had a higher E12 = 0.891 V compared to other electrocatalysts (Coo-N-C
E12=0.775 V; CoNP-N-C E12 = 0.870 V; commercial Pt/C E12 = 0.852 V).

Ao K. and colleague [55] developed a strip-like Co-MOF CoNi alloy and CoO coupled
nitrogen-doped carbon (NC) hybrids on carbon paper (CP) via a one-step pyrolysis
with hierarchical pores and high specific surface area. OER response of CoNi-
CoO@NC/CP showed a lower Tafel slope of 80.5 mV/dec and lowest Rct value from
EIS suggesting faster kinetics and efficient charge transfer capability in 0.1 M KOH. A
similar response was also validated in 1 M KOH. The catalyst also proved to be highly
stable from the 18 h and 64 h chronopotential tests. The catalyst was further tested in
ZAB as an air cathode compared to RuO2 + Pt/C. To further understand the
rechargeability and stability of the catalyst, a galvanostatic discharge charge was
conducted at 5 mA/cm?, where RuOz2 + Pt/C cycled for 23 h while CoNi-CoO@NC/CP
could go for 50 h. The excellent performance of CoNi-CoO@NC/CP was attributed to
the high density of accessible catalytic sites and great ion diffusion into the inner and
outer pores of the MOF awarding its superior performance.

2.4.4. High-entropy materials as bifunctional electrocatalysts

The appropriate pairing of several functional components can also result in the
bifunctionality of the air cathode. This strategy provides greater flexibility in air cathode
design by allowing researchers to optimise ORR and OER catalysts. High-entropy
oxides (HEOSs) allow tremendous flexibility in altering the electronic characteristics and
catalytic response because of the interaction of five distinct metal species. These
materials have unique properties which include [56]: (i) high-entropy effect caused by
increased configurational entropy, which enables the formation of a stable single-
phase solid solution structure as opposed to a brittle intermetallic compound; (ii) lattice
distortion which results from the atomic size variation of the metallic atoms occupying
a crystalline lattice, an effect that causes high-entropy materials (HEMs) to be hard
and have poor electrical and thermal conductivity; (iii) sluggish diffusion caused by

severe lattice distortion, which raises the energy barrier of atomic diffusion; and (iv)

35



cocktail effect is a term used to describe the HEMs' synergistic response as a result
of their individual metallic components having different properties.

These materials are often synthesised at very high temperatures. Recent approaches
have looked into low-temperature HEMs. He et al. [57] managed to prepare a HEA at
260 °C with excellent electrochemical response. The assembled cell provided an OCV
of 1.489 V, a peak power density of 116.5 mW/cm?, with 720 cycles at 8 mA/cm? and
its flexible cell maintained 50 h of cycling at 5 mA/cm?. Multicomponent high-entropy
nanocomposites such as high-entropy alloy@high-entropy oxides (HEA@HEOQO) have
also shown promising oxygen redox activity. Jin et al. [58] reported a Bl of 0.61 V using
this approach. Introducing carbon support has also been a synthesis approach in the
preparation of HEMs. FeCoNiMnV HEA/N-CNTSs, a high-entropy alloy supported by
nitrogen-doped carbon nanotubes, demonstrated improved ORR activity with a battery

performance of 566 h [59].

A study by Yu et al. [60] investigated the relevance of element ratios in HEO, as their
electrochemical interaction was related to their ratios. In their work, they developed
metal oxides with 3 to 8 elements and varying ratios and found that increasing some
ratios does not necessarily change OER or ORR activity. A seven multicomponent
HEO was made highly ORR active by incorporating Co atom and N co-doped carbon
(CoNC) and achieved AE of 0.64 V. lts battery performance had an OCV of 1.50 V
and a high peak power density of ~ 162 mW/cm?. Furthermore, the battery achieved
a high stable galvanostatic charge-discharge of 700 h at 2 mA/cm? with a maintained
potential gap of 0.68 V. Excellent performance was also obtained even at higher
current density (5 and 10 mA/cm?). It is also evident that introducing defects to the
HEMSs can boost its catalytic response. This can be seen in the work by Ozgur et al.
[61] who synthesised oxygen vacancy-rich spinel (FeCrCoMnZn)3Oas-5 HEO through
vacuum sintering (HEO-vac). HEO-vac showed superior OER/ORR activity with a
bifunctional (BI) index of 0.89 V. During 300 h of cycling, the HEO-vac ZAB displayed
a constant 2.0 V charge and 1.1 V discharge voltage with a 0.9 V voltage gap.

36



2.5. Zinc anode materials in RZABs

It is necessary to properly engineer the metallic anode to prevent corrosion and
uneven dissolution and deposition of zinc. Lao-atiman and co-workers [13] suggests
the use of a mechanical recharging approach to overcome dendrite growth, and
morphology change and improve the battery cyclability. The mechanical recharge
batteries present no major challenge because of the simple refuelling process done
by physically substituting the Zn electrode and/or the Zn electrolyte. The design
approach of a zinc anode should be a stable structure that enables long-stripping
cycles of zinc ions without collapsing or changing its shape and support a uniform zinc
deposition [62]. The design approaches should consider the surface of zinc, a zinc
anode with a high surface area can cause self-corrosion and hydrogen evolution
because of the enhanced contact between the anode and electrolyte. Hydrogen gas
evolution, corrosion, and morphology change can be inhibited by coating zinc particles
with other materials. Coatings function primarily to protect the active material from
dissolving into the electrolyte during [63]. A large number of coating materials, such
as metal oxides, polymers, or carbon, have been tested to avoid electrode shape

change phenomena and increase the use and retention of the active material [63,64].

Wrapping Zn or ZnO with thin protective layers (e.g., GO, TiNxOy, and TiO2) to form
core/shell structures has been pursued. Wu et al. investigated ion-sieving carbon
nanoshell-coated ZnO nanoparticles, to suppress the dissolution of zincate ions while
allowing smaller hydroxide ions to pass through [21]. The nanosized ZnO was reported
to prevent passivation, while the microporous layer of carbon slowed down the
degradation of the Zn species. ZnO@C maintained its morphology confirming the
ability of the carbon shell to reduce Zn dissolution and passivation. Their comparison
study in a sealed coin cell set-up showed Zn foil to degrade after 7 cycles due to the
passivation of ZnO, while bare ZnO lasted for 20 cycles with ZnO@C having ~1.6
times longer cycle life. The authors also went to test the ZnO@C on a pouch cell with
an electrolyte saturated with ZnO, the battery reached 100 cycles with > 90%
efficiency under 100% depth-of-discharge (DOD) at 1C [21]. Another ZnO@C pouch
cell cycled at 500 cycles showed ~95% efficiency and 100% retention at 12C. Another
study by Vatsalarani and colleagues found that a fibrous polyaniline coating network

on a porous zinc electrode allowed the movement of hydroxide ions but limited the
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diffusion of zincate ions [65]. The coated electrode exhibited a uniform surface
morphology after 100 cycles, smoother than the untreated zinc electrode. A similar
approach was conducted with a TiOz shell [66], where the material obtained 40% DOD
under deep cycling performance for 170 cycles. A 3.2 wt% Bismuth, calcium, and zinc
oxide glass composite coating was investigated to modify the zinc anode [67]. The
improved performance was accounted for by the Bi pathways and trapping of zincate
ions inside the coating layer, thus resulting in improved zinc utilisation and

rechargeability.

The incorporation of additives (such as Al20s, Bi2Os, and In203) and alloying zinc with
other metals (such as cadmium, bismuth, nickel, palladium, aluminium, magnesium,
tin, and indium) can help to stabilise the zinc electrode [68—70]. They also increase
conductivity, improve current distribution, and promote the formation of compact, thin
Zn deposits [12]. The study by Lee et al. [70] explored the use of zinc alloyed with
nickel and indium. They discovered that a specific combination of 90% zinc, 7.5%
nickel, and 2.5% indium exhibited a more negative overpotential shift (-1.725 V)
compared to pure zinc (-1.609 V). This alloy also maintained good reversibility even
after 100 cycles and showed a lower corrosion current. A study by Lee et al.
demonstrated that the application of an Al2O3 layer onto zinc particles mitigates both
corrosion and hydrogen gas evolution. Their findings indicate that a zinc electrode
containing 0.25 wt% Al203 coating exhibits a 50% improvement in discharge duration
compared to a bare zinc electrode when tested in a 9 M KOH electrolyte [71]. The
coated zinc anode provided a discharge time of more than 10 h, with the pristine zinc
anode delivering only 7 h at 25 mA/cm?. The battery material held its morphology even
after repeated charging and discharging cycles. In addition, attempts were also made
to coat Zn anodes with surface trapping layers for better preservation of the soluble
zincate ions to improve the electrode reversibility [12].

Other ways to modify the zinc anode have been investigated, including the use of 3D
sponges, fibres, and foams. The structures are made up of an interconnected zinc
domain to promote an even current diffusion as well as increased electron and ionic
transport. Parker et al. [72] report a 3D Zn sponge structure, which was tested in a
symmetric Zn||Zn@ZnO cell. The cell managed to achieve a 23% DOD from its

discharge capacity at 24 mA/cm?2. This design acts like a sponge for zinc oxide (ZnO),
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capturing it within its empty spaces. This trapping mechanism helps prevent the
formation of dendrites. As a result, the battery performs better when discharging and
utilises more of the zinc material. Researchers have also explored another 3D material
for battery applications. This one consisted of nanoscale zinc oxide particles
embedded in a hierarchically structured porous carbon matrix derived from MOF-5
[73]. Similarly, improvement in zinc utilisation was reported, with a realised 32.6%
DOD of its specific capacity and discharge capacity retention over 60 cycles.
Furthermore, zinc was electrodeposited on a copper foam coated with a thin layer of
silver to increase its hydrogen overpotential, lowering the self-corrosion of zinc. The
researchers went on to fabricate a RZAB which cycled at 2h per cycle and achieved

94% Coulombic efficiency after 80 h.

2.6. Electrolytes in zinc-air battery

Electrolytes play a very important role in driving reactions because they effectively
connect the air electrode with the overall system. Several electrolytes have been used
in zinc-air battery testing such as ionic liquids, LiOH, KOH, NaOH, and neutral NH4ClI.
KOH is mostly preferred because of its higher oxygen diffusion coefficient, good
electrochemical kinetics, moderate Zn solubility, lower viscosity, and high ionic
conductivity [74,75]. The optimal concentration of KOH was found to be around 6-7 M
[13]. However, higher electrolyte concentration can cause ZnO build-up and dendrite
growth [76]. Suitable electrolyte additives can improve the shape change of the zinc
electrode as well as the ZAB performance. Changes in the anode morphology and
redistribution of zinc can be mitigated by adding certain compounds to reduce or
prevent zinc dissolution in alkaline electrolytes [77]. These compounds form insoluble
complexes with zinc and/or change the pH of the electrolyte. Compounds containing
fluoride (KF), borate (KsBOs), phosphate (KsPOa), arsenate (KsAsOa4), and carbonate
(K2CO3) can be used because they have shown reduced solubility of zinc compound.
Alder et al. investigated an advanced electrolyte composition consisting of 4 M KOH,
2 M KF, 2 M Kz2COs, and saturated ZnO, to ensure a uniform zinc deposition layer
during charging [78]. K2COs has also been incorporated into the alkaline electrolyte to
reduce the kinetics of the formation of carbonate species [79]. The work concluded

that adding about 30 mol% of potassium carbonate to a high molar KOH electrolyte is

39



acceptable in extending the lifetime of the RZAB, although with a penalty for marginal
battery performance loss.

lonic liquids (ILs) have been considered to be potential electrolytes in RZABs because
of their large electrochemical window, high stability, and non-volatility [62]. Most
importantly they have been reported to solve electrolyte evaporation, degradation of
CO2, prevention of HER-induced corrosion, and no water leakage during
charge/discharge [62,80]. Clark et al. investigated four different electrolyte systems
(designated E4, E6, E7, and E8) prepared from ZnCl2 and NH4Cl and the pH was
adjusted with NH4OH [74]. Amongst the electrolytes, E7 showed a higher conductivity
of 382 mS/cm, this was assumed to be due to a higher ionic concentration of NH4Cl
but was lower than that of KOH (638 mS/cm). However, the oxygen levels were two
times higher than those of KOH, while the viscosity was around half of KOH. In the
work by Sakthivel et al. [81] an aqueous choline acetate (ChAcO) containing 30 wt%
water was used as the electrolyte. Its conductivity and pH were measured to be 5.9
mS/cm and 10.8, respectively. After a 100 h of charge/discharge at 100 pA/cm?, the
ZAB achieved a reversible capacity of 25.4 mAh (28% DOD) with energy efficiency
ranging between 29 to 54% for the first and seventh cycles in a 1500 h polarisation
period. Unlike in KOH at a pH of ca. 11, neither carbonate nor zinc dendrite formation

was observed in the choline acetate electrolyte.

More stable Zn corrosion products are produced under neutral or slightly alkaline
conditions such as Zn(OH)2 [77]. Aqueous electrolytes with near-neutral pH values are
carbonation resilient and may increase the lifetime of RZAB [82]. However, in the near-
neutral pH system, ZnO and Zn(OH)2 are usually insoluble [74]. The most popular
near-neutral electrolyte (NNE) is ZnCl2-NH4Cl, which has been used in zinc-based
LeClanché batteries (also called L-ZAB) for more than 100 years. Clark et al.
performed a theoretical test to investigate L-ZAB, the test predicted that the electrolyte
was acidic during charging and a mixture of Zn salts excluding ZnO dominated the
discharge process [74]. This resulted in material degradation, electrolyte consumption,
and lower practical energy density [74]. Changing the electrolyte to non-aqueous
affected the reaction pathways of OER and ORR and reduced the reaction kinetics
[12]. Despite slowing down the corrosion of Zn, dendrite growth, and electrolyte

evaporation, the performance of Zn is reduced as a result of surface passivation.
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The open system of the zinc-air battery has water loss from the aqueous electrolyte
[19]. Gelled electrolytes have been used to minimise water loss and improve the
battery's performance as well as its cycle life. Mohamad demonstrated that a 6 M
KOH/hydroponics gel battery with an enhanced specific capacity of 657.5 mAh/g (789
W/kg) compared to the theoretical value of a ZAB (820 mAh/g) [83]. The lower
capacitive response was reported to be due to the compactness of the Zn plate. The
shape of the zinc plate was preserved after battery discharge. However, a passivation
layer was observed, which blocked the use of the Zn anode, resulting in cell failure.
Yang and co-worker investigated a polymer gel electrolyte composed of KOH
dissolved in polyethylene oxide (PEO) and polyvinyl alcohol (PVA) polymer matrix [84].
The polymer electrolyte exhibited great mechanical strength, electrochemical stability,
and a high capacity of 1305 mAh (theoretical capacity: 1560 mAh, utilisation of zinc =
83.65%). Chen's group developed a nanoporous alkaline exchange electrolyte
membrane from natural cellulose nanofibers with a high ionic conductivity of 21.2
mS/cm with 95.6% water retention and excellent flexibility in bending [85]. However,
this type of electrolyte generated oxygen bubbles from the ORR and reduced the
conductivity. Higher dissolved oxygen concentration is advantageous for the ORR
kinetics, and low viscosity allows to achieve successful air electrode transportation
and wetting behaviour [74]. In contrast, lower electrolyte viscosity could increase the

risk of air electrode flooding [74].
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CHAPTER 3
EXPERIMENTAL PROCEDURE

This Chapter lists the chemicals and reagents used for the synthesis of the cathode
and anode materials used in this work. The experimental procedures, and physical
and electrochemical characterisation techniques used to study the properties of the

synthesised materials are also discussed.

3.1. Materials and reagents

All the reagents used were of analytical grade and used without further purification.
The reagents included ethanol (C,HO, 99.9%), isopropyl alcohol (C3HsO, 99.9%),
Millipore water (resistivity value of 18.2 MQ.cm, collected from the Milli-Q water
system), Nafion perfluorinated resin solution (5 wt% containing a mixture of lower
aliphatic alcohols and water, contains 45% water) ethylene glycol (EG, C2HsO2, 99.8
%), acetone (CsHeO, 99.9%), zinc acetate (Zn(CH2C00)2:2H20, 98%), potassium
hydroxide pellets (KOH, >85%), carbon black (CB, Timical Super C45), citric acid (CA,
99.5%), copper nitrate trihydrate (Cu(NOs3)2:3H20, 98%), nickel nitrate hexahydrate
(Ni(NO3)2:6H20, 98.5%), manganese nitrate hexahydrate (Mn(NO3)2:6H20, 98%), iron
nitrate nonahydrate (Fe(NO3)2-9H20, 98%), potassium ferricyanide (KsFe(CN)s, 99%),
potassium ferrocyanide (KsFe(CN)s, 98.5%), potassium chloride (KCI, 99%), sodium
hydroxide (NaOH, 98%), Tris-buffer (pH 8.5), dopamine hydrochloride
(CsH11NO2-HCI), cobalt nitrate hexahydrate (Co(NO3)s.6H20, 98%), hydrochloric acid
(HCI), ZnO (<100 nm particle size, 99.9%) 4,4’-biphenyl dicarboxylic acid (BPDC,
HO2CCesH4CsH4CO2H, 97%), platinum on carbon (Pt/C, 20wt%), iridium oxide (IrOz2,
99.9%), dimethylformamide (DMF, HCON(CHs)2, 99.8%), polytetrafluoroethylene
(PTFE, 60 wt % dispersion in water), Alumina powder (50 nm), poly(vinyl alcohol)
(PVA, 99%), carbon paper, copper strip, nickel foam (1.6 mm thickness, 95%) and
zinc foil (0.25 mm thickness, 99%).
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3.2. Methodology

3.2.1. Synthesis of material used in this work

e Co-MOF was synthesised through a microwave-assisted solvothermal process
and used as a sacrificial template for the preparation of Co-MOF-derived
carbons of cobalt nanopatrticles (Co NP@Cegppc) and cobalt atomic clusters (Co
AC@Cespnc). The parent material was carbonised to produce Co NP which was
acid-treated to produce Co AC.

e HESOXx was synthesised by using equimolar ratios of Cu(NOz3)2, Co(NO3)2,
Ni(NO3)2, Mn(NOs3)2, and Fe(NO3)2 nitrate salt solution and reacted through the
Pechini method. The resulting powder was annealed to 500 °C and 750 °C
resulting in HESOx-500 and HESOx-750.

e 7ZnO was prepared using a well-established method and incorporation of
microwave irradiation. For comparison, commercial ZnO (<100 nm particle
size) was also used. The materials were coated with dopamine in a Tris-buffer
(pH 8.5) solution at a mass ratio of 2:1, followed by annealing to give zinc oxide
core-shell coated with polydopamine (PDA) derived carbon (ZnO@PDA-DC).
Zn0Oc¢, ZnOj, and ZnOmw Were used to represent commercial, conventional, and

microwave synthesis approaches.

3.2.2. Preparation of ferrous ferricyanide solution

A ferrous ferricyanide solution was made by weighing equimolar concentrations of 3
mM ferricyanide and ferrocyanide in 0.1 M KCI. The compounds were dissolved to 100

mL with Millipore water.

3.3.  Physical characterisation techniques

3.3.1. Powder X-ray diffraction (P-XRD)

The P-XRD of the samples was obtained using a D2 Phaser in Bragg-Brentano
configuration equipped with CuKa (1 = 1.54056 A) radiation tube. The P-XRD
diffractograms were obtained in the 26 degree range of 5 - 90. The particle sizes were
calculated from the Scherrer equation (equation 3.1) using Miller indexes of dominant

peaks.
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(3.1)

where D is the average crystallite size in nm, K is the dimensionless shape factor or
Scherrer constant (value 0.9), 1 is the wavelength of the X-ray source (CuKa =
0.15406 nm), B is the full-width half maximum (FWHM) in radians and 6 is the Bragg’s

angle in radians.

3.3.2. Scanning electron microscopy (SEM) and Energy Dispersive X-ray

spectroscopy (EDS)

SEM images were taken using Zeiss Crossbeam 540 operated at 2 kV for imaging
and 20 kV for EDS. The EDS was obtained using an Oxford Xmax detector with Aztec

software that was optimised with a copper reference.

3.3.3. Transmission electron microscopy (TEM)

TEM imaging was done using JEOL JEM 2100 at 200Kv. A very small quantity of the
samples were dissolved in ethanol and sonicated for 30 minutes followed by a light
dispersed on a carbon-coated copper grid and allowed to completely dry before use.
ImageJ was used for image processing and analysis through a manual particle
selection to determine the average particle size and coating thickness.

3.3.4. Fourier-transform infra-red spectroscopy (FT-IR)

FT-IR was analysed using a Bruker Tensor 27 operating with Opus 5.5 FT-IR. A
background spectrum was first taken before taking the sample scans. The
transmittance of the samples was measured at 400- 4000 cm™*.

3.3.5. X-ray photoelectron spectroscopy (XPS)

XPS was analysed using Axis Supra*, fitted with a 500 mm Rowland circle

monochromated Al Ka X-ray source.
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3.3.6. Brunauer Emett-Teller (BET)

The surface properties (pore size, pore volume, and surface area) of the material were

determined by ASAP 2000 Micrometrics TriStar Surface Area and Porosity Analyser.
3.3.7. Thermogravimetric analysis (TGA)

TGA was conducted using a Perkin Elmer 6000. The sample weight was monitored
from 35-900 °C at a heating rate of 10 °C/min under air gas at a flow rate of 20 ml/min.

3.4. Electrochemical analysis

3.4.1. Three electrode fabrication and configurations

All electrochemical measurements were conducted in an alkaline medium at ambient
conditions, using VMP-300 Biologic with EC-Lab software. A standard 3-electrode
configuration comprising of a platinum rod as a counter electrode, a rotating disk
electrode (RDE, 5.0 mm) with a glassy carbon electrode substrate as a working
electrode, and Ag/AgCI (saturated 3.0 M KCI) as a reference electrode. The RDE was
polished with alumina (Al203) slurry and cleaned with acetone and ultra-pure water
before further use. All the potentials were referred to a reversible hydrogen electrode

(RHE) following the conversion formula equation 3.2.

ERHE = EAg/AgCl + 0.197 4+ 0.059 Xx pH (32)

where Erxe and Eagiagel are the converted potentials versus RHE and the experimental
potential measured against the Ag/AgCI reference electrode, respectively, at pH =
13.42. All measurements made were conducted in a freshly prepared 1 M KOH
solution.

A glassy carbon electrode (0.071 cm?) was used for studies conducted in a

ferrous-ferricyanide solution.

To prepare the ink for ORR and OER, the sample was dispersed in a 1:9 solution of
water and isopropanol with Nafion and sonicated for 30 minutes. 20 uL of the ink was
drop-casted on the polished RDE and dried in the air, yielding a loading of 0.4 £ 0.02
mg/cm?. Cyclic voltammetry (CV) measurements were performed in N2 or Oz saturated

1.0 M KOH solution at a scan rate of 50 mV/s. To get the double-layer capacitance
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(Ca) value, CV curves with non-faradaic potential ranges were used. To measure ORR
activity, linear sweep voltammograms (LSV) were collected at 10 mV/s in oxygen
saturated 1.0 M KOH at rotation speeds of 400 to 2500 rpm and a scan, while OER
was collected at 1600 rpm in 1.0 M KOH solution.

The number of transferred electrons during the ORR was determined by the
Koutecky—-Levich (K-L) in equations 2.23 recapped below:

1 1 1 1 1
-_ =4 —=

= +
i  ja Jjk 0.21nFD2/3y~1/6Co,w”  nFkCo,

were | is the measured current, ja is the diffusion-limiting current, jk is the kinetic
current, n is the number of electrons transferred, F is the Faraday constant, D is the
diffusion coefficient (1.95 x 10> cm?/s), y is the kinematic viscosity (8.98 x 10-3 cm?/s),

Co, is the oxygen concentration (1.15 x 10 mol/dm?3), w is the rotation speed in rpm,

and k is the kinetic rate constant.

The kinetic current was calculated by the formula jkx = (ja * j)/(jo — j), where j is the

measured current at 0.75 V for ORR.
3.4.2. Two electrode fabrication and configurations

The aqueous and flexible batteries were measured using BioLogic BCS-8xx series
operating on a BT-Lab program. The system was used to run CV, galvanostatic

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS).

In an aqueous or parallel plate cell assembly, a mixture of CB and the active material
at a ratio of 2.5:7.5 was used for the preparation of a cathode material. The RZAB was
fabricated with a micro-3D printed cell that comprises of a polished zinc plate as an
anode, a catalyst slurry on carbon paper, and a copper strip as a current collector. The
slurry of the bifunctional air electrocatalysts was prepared by dispersing the
electrocatalyst in a mixture of 9:1 isopropanol and water solution and sonicated for 30
minutes. PTFE (10:1 v/v%) solution was then added to the solution and further
sonication for 30 minutes and moved to a stirring plate. After proper mixing, the slurry
was then evenly spread on carbon paper to make the air cathode, followed by drying

at 80 °C before cell assembly. The air electrode had a 2.0 mm perforated hole, where
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Oz from the air diffuses into the set-up. A solution of 6.0 M KOH and 0.2 M zinc acetate

was used as the electrolyte.

The flexible zinc-air battery was fabricated by first preparing a solid-state electrolyte.
The solid-state electrolyte was prepared by a previously prepared method [1]. Briefly,
2g of PVA was added to 20 mL of ultra-pure water and stirred from room temperature
to 90 °C and reacted for 1 h. The transparent gel was then cooled to room temperature
before adding a 2 mL solution of 6.0 M KOH and 0.2 M zinc acetate under stirring. The
mixture was then poured into a flat petri dish and allowed to stand in a freezer for 4 h.
The gel was then allowed to thaw at room temperature overnight. The solid-state
electrolyte was cut to 0.5 cm? before assembly. The flexible cell assembly was set up
by placing the cleaned nickel foam as a current collector, followed by carbon paper
and electrocatalyst, then the PVA film was placed in the middle of a polished zinc plate
and catalyst-loaded carbon paper (loading: 5 mg/cm?) to form an all-solid zinc-air
battery.

3.5. Reference

[1] J. Zhu, W. Tu, Z. Bai, H. Pan, P. Ji, H. Zhang, Z. Deng, H. Zhang, Zeolitic-
imidazolate-framework-derived Co@Co304 embedded into iron, nitrogen, sulfur Co-
doped reduced graphene oxide as efficient electrocatalysts for overall water splitting
and zinc-air batteries, Electrochim Acta 323 (2019) 134821.
doi.org/10.1016/j.electacta.2019.134821.
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CHAPTER 4
CO ATOMIC CLUSTERS MOF-DERIVED CARBON FOR HIGH
PERFORMANCE OXYGEN ELECTROCHEMISTRY AND
RECHARGEABLE ZINC-AIR BATTERY

4.1. Introduction

Renewable energy conversion and storage devices are among the most promising
technologies for sustainable and environmentally friendly energy generation and
utilisation. MABs operating in alkaline electrolytes are promising candidates for
rechargeable battery applications due to their low operation requirements and
abundant catalyst choices. Amongst these devices, RZABs have drawn global
attention because of their characteristics which include high theoretical energy output,
operational safety, low cost, and most importantly its material balance due to the
existence of an inexhaustible oxygen supply. This is an advantage over lithium-ion
batteries which have an overbalanced cathode material to compensate for the first

cycle loss of 5-20% of lithium and as a result a high initial irreversible capacity loss [1].

The electrochemical ORR and OER are the essential processes for the effective
operation of the RZABs [2,3]. However, these reactions are well known for their
extremely sluggish kinetics which leads to high potentials during the discharge and
charge process limiting the extent of energy conversion in metal-air batteries [3]. Thus,
effective and efficient electrocatalysts are necessary to drive these reactions. Platinum
(Pt) group metals have been considered as the most common and efficient
electrocatalysts for ORR and OER, but their high cost and scarcity, as well as activity
failure and poor durability in alkaline media [4,5], manifested an interest in alternative
electrocatalysts with characteristic low cost and abundance with no compromise on

their performances in the energy storage and conversion systems [6].

Transition metal-based electrocatalysts have emerged as promising materials to
replace the Pt group electrocatalysts for ORR and OER with several efforts made so
far [7]. New and cost-effective electrode materials are expected to behave as

bifunctional electrocatalysts, operating at high activity and stability and enabling
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technology-level implementation. With this goal in mind, oxides [6], mixed oxides [8],
single-atom catalysts [9], sulphides [10], chalcogenides [11], metal-organic
frameworks (MOFs) [12], covalent-organic frameworks (COFs) [13], zeolitic
imidazolate frameworks (ZIFs) [14], etc, of several low-cost transition metals have
been considered. Periyaiah et al. [15] report MOFs as materials with unique structural
advantages such, porous nature, large specific surface area with tuneable pores,
electrical, and physiochemical properties, as well as adaptable chemistry, which make
it the focus of research and development as bifunctional electrocatalysts for redox
reactions. These materials comprise of metal coordination centers that bind to organic
ligands, resulting in intricate, interconnected frameworks. The ardent characteristics
of MOFs make them excellent sacrificial templates for preparing nanoporous transition
metal-anchored MOF-derived carbons, inheriting the good properties of the parent
materials [16]. However, the catalytic activity of conventional MOFs in oxygen
reactions is typically restricted due to their insufficient active sites, slow mass
transport, and low conductivity [17]. To improve its catalytic performance, a lot of work
has been put into developing or optimising the structure of MOFs for beneficial
electrocatalytic performances [18,19]. These techniques include increasing the
surface area or oxygen vacancies, doping, introducing defects, and creating hybrid

materials.

There are limited reports on the use of the MOF-derived carbons demonstrated as
effective bifunctional electrocatalysts for ORR and OER in fabricated RZAB
applications with impressive electrocatalytic performance [20,21]. Furthermore, there
is no report on the use of acid-treated MOF as an electrocatalyst in RZAB. Acid
treatment has been used to create defects over the surface of catalysts and to modify
its micro-surface [22,23]. The surface defects help to improve the catalytic
performance of the electrocatalysts. Jiang et al. investigated the influence of heat and
post-acid treatment on the catalytic properties of MnO:z [24]. They reported an
enhanced reducibility of MnO2 which created a higher mobility of oxygen species
favourable for better catalytic activity. A similar observation was seen by Sun et al.
[22] and Peng et al. [23]. In the work by Wang et al. [9], acid-treatment was used to
remove the Co metal and SiO2 to form single atoms catalyst (SAC) on micro and
mesopores which were responsible for hosting active sites and providing pathways for

reactant and product molecules.
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In this research, a unique Co-based MOF was synthesised using a microwave-
assisted method and employed as a sacrificial template for making Co-MOF-derived
carbons, which are Co nanoparticles (Co NP@Cspbc) and Co atomic clusters (Co
AC@Cegpnc). Carbonising MOFs in an inert atmosphere can yield catalysts with some
intrinsically good characteristics, such as highly concentrated active sites and well-
organised frameworks with linked porous structures [12]. However, carbonisation at
high temperatures tends to cause agglomeration of the metals, which affects the
uniform distribution of metal and its active sites [25]. Thus, the Co NP was acid-treated
to reduce the metals to their atomic clusters (Co AC). This increased the surface area
of the material, as well as improved the chemisorption ability of the catalyst. The as-
prepared materials were tested as electrocatalysts for ORR and OER, in alkaline
medium. Furthermore, the same electrocatalyst was explored as bifunctional air
electrocatalysts in RZAB applications for a parallel plate system and solid-state
electrolyte. Under a parallel plate system, the battery was tested under deep cycling

to assess the reversibility of zinc and its utilsation.

4.2. Experimental

4.2.1. Materials and reagents

The reagents used included ethanol, isopropanol, ultrapure water, 5% Nafion
perfluorinated resin, ethylene glycol, acetone, zinc acetate, potassium hydroxide
pellets, carbon black, cobalt nitrate hexahydrate, 4,4’-biphenyl dicarboxylic acid,
hydrochloric acid, dimethylformamide, polytetrafluoroethylene, polyvinyl alcohol,

carbon paper, copper strip, nickel foam and zinc plate

4.2.2. Physical characterisations

The crystalline structure, phase composition and purity, identification and
guantification of the elements, nanoscopic imaging, and surface properties of Co
NP@Csrpoc and Co AC@Csppc Were thoroughly characterised using Powder X-ray
diffraction (P-XRD), X-ray Photoelectron Spectroscopy (XPS), Transmission Electron
Microscopy (TEM) and Brunauer—Emmett—Teller (BET).
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4.2.3. Synthesis of Co nanoparticles (Co NP@Csrpc) and Co atomic clusters
(Co AC@CrsnC)

Co NP and Co AC were obtained through the sacrificial Co-MOF template by a
previously established microwave-assisted solvothermal process [26], as
schematically demonstrated (Scheme 4.1). Cobalt nitrate hexahydrate (Co(NOs3)2
‘6H20, 0.04 M) and 4,4’-biphenyldicarboxylic acid (BPDC, 0.02 M), were separately
dissolved in a mixture of 1:1 ratio of solvent to surfactant, mixed and stirred for 2 h for
uniform dispersion. This was followed by electromagnetic irradiation at 600 W and 150
°C for 40 min and cooled to room temperature. The rose purple precipitate obtained
was centrifuged, washed with ethanol, and dried under vacuum at 60 °C. The Co
NP@Cesppc was prepared by carbonising the parent Co-based MOF sacrificial
template under argon (Ar) flow at a constant rate (5 °C/min), while the Co AC@Csrbc

was made from the Co NP@Csprpc by acid treatment.

Cobal..f. salfgﬁ-._ Ligand (BPDC) Centrifuge
i Microwave

- i#-.‘.:" i

Etching

2o ¢<_ of Furnace .

Co AC@Cpppc Co NP@Cpppc 800 °C, Ar,5 h

Scheme 4.1: The schematic synthesis diagram of Co NP@Cspoc and Co AC@Cerbc.
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4.3. Results and discussion

4.3.1. Physical characterisation

Co NP@C
Co AC@C
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Figure 4.1: The powder XRD pattern of Co NP@Csrpc and Co AC@Csrpc.

The XRD pattern of the materials was used to analyse the phase purity, lattice
parameters, and crystalline structure of the material particles (Figure 4.1). The
evidence of acid treatment was elucidated on the XRD profile of Co AC@Cegpbc With
an increased intensity of {002} facet at 20 degree position of 25.9° and a slight shift to
lower Bragg angles relative to Co NP@Cegppc. This indicated a small increase in the
interlayer spacing of Co AC@Csrpc that would enable more exposed active sites for
rapid ion diffusion. The spectra of Co NP@Cgsprpc and Co AC@Csprbc Were indexed to
the crystallographic information file (CIF) of metallic Co and CoO. The metallic Co was
represented by the dominant peaks observed particularly on Co NP@Csppc at around
44.3° and 51.6°. This suggests that cobalt primarily exists as metallic Co with a face-
centred cubic (fcc) in the Co@Csprpc. Weak peaks at {111}, {102} and {200} were
attributed to the trace amount of CoO. This indicated the coexistence of Co/CoO in
Co@Cegppc. A similar observation was reported by Juan and co-workers [27]. The
cobalt was leached out of the inner layers of Co NP@Cgppc causing the formation of

irregularities within the crystal which formed some defects in the lattice [28].
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Figure 4.2: XPS survey spectra of (a) Co NP@Csppc and Co AC@Cspoc, (b) O 1s,
(c) C 1s and (d) Co 2p spectrum of Co NP@Cspoc.

XPS measurement was used to identify the active species and quantify the surface
elemental composition. Figure 4.2a shows the survey scan spectra in the range of O
eV to 1 200 eV confirming the presence of cobalt (Co 2p) and oxygen (O 1s) in the
prepared composites, however, Co AC@Cesprpc had no obvious Co 2p peak, but its
presence was qualified by previously reported physical characterisation methods [26].
However, its absence may be due to the low metal concentration in the etched sample
as a result of the detection limit of the XPS instrument used. The O 1s spectra in Figure
4.2b were fitted to two peaks for Co AC@Cspbc and three peaks for Co NP@Cegppc.
The peak at 529.3 eV observed in Co NP@Csprpc was due to the lattice oxygen which
corresponded to the metal-oxygen bond of CoO. The peaks at 532.6 eV (Co
NP@Csprpc) and 532.9 eV (Co AC@Csppc) were due to O-C=0O of the linker or
chemisorbed species (H20) [29,30]. Located at the medium binding energy (Co
NP@Cesprpc = 530.9 eV; Co AC@Csppc = 531.4 eV) was the hydroxyl species (-OH)
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and carbon-oxygen bond (C-O). The area proportion of these bonds in Co AC@Csprbc
was calculated to be 80.1%, this was caused by the replacement of metal cations with
hydroxyl ions. The carbon defects caused by the etching of Co in Co AC@Cspbc Will
enable the absorption of more oxygen species than its parent material. Additionally,
the pores will provide additional routes for mass transport, enabling them to reach the
active sites more quickly and in larger amounts, enhancing the catalyst's overall
efficiency. Pairing the excellent chemisorption ability of Co AC@Cespoc to its reported
high surface area and pore volume in Table 4.1 [26,31] will allow for enhanced
electrochemical performance in comparison to its parent material. C1ls was also
deconvoluted to three peaks for both Co AC@Cesrpc and Co NP@Cspoc (Figure 4.2c).
The sp? peak at 284.0 eV was reported to be due to the presence of point defects that
could arise from carbon vacancies and the hexagon rings [32]. Which was the
dominant peak assigned to C=C in the benzene ring. While the peak at 285.3 eV was
attributed to the carboxylic group O=C-O of BPDC and the peak at 288.3 eV was due
to the C-O bond [33]. It was reported that the band originated from vacancy-like defects
in the graphitic lattice [32]. The Co 2p region in Figure 4.2d was responsible for two
main signals at 796.1 eV and 780.4 eV related to the core levels ascribed to Co 2pir
and Co 2psy2, respectively. The Co 2ps2 was deconvoluted to two peaks assigned to
CoY (778.8 eV) and CoO (780.5 eV). Two shake-up satellite peaks corresponding to
Co 2p12(802.8 eV) and Co 2ps2 (785.7 eV), were reported to suggest the presence
of Co?* bonded to oxygen [33].

Table 4.1: Nitrogen gas adsorption analysis of Co NP@Ceproc and Co AC@Ceroc.

Sample Surface area (m?/g) Pore size (hm) Pore volume (cm?3/g)
Co NP@Csppc 33.25 10.66 0.087
Co AC@CspPpC 144.78 10.84 0.392

TEM was used to evaluate the effect of acid treatment on the surface of Co
AC@CespPpc. The micrographs show the pore structure and channels of the
electrocatalysts. The micrographs reveal the presence of carbon around the metal
nanoparticles. As seen in Figure 4.3a the mesopores of Co NP@Cesppc Were obscured

by the catalyst, and upon acid treatment (Figure 4.3b) the pores were more exposed.
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Treating Co AC@Csppc developed higher pore volume and surface area given in
Table 4.1. This was caused by the removal of metal nanoparticles which resulted in
increased pore volume as well as an increased surface area. A fair distribution of
isolated atomic clusters across the carbon-derived surface could be observed and
were depicted as isolated dark dots marked with orange circles. This proves the
effective use of acid etching in the removal of metal nanoparticles. The porous network
and fair catalyst distribution can optimise catalyst utilisation by ensuring the electrolyte

can freely reach and interact with the catalyst's active sites.
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Figure 4.3: TEM images of (a) Co NP@Cgprboc and (b) Co AC@Csrppc.

:
T

4.4. Electrochemical measurements

4.4.1. Oxygen reduction reaction (ORR)

The bifunctional electrocatalytic activity of the electrocatalysts was evaluated in 1 M
KOH. The comparative cyclic voltammetry curves of Co NP@Cspbc and Co
AC@Cegprpc Were measured under N2 and Oz saturated 1 M KOH solution at 50 mV/s
(Figure 4.4a). Amongst the studied electrocatalysts in N2 saturated supporting
electrolyte, the Co AC@Csppc displayed a higher non-Faradaic or double-layer region,
indicating that it had a better ability to store more charge in the supporting electrolyte
compared to the Co NP@Csprpoc. This effect could be due to the etching that enabled
high-density active sites created by highly-dispersed Co and CoO in Co AC@Cspbc

facilitating rapid transportation of the ions through its mesoporous surface. The
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materials’ charge storage efficiency was due to the observed variations in the
microstructure orientation [34]. The result translated to increased capacitance of the
etched material, due to its high specific surface area and increased pore volume with
interconnected channels as revealed in Nitrogen Gas Adsorption analysis in Table 4.1,
which provided more accessible sites for electrochemical reactions. In the O:2
saturated supporting electrolyte, there was a reduction of Oz at a potential range of
0.70 V and 0.44 V where the Co AC@Cegpbc equally showed better O2 reduction peak
relative to the Co NP@Csppoc. The poor electrical conductivity from Co NP@ Cspbc was
the result of short active site density and agglomeration of the Co and CoO, which
were unfavourable for efficient electrochemical processes. The addition of CB further
improved the electrochemical response of Co AC@Cerbc, evidenced by an increase
in the capacitive response of Co AC@Csppc/CB (Figure 4.4b). This suggested a great
improvement of catalytic activity from the CB contribution as a result of its high surface
area and known good electrical conductivity which assisted electron movement during
ORR. Also, the CB contributed immensely to the redox probe of the Co and CoO active
sites in the composite (Co AC@Cegprpc/CB).

The ability of these materials to catalyse ORR was further studied by LSV. The
electrochemical response of Co NP@Cerpc was very poor compared to Co
AC@Csprpc. As observed in Figure 4.4c, the electrocatalyst with carbon black (Co
AC@Csprpc/CB) showed improved ORR kinetics with a more positive E12 (0.66 V) and
kinetic current density at 0.75 V (k@0.75 V = 0.26 mA/cm?), compared to
electrocatalyst without carbon (Co AC@Csproc; Ei12 = 0.58 V, jk@0.75 V = 0.06
mA/cm?; Co NP@Cspoc; E12=0.55V, jk@0.75 V = 0.03 mA/cm?). The onset potentials
and current density along with Tafel slope (bc) values (Figure 4.4d) of Co NP@Csproc
(0.66 V; ~0.69 mA/cm?; and 249.45 + 4.67 mV/dec), Co AC@Cerpc (0.76 V; ~2.91
mA/cm?; and 142.17 + 1.94 mV/dec) and Co AC@Cegrbc/CB (0.85 V; ~3.14 mA/cm?;
and 95.19 + 0.66 mV/dec) followed a similar trend. Co AC@Csprpc/CB exhibits more
advantageous ORR kinetics, which is related to the acceleration of mass and electron

transport.
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Figure 4.4: Cyclic voltammograms of (a) Co NP@Csppc and Co AC@Csppc, (b) Co
AC@Cgprpc/CB measured in 1.0 M KOH under N2 and Oz saturated solution at 50
mV/s, Co NP@Csprbc, Co AC@Csprbc and Co AC@Csprpc/CB (c) ORR polarisation
curves at 1600 rpm at 10 mV/s and (d) corresponding Tafel plots.

The mass transport properties of the materials were investigated by running the ORR
polarisation experiment at different rotation speeds. The ORR polarisation curves
(Figure 4.5(a, c & e)) of the materials increased with increasing rotation speeds. The
catalysts demonstrated mixed kinetic and diffusion-controlled currents and a clear
mass transport-limited current plateau. Their shapes mirrored those of ORR
polarisation curves seen in Pd—Ni nanoalloys [5], PdsFe@Pt/C nanocatalysts [35], and
FeCo@Fe/C core-shell nanocatalysts [36]. This phenomenon was often observed in
porous electrodes where the oxygen diffusion depth within the electrode structure
varies with applied potential [36]. This variation has been attributed to the use of either
polymer or Nafion thin films in the ink preparation process [36]. Consequently, the
plots were fitted to the conventional K-L equation (equation 2.23) [36], where the

number of electrons involved and Kkinetic parameters during the ORR were
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determined. The K-L plots for the electrocatalysts at different potentials are shown in
Figure 4.5(b, d & f). The average number of electrons transferred for Co NP@Cgprpc
was estimated to be 1.00 (Figure 4.5b), making it undesirable as an electrocatalyst for
ORR. Hence, the use of CB in the ink preparation of Co NP@Cgsppc Was not explored
as the catalyst displayed very weak electrocatalytic activity. The estimated average
number of electrons for Co AC@Cegproc and Co AC@Cerpc/CB were calculated to be
3.85 and 3.99 (Figure 4.5(d & f)), respectively. The electrocatalysts both obey the first-
order kinetics and approximately a 4e” pathway was obtained. During electrocatalysis,
there was a fast and effective multi-electron reduction of molecular oxygen on Co
AC@CgpPpc/CB [37]. This led to the direct formation of OH" from Oz, thereby following

the 4e- ORR mechanism, as given in equation 4.1.

O2 + H20 + 4 — 40H" (4.2)

The electron transfer rate constant (k) of the catalysts was calculated at the
determined limiting current of 0.75 V using equations 2.24 and 2.25. k was determined
to be 7.65 x 10 cm/s (Co NP@Csppc), 1.43 x 10* cm/s (Co AC@Cerpoc) and 6.44 x
10* cm/s (Co AC@Csprpc/CB). Introducing CB proved to improve the rate constant of
Co AC@Cegprpc/CB suggesting a faster electron transfer rate than Co AC@Cspbc.
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Figure 4.5: ORR polarisation curves at different rotation speeds for (a) Co NP@Cegpoc,
(c) Co AC@Cegprpc and (e) Co AC@Csprpc/CB and Koutecky-Levich (K-L) plots of (b)
Co NP@Cepoc, (d) Co AC@Cesprpc and (f) Co AC@Csprpc/CB at varied potentials in Oz

saturated 1.0 M KOH.

Moreover, the stability of the electrocatalyst was evaluated for ORR. Figure 4.6, shows
the LSV of Co AC@Cerpc/CB before and after 5000 CV at an accelerated scan rate
of 100 mV/s. An improved ORR curve after 5000 CV cycles was observed with Ei/2 at
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0.71 V, implying that the composite (Co AC@Cspbc/CB) became more activated after
the accelerated 5000 CV scan, rather than slacken.

Co AC@C___ /CB

BPDC
Before stability
-1 4 — After stability

i (mA/cmz)

-5 T T T T T T T
-02 0,0 02 04 06 08 1,0 1,2 1,4

E (V vs. RHE)
Figure 4.6: ORR polarisation curve variations of Co AC@Cgsppc/CB after stability at

(10 mV/s; 1600 rpm).

4.4.2. Oxygen evolution reaction (OER)

Following the detailed characterisation, the OER catalytic activity of the
electrocatalysts was investigated. The OER polarisation curves of the electrocatalysts
at 1600 rpm showed similar onset potentials (1.52 V) for both Co AC@Cegprpoc and Co
AC@Cesprpc/CB (Figure 4.7a). That of Co NP@Cespoc lacked behind at 1.62 V. This
result revealed that the same energy is needed to catalyse OER by Co AC@Csprbc
and Co AC@Cesppc/CB, while more energy is needed for catalysis of Co NP@Cspbc.
However, the addition of CB to Co AC@Csprpc suppresses the production of Oz,
evidenced by the increased overpotential at 10 mA/cm? (nio = 400 mV), relative to Co
AC@Cegprpc (370 mV). This was ascribed to the hydrophilic nature of carbon black
which offered highly attractive adsorption sites for capturing oxygen and water and
prevented their escape [38]. Hence, Co AC@Csprpc/CB was not favourable for Oz
production. As seen in Figure 4.7b, Co AC@Csrpc showed a lower Tafel slope of
62.58 + 3.4 mV/dec, compared to Co AC@Ceproc/CB (68.07 + 4.6 mV/dec),
demonstrating a more rapid OER catalytic kinetics of Co AC@Cspbc. Co AC@Casprbc
also had a higher current density at 1.70 V of 42 mA/cm? compared to Co NP@Cgroc
(@1.70 V = 13.43 mA/cm?) and Co AC@Cgprpc/CB (j@1.70 V = 22.87 mA/cm?). The
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bifunctionality indicator (AE = Ejio - E12) indicated by the overall oxygen electrode
curves in Figure 4.7c showed Co AC@Csrpc/CB to have the smallest AE (0.96 V)
value than Co AC@Cespnc (AE = 1.05 V) and Co NP@Csprpc (AE = 1.13 V). The Bl
responses of the catalysts were compared to 20wt% Pt/C for ORR and IrO2 for OER,
which showed a Bl of 0.84 V. The improved bifunctional electrocatalytic response of
Co AC@Csprpc/CB was due to a combination of factors such as the presence of
improved chemisorption ability, porosity and conductivity of CB, which facilitated the

optimised adsorption and boosted the charge transfer kinetics of the electrocatalyst.
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Figure 4.7 Co NP@Csprpc, Co AC@Ceproc and Co AC@Csrpc/CB (a) OER
polarisation curves, (b) Tafel plot, (c) ORR/OER polarisation curves compared to
Pt/C/IrO2, and (d) Nyquist plots for OER at respective nio vs. RHE 1.0 M KOH at the
scan rate of 10 mV/s at 1600 rpm.

The EIS technique was further used to probe the OER performance of the
electrocatalysts. Nyquist plots of the electrocatalysts toward OER at 1600 rpm, 10
mV/s and respective nio vs. RHE are shown in Figure 4.7d. An equivalent circuit was
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used to analyse the impedance contribution from the faradaic process. The fitted
results from the selected modelled Voigt EEC coincide well with the experimental data
and were employed to extract the EIS parameters and summarised in Table 42. A
complete semicircular loop was observed for all electrocatalysts under study,
demonstrating that there was no mass transport limitation within the range of potentials
investigated [39]. The diameter of the semicircle decreased as the potential required
to drive the interfacial oxygen evolution reactions (OER) increased. Co NP@Csroc,
Co AC@Cegprbc and Co AC@Cegprpc/CB recorded Rct values of 46.29, 15.3 and 10.8 Q,
respectively. Co AC@Csprpc/CB had the lowest Rct value, which suggested a more
effective electron transfer behaviour during OER compared to the other studied
electrocatalysts. Thus Co AC@Cegproc/CB was employed as an electrocatalyst for the

RZAB application in the latter part of this work.

Table 4.2: EIS parameters for OER at respective nio vs. RHE for the electrocatalysts.

EIS parameters Co NP@Csppoc Co AC@Cspoc Co AC@Csppc /CB
Rs (Q) 6.10 £ 0.44 5.32+0.40 5.31 +0.07

Rint (Q2) 10.53 + 1.60 9.31+2.75 25.12 +0.77
CPE (mF.s*?) 0.87 + 0.04 17.77 +£0.13 6.22 + 0.37

a 0.71 0.98 0.59

Ret (Q) 4629 +577  15.32+2093 10.77 + 0.57
Ca (MF.5) 0.05 + 0.02 2.46 +0.43 1.77 £0.12
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4.5. Rechargeable zinc-air battery
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Figure 4.8: Co AC@Csprpc/CB and Pt/C/IrOz (a) discharge polarisation and power
density curves, (b) galvanostatic discharge curves at a fixed current density of 5
mA/cm? and a lit 1.6 V LED powered by Co AC@Csprbc/CB, (c) GCD at 5 mA/cm? for
30 h per cycle and (d) Coulombic efficiency, conducted using 6.0 M KOH and 0.2 M

zinc acetate electrolyte.

Based on the bifunctional electrochemical performance of Co AC@Csprpc/CB, the
material was used as an air cathode electrocatalyst to fabricate a rechargeable zinc-
air battery (RZAB) in a parallel plate cell and a flexible zinc-air battery. Pt/C/IrO2 was
also studied for comparison. A parallel plate RZAB cell is resembled in Figure 2.2a.
Here, the electrolyte flooded the chamber in the absence of a separator in which the
anode and cathode were in no direct contact. As seen in Figure 4.8a, the OCV and
maximum peak power density of Co AC@Csproc/CB were 1.23 V and 49.9 mW/cm?,
while that of Pt/C/IrO2 was 1.56 V and 190.2 mW/cm?, respectively. The Pt/C/IrO2
presented a higher peak power density than Co AC@Cspbc/CB, attributed to its high
Bl value. The battery was fully discharged to 0.6 V at 5 mA/cm? (Figure 4.8b), where
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the areal energy reached 477 mAh/cm? for Co AC@Cgproc/CB and 330 mAh/cm? for
Pt/C/IrO2. The catalyst underwent a 21.4% voltage loss at 0.80 V after 118 h of
discharge where the discharge limitation of zinc was observed. To demonstrate the
practicality of the catalyst, the Co AC@Csrpc/CB was discharged on a 1.6 V LED
(Figure 4.8b), and the bulb lit up with great brightness. This shows that the
electrocatalyst can be used to power real-world devices.

The long-term stability of zinc-air battery is key when it comes to its application. Deep
discharge-charge plateaus of Co AC@Cegrpc/CB and Pt/C/IrO2 were conducted at 5.0
mA/cm? for multiple discharge charge cycles at 30 h per cycle as seen in Figure 4.8c.
Deep cycling was used to allow an extended utilisation of zinc to assess its
reversibility. The expanded hours of Co AC@Csppc/CB have a discharge-charge
voltage gap of 1.03 V. Moreover, the battery could be repeatedly charged and
discharged for 210 h with nearly constant discharge and charge plateaus. The
plateaus of the charge-discharge represent the OER and ORR processes of the
RZAB, respectively [40]. Pt/C/IrO2 started with high discharge voltage recorded at 1.33
V, which decreased to 1.18 V (cycle 2), 1.05 V (cycle 3), 1.02 V (cycle 4), 0.86 V (cycle
5) and 0.87 V (cycle 6). The continued discharge/charge can cause the degradation
of zinc and cause cell death upon its complete consumption. The zinc limitation effect
in Co AC@Cgrbc/CB started to be noticeable at around 90 h (4™ cycle) and that of
Pt/C/IrO2 was around 60 h (3 cycle), which were reached at around the same time
as that of the full cell discharge (Figure 4.8c). The battery’s performance was
compared to other reported literature and summarised in Table 4.3. The areal energy
of Co AC@Cgroc/CB performed above that of a Li-ion battery (35 mWh/cm?) which is
equivalent to a Li-ion pack of specific energy of 120 Wh/kgpack [41]. Impressively, the
Co AC@Csprpc/CB did exceptionally well in terms of areal energy compared to most
of the reported literature. The capacity of the RZABs with the Co AC@Csppc/CB was
maintained throughout the cycling process with the charging and discharging voltages
approximately constant. Its Coulombic efficiency was maintained at 99-100% for the
cycles studied (Figure 4.8d). Due to the good OER/ORR electrocatalytic performance,
stability, and practical application of Co AC@Cesrpc/CB, the electrocatalyst presents
itself as a material to consider for real-time applications. At a DOD over 40%, it is
easier to report the reversibility of the cell as all or most of the zinc is converted to ZnO

which is then converted back to zinc [42]. Under low DOD, there is a large amount of
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preserved zinc because of its partial oxidation at this stage. Thus, deep cycling
represents a true cycle reversibility of zinc. Herein, DOD was calculated to be 51.3%
(according to equation 2.41), which was above the minimum recommended DOD for

deep cycling and practical battery demonstration capability.

The all-solid-state RZAB was assembled as shown in Figure 4.9a were a film
electrolyte of 6 M KOH and 0.2 M zinc acetate and PVA was sandwiched by the zinc
plate, coated carbon paper (coated with Co AC@Cegprpc/CB) and nickel foam. The
flexible battery showed good discharge-charge performance at 5 mA/cm? which was
maintained from 0 °C to 180 °C bending angles as seen in Figure 4.9b. The OCV of
the battery was maintained at 1,73 V throughout all the bending angles (see Figure
4.9c). The battery’s stability in Figure 4.9d was continued using the same battery and
showed good stability. The stability test was stopped at 65 h operating time, totaling
the set time to 70 h. The battery demonstrated excellent performance from bending
stress to maintained performance of Co AC@Ceroc/CB for a solid-state electrolyte
configuration. This shows potential application in non-linear surfaces and flexible

devices.
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Figure 4.9: (a) A schematic illustration of a flexible solid zinc-air battery, (b) discharge-
charge and (c) OCV at different bending angles, (d) cycling stability of Co
AC@Cegprpc/CB at 5 mA/cm? at 10 minutes discharge charge times.
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Table 4.3: Electrocatalytical comparison of two electrode rechargeable zinc-air batteries.

Catalyst Current density Discharge time Areal Energy Voltage gap Stability Reference
(mA/cm?) (h) (MWh/cm?) ~ AE (V)
Co AC@Cagppc/CB 5 15 80.3 1.00 210h (7 cycles) This work
3DOM Co304 10 1 124 0.76 >400h (>200 cycles) | [6]
Bulk Co304 10 1 11.9 0.84 90 cycles [6]
C-CoPAN900 1 0.5 0.63 0.70t0 0.78 >135h (135 cycles) [43]
C-CoPAN900 2 25 63 0.90 250h (5 cycles) [43]
C—CoPAN900 mat 2 0.5 1.3 0.70 160h (160 cycles) [43]
C—CoPAN900 mat 20 0.5 11.9 0.85t0 0.94 55h (55 cycles) [43]
0.167 0.93to 1.01 180 cycles [44]
Co30,-C-NA 30 5.9
CNT- Co304/NC 15 0.167 33 0.70 50h (300 cycles) [45]
MOF(Co)/C(3:1)-500 5 0.167 1.0 0.78to 1.4 140h (420 cycles) [46]
Ni-Co304/C-1 5 0.5 2.9 0.78 24 cycles [47]
Co30,@Co/NCNT 5 0.167 1.0 0.75to 1.00 24h [48]
ZIF-L-D- Cos04/CC 5 0.167 1.2 0.75t0 0.83 384h [49]
Fe-HPNC/ Co304 a 5 0.167 1.2 0.51t00.83 165h [50]
Co304/NPGC 5 0.33 1.9 0.83 83h [51]
C0304/Co@NCs b 10 0.083 1.1 0.89t0 0.94 600 h (3 600 cycles) [52]
C0304/Mn0,-CNTs 10 0.083 0.83 1.00 198h [53]
C0304/Mn0,-CNTs 100 4 240 1.00 20h [53]

76




C0304/ Mn304/CNx@CNFs 5 0.167 0.8 1.16 60h [54]
Co304/WS; 5 0.167 1.0 0.75 16h [11]
(Co,Fe)sN_R 30 1 33 0.85 300h [55]
(Co,Fe)sN_R 5 10 57.5 0.64 750h [55]
NS@Cos-xNixOs/ Co304 20 0.5 10.5 0.90t0 0.85 90h [56]
SS@Co304 20 0.5 10 0.93t00.91 90h [56]
NF@Cos.xNixO4 20 0.5 11 0.95t0 0.97 90h [56]
Mng.25-C0304/CNTSs 5 0.167 0.8 1.58 102h [57]
Co0304-NP/N-rGO 5 0.056 0.4 0.76 t0 0.87 160h (1 600 cycles)

[58]
3D-Co@Co-NPC 5 0.083 0.5 0.80t0 0.83 90h (550 cycles) [59]
CoO/N-CNT + NiFe LDH 50 2 120 0.85 40h (10 cycles) [60]
CoO/N-CNT + NiFe LDH 20 10 250 0.70 200h (10 cycles) [60]
Co304/CB 10 10 100 1.06 to 2.10 80h (4 cycles) [61]
MCO/CNFs@NC 5 0.25 1.5 0.83t00.85 112 h (224 cycles)

[62]
NGM-Co 2 0.33 2 1.12to 1.15 180 cycles [63]
CoWO,/WS,@C-N 0.125 1,7 0.54 to 0.60 90h [64]
Co304 NWs grown on SS mesh 17.6 3 52.8 1.00 600h [65]
5% Co-doped TiO; 5 10 62.5 0.81 130h (6 cycles) [66]
Co-N4/NC 10 3 30 1.16 to 1.47 20h (100 cycles) [67]
Co—Nx/C NRA 50 2 111 0.90 80h (20 cycles) [68]
S-N-C 900 5 0.33 2 0.84 600h (1800 cycles) [69]
MnCo,04-300 3 0.33 1.11 1.09 16h [8]
MnCo,04-600 3 0.33 1.04 1.16 72.2h (110 cycles) [8]
LBC-15 10 0.167 1.83 0.95to0 0.98 200h (1200 cycles)

[70]
Co@Co30,4/FeNS-RGO 5 0.11 0.61 091to1.2 40h (360 cycles) [71]
CoP/Co30,4-fC-pPVP 5 0.083 0.5 0.80 727h [72]
Cos304/carbon cloth electrode 10 0.33 0.31 1.074 to0 1.106 400 cycles
(PTFE-2) [73]
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Cos04/Ni/GDL1 10 0.0694 0.833 0.69t00.78 to 425h
0.76 [74]
Cos04/Ni/GDL1 20 0.083 2 0.80 37,5h
(275 cycles) [74]
40% Mn-Co304@CNTs 10 0.33 3.93 0.94 425h (1275 cycles) [75]
Co@N-PCNF-1.0 5 0.25 1.475 0.92to 1.05 200h [76]
CNTs@(Fe,Co,Ni)PP-800 2 0.167 0.492 0.70t0 0.78 50h (300 cycles)
[77]
CoS,(400)/N,S-GO 10 0.0 1 0.78 200h (70 cycles) [10]
Lao.sSro.2Co0; 10 0.167 1.83 0.64 t0 0.80 16h (100 cycles) [78]
CoNi-CoO@NC/CP 5 0.167 0.983 0.85 50h (156 cycles) [79]
MoCoZn/NCNTA 5 0.167 0.92 - 130h (780 cycles) [80]
NiC0,S4/RGOo.02 5 0.33 0.167 0.82 35h (210 cycles) [81]
CoO@NC 5 0.167 0.917 0.75t0 0.81 200h (600 cycles) [82]
C0o3044x@C/Ni Foam (3 min) 10 0.25 3 0.87t0 0.85 358h (716 cycles) [40]
P-CoNi@NSCs 5 0.167 1 0.87 620h (1860 cycles) [83]
P-CoNi@NSCs 10 0.167 14 0.82 430h (1290 cycles) [83]
Co304-S/NSG 10 0.083 0.913 1.00t01.34 4000 cycles [84]
Co—B—-0/NPC-50% 2 0.083 0.2 1.05 60h [85]
NiC0,S4/CNNs. 10 0.083 1.04 0.69t00.72 180h (1000 cycles) [86]
CoS«/PBMF 10 0.1 1.1 0.83t0 0.86 220h (1100 cycles) [87]
Co-N-C SAC 5 0.33 1.97 0.78 54 cycles [9]
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4.6. Conclusions

This work investigated the effect of acid treatment on the preparation of cobalt-MOF-
derived carbon (Co@Cespnc) for oxygen electrochemistry (ORR and OER) and air
cathode in aqueous and all-solid-state RZABs. The newly synthesised Co AC@Csprbc
was endowed with intrinsic physicochemical merits, i.e., more available active sites,
higher pore volume, and specific surface area, than its untreated counterpart (Co
NP@Csprpc), Which were beneficial for its boosted oxygen electrochemistry. This was
proved by the improved Eu1/2, Eonset, N10, AE and jk of Co AC@Ceroc, due to the robust
Co/Co0 active sites. The addition of CB to Co AC@Csroc further augmented the O2
redox couple with lower AE, owing to the increased electrical conductivity of Co
AC@Csprpc/CB relative to Co AC@Csrpc, proved by the EIS analysis. Hence, Co
AC@Csprpc/CB was utilised as an air cathode for the proof-of-concept in rechargeable
aqueous (parallel plate or flooded cell) and all-solid-state Zn-air batteries. In the
parallel plate RZAB, the Co AC@Csprpc/CB exhibited impressive OCV (1.23 V), peak
power density (49.9 mW cm), areal energy density (477 mAh/cm?), and long-term
stability for 210 h, as well as retained its equilibrium voltage retention, Coulombic
efficiency (ca. 100 %) and DOD (51.3%), which were comparable to the literature. The
real-life practicality of the fabricated parallel plate RZAB was explored by lighting a 1.6
V bulb with excellent brightness. The all-solid-state RZAB gave a constant OCV (1.73
V) at varied bending angles (0 — 180 °C) and achieved excellent stability at 180 °C.
This research showed the versatility of acid-treated MOF-derived carbon derivatives
as highly active electrode materials for energy storage and conversion devices.
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CHAPTER 5
NOBLE METAL-FREE BIFUNCTIONAL HIGH-ENTROPY SPINEL
OXIDE FOR REVERSIBLE ZINC-AIR BATTERY

5.1. Introduction

The energy demand and the movement towards a sustainable economy and a greener
future are pushing the development of energy systems and supporting catalysts that
are cost-effective and environmentally friendly. Thus, an increasing demand for highly
active oxygen electrocatalysts that are cost-effective. However, the development of
these electrocatalysts remains a challenge. The good electrochemical performance of
the oxygen standards ruthenium and iridium oxides and platinum on carbon have a
relatively high cost which makes them inefficient for large-scale applications. The use
of reduced noble metal loading, non-noble metals, and their oxides as alternative

catalysts have been pursued [1].

High-entropy alloys (HEAS) also known as multiple principal element alloys (MPEAS)
or complex concentrated alloys (CCAS) [2] have become prominent in the last decade.
They are defined as solid solution materials with five or more principal elements in a
5 to 35% molar ratio equal to or near equal atomic percent [3]. For an equimolar
system, the stabilised solid solution produces a maximum molar configurational
entropy of ASmix = RINN, where N is the number of equimolar components and R is the
gas constant [4]. High-entropy materials were developed to stabilise (near) equimolar
combinations and create more durable systems [5]. This is accomplished by the metal
elements forming a joint lattice. A suitable amount of variation in the structure,
coordination, and cationic radii is provided by the equimolar combination [6]. This
notion has been used to prepare entropy-stabilised materials [7]. HEAs were first
proposed in 2004 by Yeh et al [3]. Since then different HEMs have been developed
such as high-entropy oxide [8], nitrides [9], diborides [10,11], carbides [12,13],
fluorides [14], chalcogenides [15], half-Heusler [16,17] and silicides [2]. High-entropy
oxide (HEO) materials have attracted a lot of attention since their first development by
Rost et al. [6]. In their work, they developed a Mgo.2C00.2Nio.2Cu0.2Zno.20 single-phase

entropy-driven metal oxide ceramic with a rock salt structure (with a FCC Bravais
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lattice) using five cations with equiatomic ratios. This was the first time a confirmed
entropy-stabilised oxide with a homogeneous single-phase system was reported.

The diversity of the valence states and chemical components of the oxides/hydroxides
in the HEO layers provides a variety of intermediate states, which can help to lower
the energy barrier for the chemical reactions, compared to mixed metal oxides with
fewer elements [18]. HEOs can have a single structure, better phase stability due to
the high-entropy effect, a lattice distortion effect, abundant unsaturated active sites,
and a synergistic effect, among other features [19]. The "cocktail" effect, resulting from
the mixing of different atomic species causes the appearance of unexpected
characteristics due to the cross effect which gives HEMs their exceptional features.
The mixed cationic sites can interact with different intermediate species and deliver
good catalytic activity [20]. Other inherent properties include corrosion wear and

oxidation resistance [21].

HEO synthesis requires high temperatures for uniformly mixed multiple elements with
different atomic radii, valences, and oxidation potentials. It is important to develop
alternative low-temperature synthetic approaches for the development of HEO
nanoparticles. Researchers are excited about the potential of rechargeable zinc-air
batteries because they offer several advantages over other types of batteries, such as
high energy density, safety, cost-effectiveness, and environmental friendliness [22].
To improve the catalytic activity and diverse functionalities of HEOs, the synthesis of
multicomponent high-entropy nanocomposites, such as high-entropy alloy@high-
entropy oxides (HEA@HEOQO) such as a seven-component HEA (PtPdAuAgCulrRu)
clusters supported on seven-component HEO (AINiCoFeCrMoTi)304 has been tested

for oxygen activity [23].

5.2. Experiment

5.2.1. Materials and reagents

All the reagents were of analytical grade and used without further purification. The
reagents included 5% Nafion perfluorinated resin containing a mixture of lower

aliphatic alcohols and water, isopropanol, ethylene glycol (EG), citric acid (CA), cobalt
nitrate (Co(NOs)2), copper nitrate (Cu(NOs)2), nickel nitrate (Ni(NOs)2), manganese
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nitrate (Mn(NO3)z2), iron nitrate (Fe(NOs)2), zinc acetate (Zn(CHsCO,),), potassium
hydroxide pellets (KOH, ACS reagent), zinc acetate (Zn(CHsCOy2)), carbon black
(Timical Super C45), polytetrafluoroethylene (PTFE), carbon paper, copper strip and

zinc plate.
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Scheme 5.1: Schematic illustration of the synthesis of HESOXx.

5.2.2. Synthesis of (CuCoNiFeMn)304

The schematic illustration of the fabrication process of HESOx is shown in Scheme
5.1. The high-entropy oxide was synthesised through the Pechini method using
Cu(NO3)2, Co(NOs3)2, Ni(NO3)2, Mn(NO3)2 and Fe(NOs3)2 nitrate salts. A 1:4 mixture of
citric acid to ethylene glycol was measured and dissolved in deionised water. The
stoichiometric amounts of the metal nitrate salts were weighed and each dissolved in
deionised water and magnetically stirred. Thereafter, the metal nitrate solutions were
added dropwise into the CA and EG solution. The solution was then heated from room
temperature to 90 °C while constantly stirring to form a polymeric resin. The resin
eventually dehydrated ultimately forming a black powder. The powder was annealed
to 500 °C and maintained for 6 hours in air. A portion of the resulting sample (HESOx-
500) was further annealed to 750 °C for 6 hours in air resulting in HESOx-750.
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Table 5.1: Comparative synthesis procedures of high-entropy materials.

High-entropy material Synthesis method Morphology Reference
CoCuFeMnNi Pechini at 90 °C followed | Spherical This work
by calcination at 500 °C
and 750 °C
MnFeCoNi, CrMnFeCoNi, | Vacuum/argon Schlenk Octahedral [24]
and CuMnFeCoN lines at 90 to 260 °C
(Co,Cu,Fe,Mn,Ni))MWCNT | Autoclave and heated at | Multiwall [18]
170 °C for 15 h followed | carbon
by calcination at 400 °C nanotube
FeNICOMNRuU@CNT Calcination at 600 °C in Nanotube [25]
argon using a tube
furnace
FeCoNiMnV HEA/N-CNTs | One-step pyrolysis at 800 | Bamboo-like [26]
°C under N2 atmosphere | carbon
nanotubes
entrapped with
nano-particles
AINiCoFeCrMoV/CoNC Induction-melting furnace | Nanoporous [27]
under Ar followed by ribbon
melt-spinning to prepare
the alloy ribbons. This
was then followed by
chemical dealloying in a
0.5 M NaOH solution for
12 h at room temperature
Al-Ni-Co-Ru-Mo-Cr-Fe-Ti | The pure metals were Multicomponent | [28]
melted in an induction- amorphous-like
melting furnace under Ar. | material
The alloy was melted
again in the quartz tube
and injected into the air to
contact the high-speed
rotating copper roller.
Followed by etching in
0.5 M NaOH
AINiCoRuMo The pure metals were Nanowire [29]
melted in an induction-
melting furnace under Ar.
The alloy was melted
again in the quartz tube
and injected into the air to
contact the high-speed
rotating copper roller.
Followed by etching in
0.5 M NaOH
Fe12Ni23Cri0Coss-xMnx/ The metals were Spherical HEM | [30]

CNT

dissolved in water, which
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was deoxygenated by on carbon
bubbling nitrogen gas. nanotubes
After introducing PVP and
CNTs, the material was
acid-treated with H2SO4
and HNOs at 120 °C.
NaBH4 was added to the
solution which was
filtered and freeze-dried.
The powder was sintered
at 900 °C in Ar and 10%
H2 and then quenched in
liquid nitrogen.

FeCoNiMoW The metal mixture was Urchin-like [31]
vacuumed at 70 °C and particle
increased to 260 °C in Ar
Schlenk line, followed by
cooling to 220 °C then
rapidly cooled down to
room temperature.

CuCoMnNiFe The metals were melted | Spherical [32]
in a vacuum in a furnace
three to four times and
solidified. Then vacuum
sealed inside a quartz
tube and homogenised at
1000 °C. then quenched
in cold water to freeze.
The powder was then
cryomilled in liquid
nitrogen under Ar.

5.2.3. Physical Characterisation

Several characterisation techniques were used to study the composition, structure,
and behaviour of the synthesised materials (HESOx-500 and HESOx-750). These
techniques include Powder X-ray diffraction (P-XRD), Raman spectroscopy, X-ray
Photoelectron Spectroscopy (XPS), Scanning Electron Microscopy (SEM), Energy
Dispersive Spectroscopy (EDS), Transmission Electron Microscopy (TEM), Brunauer—
Emmett—Teller (BET), Thermogravimetric analysis (TGA), Ultraviolet photoelectron

spectroscopy (UPS) and Electron paramagnetic resonance spectroscopy (EPR).
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5.3. Results and Discussion

5.3.1. Physical characterisation

—— HESOx-750
—— HESOX-500
| NiFe,0,

(311)

Intensity (a.u)

1l0 15 20 25 30 35 40 45 50 55 60 65 7l0
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Figure 5.1: Powder XRD diffractogram of HESOx-500 and HESOx-750.

The crystal structure change of the HESOx was studied with powder X-ray
diffractogram (P-XRD) (Figure 5.1) at 26 range of 10°-90°. As in similar reports by
Dabrowa et al. [33], Wang et al. [18] and Xue et al [34] all cations show similar ionic
radii and can exist in the Me?* state forming a Fd-3m spinel single phase MeO oxide
[33]. Three phases in alloys are mainly expected i.e. FCC, BCC and ordered BCC (B2)
[3]. Thus, the expected combination resulted in the formation of a single-phase
HESOx. The FCC was the predominant phase with the strongest diffraction peaks at
30.5° and 35.8° corresponding to the reflections of {220} and {311}, respectively. The
lower intensity peaks were located at 18.5°, 37.5°, 43.5°, 48.8°, 54.0°, 57.7° and 63.2°
associated with the reflection of {111}, {222}, {400}, {331}, {422}, {511} and {440} as
labelled in Figure 5.1, which was very similar to the pattern of NiFe204 [35-37]. In a
study by Rost et al [6], in the preparation of entropy-stabilised oxides, they found that
after 700 °C, two significant phases emerge: rocksalt and tenorite. However, the
rocksalt completely converts to a single phase between 850 and 900 °C. A similar
work by Dessica et al. [38] also showed a similar outcome. A trace of CuO tenorite
was observed at 38.76 26, which was more intense in the spectra of HESOx-750. In
terms of the two samples (HESOx-500 and HESOx-750), there is no evident change
in the phase structure in terms of peak shift. However, the diffraction peak intensity of

the HESOx-750 was intense and sharper with an increase in the calcination
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temperature, indicating the improvement of crystallinity. There was an evident change
in the crystallinity and grain sizes with an increase in the annealing temperature, which
is deduced from the reduced full width at half maximum. The particle size calculated
from the Scherrer equation was calculated to be 10.995 nm for HESOx-500 and
24.670 nm for HESOx-750. The increase in the particle size was due to the higher
annealing temperature which caused particle agglomeration.

—— HESOx-750 Fog(3)
Fog(2)

= HESOx-500 Fou(3)
2) 20
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Figure 5.2: Raman spectroscopy of HESOx-500 and HESOx-750.

Figure 5.2 shows Raman modes also observed by Diallo et al. [39], where they
reported a spinel structure predicted by the factor group analysis for the fcc spinels
(space group Fd-3m) with assigned five phonon modes namely Eg, Aig and 3F2g. The
A1g mode is responsible for the symmetric stretching vibration of the oxygen anion in
relation to the metal ion on the tetrahedral side. These can be observed at 681-706
cm? for HESOx-500 and a weaker band at 674-732 cm™ for HESOx-750. The
symmetric and antisymmetric bending of the oxygen atom in the M-O bond at the
octahedral sides was responsible for the bands that appeared at 135-213 cm™, 283-
310 cm, 390-537 cm and 587-681 cm! for HESOx-500, and 154-206 cm™, 316-369
cm?, 423-546 cm™? and 568-667 cm for HESOx-750, which corresponded to the
F2g(1), Eq, F29(2) and F2¢(3) modes, respectively [40—43], demonstrating the vibration
of the spinel structure. The Eg mode was associated with the symmetric bending
vibration of oxygen anions, and the T2g mode was attributed to the asymmetric

stretching of oxygen anions [20].
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However, the Raman spectra collected for HESOx-500 and HESOx-750 agreed well
with those reported by Diallo. The Raman modes of the HESOx samples appear to be
broader and shifted when compared. The observed band shift in both directions from
the Aig, F2g and Eq might be due to metal ion replacements in the spinel structure and
the differences in charge and ionic radii which caused a change in the stretching and
vibrational energy [43,44]. The shift can also be linked to an increase in particle size
and cation redistribution with an increase in annealing temperature [45]. An observed
broadening of the high-entropy modes has also been reported by Zhang et al. [46],
Dabrowa et al [33] and Krysko et al [8]. As expected for high-entropy compounds,
these widened and shifted Raman modes offer direct evidence of severe lattice
distortions in the high-entropy spinels [8]. The peak broadening was caused by the
change in the phonon lifetime which resulted from a wide range of phonon energy
distribution depending on how various mass atoms were distributed within these
materials [8]. These energy variations were caused by the slow movement of
vibrational modes across regions of the sample containing a greater concentration of
smaller elements and more quickly through regions containing a greater number of

atoms with higher masses, resulting in broader Raman peaks [8].

Figure 5.3: SEM images along with EDX and elemental mapping of (a) HESOx-500
and (b) HESOx-750.



The change in the morphology with an increase in temperature could be observed
from the SEM images. Figure 5.3a (HESOx-500) showed clusters of dominant
nanospheres and other nanoforms. A more crystalline structure of mixed morphology
was observed for HESOx-750 (Figure 5.3b). The compositional homogeneity at the
nanoscale was confirmed by EDX mapping for different metallic elements. The EDX
analysis for both materials showed the presence of all the elements with a fair
distribution of weight percentage. The elemental mapping showed high dispersity of
the five elements and oxygen with no apparent trend towards separation or

aggregation on the scanned area.
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Figure 5.4: HR-TEM images of (a) HESOx-500 and (b) HESOx-750.
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The microstructure of the complexes was further studied with high-resolution transition
electron microscopy (HR-TEM). The morphologies were in good agreement with the
observed SEM image of HESOx-500 and HESOx-750. The sharp lattice fringes seen
in Figure 5.4 were in support of the good crystallinity seen in P-XRD. The lattice d
spacing for HESOx-500 was measured to be 0.289 nm, 0.478 nm and 0.240 nm,
indexing to {220}, {111} and {311} lattice planes in the spinel structure, respectively
[34]. In the case of HESOx-750 were the {111} and {311} diffraction planes the d
spacings of 0.299 nm and 0.248 nm. These results were in support of high crystallinity
and single structure of the material observed from P-XRD. Furthermore, the average
particle size of the material was approximated at 11 + 0.8 nm for HESOx-500 (Figure
5.4a) and 25 + 0.6 nm for HESOx-750 (Figure 5.4b), agreeing to the calculated

nanoparticle size from P-XRD.
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Figure 5.5: (a) N2 adsorption-desorption isotherm and (b) Pore size distribution of
HESOx-500 and HESOx-750.

Table 5.2: Nitrogen gas adsorption analysis of HESOx-500 and HESOx-750.

Catalyst BET surface area Pore volume Pore size
(m?/g) (cm®/g) (A)

HESOx-500 37.60 0.18 193.52

HESOx-750 5.98 0.097 1003.52

The surface area and pore size distribution of both materials were determined by N2

adsorption-desorption isotherm. Figure 5.5 represents the BET analysis of HESOx-
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500 and HESOx-750, their BET results are summarised in Table 5.2. The BET
isotherm in Figure 5.5a displayed hysteresis loops at a relative pressure of 0.4 to 1 for
HESOx-500 and 0.7 to 1 for HESOx-750. HESOx-500 (Figure 5.5a) showed a type IV
isotherm with a combination of H3 hysteresis loop, characteristic of meso-
macroporous and irregular pore structure. The specific surface area (Sser) of HESOXx-
500 was 37.6 m?/g with a total pore volume of 0.18 cm?®/g. The corresponding Barrett-
Joyner-Halenda (BJH) pore size distribution in Figure 5.5b also showed that the
sample had a meso-macroporous structure with a pore size range of 23.4 to 1167.7
A. The effect of increased heat treatment on HESOx-750 was evidenced by a smaller
Seet of 6.0 m?/g (Figure 5.5a). This was because high combustion temperatures can
cause particles to agglomerate and increase in size and reduce the specific surface
areas of the material. HESOx-750 (Figure 5.5a) showed a type Il isotherm and a H4
hysteresis loop. The type Il isotherm can be observed on the surface of a nonporous
or macroporous solid [47]. The BJH pore size distribution appeared to be broad in the
range of 83.7 to 2754.9 A, indicating the existence of macropores. Generally, materials
with high surface area and mesoporous configurations show better electrochemical

response.
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Figure 5.6: TGA and derivative analysis of HESOx-500 and HESOx-750.

TGA was used to study the transformation of HESOx-500 and HESOx-750. The
sample weight was monitored from 35-900 °C at a heating rate of 10 °C/min under air
at a flow rate of 20 ml/min. Figure 5.6 shows that both materials had high stabilising
temperatures due to the compatible chemical composition of the elements as a result

of their similar atomic radii. HESOx-750 showed a steady state temperature decay
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from 100 °C to 900 °C. HESOx-500 had a more dramatic weight loss profile at 4.1%
which was very high compared to HESOx-750 which had a weight loss of 0.9%. Their
derivative curves showed no obvious degradation profiles. From TGA it is conclusive
that an increase in the thermal treatment temperature significantly improved the

thermal stability of the structure.
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Figure 5.7: XPS survey spectra of HESOx-500 and HESOx-750.

X-ray photoelectron spectroscopy (XPS) of HESOx-500 and HESOx-750 were
analysed to further investigate the composition of the complex and its purity, the
survey spectra in Figure 5.7 showed the core levels of Cu, Ni, Co, Mn, Fe, and O were
measured for both samples. The black line in the fine-scan data (Figure 5.8)
represented the original data, the sum of the peak fits was shown with a pink dotted
line and the peak fits of the individual components were shown using coloured lines.
The fine scans of the elemental spectra were deconvoluted to determine the peak
positions of the respective binding energies. The deconvoluted peaks co-existed with
their respective satellite peaks. The scans showed +2 and +3 oxidation states of the
metal ions. The presence of the metallic peaks in the materials had small intensities
indicating that only a small amount of the material atoms was reduced to the metallic
form. HESOx-750 showed a shift to higher binding energy with only iron shifting to
lower binding energy. The higher shift implied electron movement from the elements
to the surrounding atoms while the lower shift attracted electrons [24]. The existence
of Cu?* in Figure 5.8a was evidenced by two strong satellite peaks in the materials

[48]. The Cu?* could be observed at the major peaks of 2p12 and 2pa/2, which co-
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existed with Cu® in HESOx-750. The fine-scan of Ni 2p in Figure 5.8b was assigned
to Ni 2psiz and Ni 2p12 along with their satellite peaks, both deconvoluted to Ni** and
Ni2* at higher and lower binding energy respectively. The Ni** peak at 2ps2 suggested
the bonding of nickel to iron [49]. The Fe scan shifted towards a negative biding energy

assuming electron transfer towards it [24].

a) |- cuzp b)
St. P, 2+23/z
El El
< &
= =
c c
s 2
£ £

HESOx-500
875 870 865 860 855 850
Binding energy (eV)

HESOx-500
965 960 955 950 945 940 935 930 925 885 880
Binding energy (eV)

(@}
~

> Fe2p 20
e 2p3/2 Fez+5at. Fe oa3?

()
N—r
©
<
5
N
°
N
o

FeZ+

= =
8 8
> HESOXx-750 > HESOx-750
‘n )
[ c
2 g
= £
HESOx-500 HESOx-500
5 730 725 720 715 710 705 700

660 656 652 648 644 640 636 632

Binding energy (eV) Binding energy (eV)

e) e Co2p 2p,, f) © Ols

3 E)

3 \c-s/ 333 3333333

> > HESOx-750

= ‘0

@ c

5 E L
= =

HESOx-500

790 780 770 760 543 540 537 534 531
Binding energy (eV)

HESOx-500

810 800
Binding energy (eV)

Figure 5.8: XPS spectra of a) Cu 2p, b) Ni 2p, ¢) Mn 2p, d) Fe 2p, e) Co 2p and f) O
1s of HESOx-500 and HESOx-750.
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The scan also showed two doublet peaks of Mn 2ps2 and Mn 2p12 responsible for
Mn?* and Mn3* (Figure 5.8c). The fine scans of Fe in Figure 5.8d showed the presence
of metallic iron (Fe®), Fe®* and Fe3*. The Co 2p scan in Figure 5.8e showed Co 2pa3»2
and Co 2p12 peaks and their two satellite peaks assigned to Co?* oxidation state [18].
In the fine-scan of O 2p (Figure 5.8f), three peaks were observed and assigned to
three surface oxygen species; the Oc chemisorbed and dissociated oxygen species
(O2,, O% or OY) and hydroxide ions (OH); oxygen vacancies (Ov) associated with the
Oz defect ions; and the lattice oxygen (Ov) corresponding to the metal-oxygen bond
[50]. Table 5.3 summarises the relative percentage variation of oxygen on the surface
of the HESOx materials. The relative percentage of Oc in HESOx-500 (9.6%) was
higher than that of HESOx-750 (0.3%). The porosity of HESOx-500 allowed it to
absorb more oxygen species than its parent material. However, no other peaks were
observed in the Ols region. This may be due to the absence of impurities and
contamination in the oxide film. The oxygen defects produced were desirable for
water-splitting electrocatalysis processes because they could act as active sites to

interact with the oxygen-containing intermediates [51].

Table 5.3: O 1s XPS spectra curve fitting of HESOx-500 and HESOx-750.

Sample OL Ov Oc
(Co-0O) (vacancy) (chemisorbed)

HESOx-500  binding energy (eV) 529.6 531.4 533.5
relative percentage (%) 58.0 324 9.6

HESOx-750  binding energy (eV) 530.0 531.5 534.1
relative percentage (%) 69.9 29.8 0.3
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Figure 5.9: Ultraviolet photoelectron spectroscopy (UPS) measurements of (a)
HESOx-500 and (b) HESOx-750.

Ultraviolet photoelectron spectroscopy (UPS) with a He (1) (21.22 eV) excitation source
was used to analyse the changes in the work function (¢), valence band maximum
(Evewm) also known as valence band edge and ionisation potential (IP) of the materials
with an increase in annealing temperature. As seen in Figure 5.9(a & b), the secondary
electron cut-off of HESOx-750 was shifted towards higher binding energy compared
to HESOx-500, which reflected a lower work function of the HESOx-750. The ¢ was
calculated using equation 5.1 [52]:

Q= hV - Ecut-off - Ef (51)

where hv was the incident photon energy, Ecutof Was the high-binding-energy
secondary cut-off, and Er was the energy at the Fermi level (Er = 0 eV). The work
function of HESOx-500 and HESOx-750 were calculated to be 5.47 eV and 4.08 eV,
respectively. The Evem value was computed using linear extrapolation in Figure 5.9,
by fitting a straight line on the low kinetic energy cut-off, followed by finding its intersect
on the baseline of the spectra. The IP was then determined by IP = hv - (Ecut-off - Evem)
yielding 6.19 eV for HESOx-500 and 5,03 eV for HESOx-750. In the work by A.R.
Lopes da Silva, they demonstrated that compounds with smaller HOMO energy and
high IP were more stable [53]. The compounds with these features showed higher
oxidation potential peaks, denoting that the lower the energy of the HOMO orbital, the
more stable the compound because of the high energy needed to remove the
electrons in the orbital. This meant that even though HESOx-750 had a lower ¢
compared to HESOx-500, i.e. it can easily remove electrons from its surface, HESOx-
500 had higher stability compared to it.
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Figure 5.10: (a) ERP spectra and (b) Calculated g-factor plot of HESOx-500 and
HESOx-750.

The electron paramagnetic resonance (EPR) was used to investigate the
concentration of oxygen vacancies in the HESOx catalysts. The EPR technique is
sensitive to unpaired electrons. The g factor in Figure 5.10 for HESOx-500 was 2.055
and 2.049 for HESOx-750. Xue et al. also reported a g factor of 2.004 which was
determined as trapped electrons on surface oxygen vacancies [53]. They suggested
an increase in intensity of the signal with calcination temperature to be due to more
oxygen vacancies that were present in the material. Though the observed signals in
this work were not obvious to estimate the oxygen valency state of the materials, it
could be observed from Figure 5.10 that the lower heat-treated material had a higher
intensity. It is known that higher calcination temperature can change the surface
morphology and pore structure of materials causing nanoparticle aggregation which in
turn reduces the catalytic activity. A material with a higher concentration of oxygen
defect (HeSOx-500) sites would be able to adsorb more oxygen species and
accelerate the use and addition of lattice oxygen [53]. Furthermore, the metal oxides’
ability to constantly accept the adsorption and activation of gas-phase oxygen on their
surface oxygen vacancies in order to create surface-adsorbed oxygen, helped

accelerate the participation of lattice oxygens in reactions [53].
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5.4. Electrochemical measurements
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Figure 5.11: Cyclic voltammetry curves of HESOx-500 and HESOx-750 measured in
1 M KOH under N2 and O:2 saturated solution at 50 mV/s.

Cyclic voltammetry (CV) in 1 M KOH was initially used to evaluate the electrochemical
response of the catalysts in the electrolyte. The reported HESOx cathode electrode
was optimised with carbon black, to improve mass transport and conductivity. The
comparative cyclic voltammetry curves were measured under N2 and O saturated 1
M KOH solution at 50 mV/s (Figure 5.11). In the N2 saturated medium, no identifiable
electrochemical characteristic was obtained other than the non-Faradaic current
characteristic of a double-layer charge-discharge. When the electrolyte was saturated
with O2, a prominent cathodic peak was seen for HESOx-750 and a weak peak for
HESOx-750, but a stronger conductive response indicating a better electrocatalytic
activity toward ORR. HESOx-500 showed a higher non-Faradaic response, indicative
of an improved ability to store more charge than HESOx-750. Cyclic voltammetry was
conducted at different scan rates (Figure 5.12(a & b)) and used to measure the double
layer capacitance (Ca) and the electrochemical active surface area (ECSA) (Figure
5.12(c & d)) of HESOx-500 and HESOx-750. The Ca was calculated to be 10.01 + 0.7
mF/cm? for HESOx-500 and 0.92 + 0.6 mF/cm? for HESOx-750. The large Cal of
HESOx-500 indicated that the catalyst could provide more active sites to boost the
catalytic reaction rate. The ECSA of HESOx-500 was 250.25 + 0.5 cm while that of
HESOx-750 was 23 + 0.4 cm™,
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Figure 5.12: Non-Faradaic cyclic voltammetry curves of (a) HESOx-500 and (b)
HESOx-750 and the Ca of ¢) HESOx-500 and (d) HESOx-750 measured in 1 M KOH

at different scan rates.
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5.4.1.

Figure 5.13: HESOx-500, HESOx-750 and Pt/C (a) ORR polarisation curves at 1600
rpm at 10 mV/s and (b) corresponding Tafel plots, ORR polarisation curves at different
rotation speed for (c) HESOx-500 and (e) HESOx-750, and Koutecky-Levich (K-L)
plots of (d) HESOx-500 and (f) HESOx-750 at varied potentials in O2 saturated 1.0 M

KOH.
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To evaluate the ORR performance of HESOx-500 and HESOx-750, LSV was
performed in an Oz saturated electrolyte. The ORR parameters of HESOx samples
were compared to Pt/C at 1600 rpm (Figure 5.13a). The half-way potential (E12) and
onset potential (Eonset) are key parameters that were used to evaluate ORR. The Ei2
of HESOx-500, HESOx-750 and Pt/C were measured to be 0.88 V, 0.70 V and 0.78
V, respectively. While the Eonset potentials were 0.93 V (HESOx-500), 0.83 V (HESOx-
750) and 0.89 V (Pt/C). The Tafel slope was used to study the catalytic mechanism of
electrocatalysis for the ORR (Figure 5.13b). The small Tafel slope of HESOx-500 (37 +
6.7 mV/dec) to HESOx-750 (45 + 5.0 mV/dec) and Pt/C (48 + 3.7 mV/dec), indicated
a highly favourable reaction kinetics and higher catalytic efficiency and sensitivity of
the electrocatalyst. Figure 5.13(c & e) shows the LSV curve of HESOx-500 at different
rotation speeds in the range of 400 rpm to 3200 rpm at 10 mV/s. As anticipated, the
enhanced diffusion of oxygen surrounding the electrode surface caused the limiting
current density to increase with rotation speed. The kinetics of the electrode were then
investigated using the Koutecky-Levich plot (Figure 5.13(d & f)). An estimate of 3.97
for HESOx-500 and 3.73 for HESOx-750 was made for the potential-independent
electron transfer number for ORR based on the overlap of the curves obtained at
various voltages. Hence, the HESOx-500 electrode demonstrated a strong selectivity
for a one-step four-electron oxygen reduction route. The electron transfer rate constant
(k) was calculated at j. of 0.90 V using equations 2.24 and 2.25 and determined to be
3.35 x 102 cm/s and 8.55 x 10° cm/s for HESOx-500 and HESOx-750, respectively.
The higher rate constant of HESOx-500 supports a faster electron transfer rate and

implies improved efficiency of the electrochemical device.

110



5.4.2. Oxygen evolution reaction (OER)
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Figure 5.14: HESOx-500, HESOx-750 and Pt/C/IrO2 (a) polarisation curves at 1600
rpm and 10 mV/s, (b) Tafel slopes and (c) ORR/OER polarisation curves compared to
Pt/C/IrO2 vs. RHE in 1.0 M KOH at the scan rate of 10 mV/s at 1600 rpm.

OER activity of the catalyst was also studied in 1 M KOH electrolyte (Figure 5.14a).
The overpotential of HESOx-500 at 10 mA/cm? (n1o) was recorded at 340 mV, which
was higher than that of HESOx-750 (410 mV) and IrO2z (390 mV). The response also
corresponded to observed Tafel slope (Figure 5.14b) values following the inverse
trend (HESOx-500 < HESOx-750 < IrO2), translating to a faster electron kinetics for
HESOx-500. The potential difference (AE) between the E12 for ORR and the nio for
OER served as the quantitative assessment of the bifunctionality of the catalysts’
potential performance toward oxygen processes. The AE (Figure 5.14c) was
calculated to be 0.69 V for HESOx-500, 0.91 V for HESOx-750 and 0.84 V for
Pt/C/IrO2. The great performance of HESOx-500 was attributed to the combination of
the synergistic effects of various metal elements, a large number of electroactive
sides, and the presence of oxygen defects. The performance of the oxygen reactions
was compared to the reported literature in Table 5.4. These results suggested a good
electrochemical performance and stability of HESOx-500 nanoparticles for practical

electrochemical applications.
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Table 5.4: ORR and OER performance comparison of HEMs with recently reported catalysts.

Catalyst Electrolyte Eonset (V) E12 (V) Ej=10 mvis AE (V) Tafel Reference
(mV) (mV/dec)
CoCuFeMnNi-500 1 MKOH 0.93 0.88 340 0.69 45 This work
CoCuFeMnNi-750 0.82 0.73 410 0.91 66
Pt/C+IrO2 0.89 0.78 390 0.84 78
CrMnFeCoNi 0.1 M KOH 0.88 0.78 265 0.734 37.9 [24]
MnFeCoNi 258 46.8
CuMnFeCoNi 298 49.1
RuO2-20wt%Pt/C 293 0.76 90.0
FeNICOMNRuU@CNT Seawater + 1 M | - - 319 - 56 [25]
KOH
FeCoNiMnV HEA/N-CNTs | 0.1 M KOH 0.99 0.85 - - 77.22 [26]
FeCoNiMnV HEA/N-CNTs-
700 0.94 0.81 84.24
FeCoNiMnV HEA/N-CNTs-
900 0.91 0.78 86.33
FeCoNiMn 0.95 0.81 99.39
FeCoNi 0.94 0.80 82.01
Pt/C 0.96 0.83 87.66
(Co,Cu,Fe,Mn,Ni)/MWCNT, | 1 M KOH - - 350 - 59.5 [18]
Co,Cu,Fe,Mn,Ni 400 76.7
AINiCoFeCrMoV/CoNC 0.1 M KOH - 0.85 254 0.64 54.6 [27]
ORRand 1 M
KOH OER
Al-Ni-Co-Ru-Mo-Cr-Fe-Ti 0.1 M KOH 0.99 0.865 240 0.605 51.3 [28]
AINiCoRuMo ORRand 1 M 0.99 0.87 245 0.605 54.6
RuO:2 KOH OER 0.92 0.78 310 0.76 72.4
Pt/C 0.98 0.85
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AINiCoRuMo 0.1 M KOH 0.99 0.875 245 0.61 54.5 [29]
ORRand 1 M
KOH OER
Fe12Ni23Cri0CozoMnzs/ 0.1 M KOH 0.87 0.84 284 0.70 62 [30]
CNT ORRand 1 M
KOH OER
FeCoNiMoW 0.1 M KOH 0.83 0.71 233 0.75 36.7 [31]
FeCoNi ORRand 1 M 304
FeCoNiMo KOH OER 294
FeCoNiwW 283
RuO2 326
CuCoMnNiFe 1M KOH 0.78 0.69 380 0.92 89.7 [32]
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5.4.3. Rechargeable Zinc-air battery

250 14
a) . —— HESOx-500 b)

Pt/C/IrO, 212 mw/cm

1,24

N
o
S

= HESOx-500

| —rucnro,

N

a

o
Ly
[=]

P (mW/cmz)
E(V)

=
o
S

o
o

50

0 5 10 15_ 20 25 30 35

r r r r Ao 44.3 80,0
0 100 200 300 , 400 500 T A o P %0
j (mAfcm?) mAh
177.1 320.0
50 0 50 100 150 200 250 300 350
mAh/cm

Figure 5.15: HESOx-500 and Pt/C/IrO2 (a) Peak Power density, (b) galvanostatic
discharge curves at a fixed current density of 10 mA/cm?, and (c) a lit 1.6 V LED of
HESOx-500.

Due to its superior ORR and OER catalytic properties, HESOx-500 was used as a
cathode electrocatalyst in the fabrication of a RZAB. Figure 5.15a shows the discharge
polarisation and power density plots. The OCV of HESOx-500 was recorded at a high
of 1.71 V (103% of its theoretical limit of 1.66 V [1]) while that of Pt/C/IrO2 was 1.67 V.
However, the peak power density of Pt/C/IrO2 (212 mW/cm?) was much higher than
that of HESOx-500 (136 mW/cm?). When the battery was allowed to fully discharge at
10 mA/cm? (Figure 5.15b), both materials showed a relatively stable discharge
plateau. HESOx-500 had a steady discharge voltage at 1.23 V up to its termination at
17.70 h (44.3 mAh) and Pt/C/IrO2 showed a very high discharge voltage of 1.30 V that
was maintained for 20.5 h and reduced to 1.22 V upon its death at 32.08 h (80.0 mAh).
As a proof-of-concept, one cell of HESOx-500 was used to power a 1.6 V red light
emitting diode (LED), which was lit with great brightness (Figure 5.15c).

Furthermore, the material's stability was tested in a parallel plate cell under deep
(Figure 5.16a) and shallow (Figure 5.17) cycling. Figure 5.16a shows the deep
discharge-charge cycle stability of HESOx-500 and Pt/C/IrO2 operated at 10 mA/cm?
at 8 h per cycle. HESOx-500 maintained a long-term cycling to 376 h (47 cycles) while
Pt/C/IrOz could only run up to 176 h (22 cycles). The discharge-charge voltage gap of
HESOx-500 ranged from 0.81 V to 1.17 V. The OER (charge) and ORR (discharge)
processes of HESOx-500 showed good reversibility. The HESOx network minimised
the undesired elemental segregation and promoted chemical stability of the complex
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[20]. In the case of Pt/C/IrO2 the potential gap started at 0.72 V (first cycle, discharge
voltage of 1.30 V) to 0.92 V (second cycle, discharge voltage 1.23 V), which increased
to 1.16 V on the fourth cycle (discharge voltage 1.02 V). The performance of Pt/C/IrO2
was limited by the electrocatalysts which showed a fast ORR performance reduction
due to the detachment of Pt from the carbon support and potentially leading to its
agglomeration, thus reducing the electroactive surface area needed to effectively carry
out ORR. While for OER (charging), IrO2 showed an unstable plateau profile. When
evaluating the material’s performance under a shallow galvanostatic discharge-charge
profile, a similar response was observable with Pt/C/IrO2 showing stability of ca. 12 h,
and HESOx-500 cycled to 100 h at a potential gap of 0.96 V (Figure 5.17).
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Figure 5.16: HESOx-500 and Pt/C/IrO2 (a) long-term galvanostatic discharge-charge
cycling curves, (b) Coulombic efficiency, (c) Nyquist plots and HESOx-500 (d) change
in the discharge voltages at different current densities with time.

A comparison of the outstanding performance of HEM-based cathode materials for

RZABs was compared as summarised in Table 5.5. The areal energy of HESOx-500
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could be compared to that of a Li-ion battery (35 mWh/cmgeo? [54]) and its performance
outperformed other reported HEMs. A 100% cycle Coulombic efficiency was achieved
for both catalysts (Figure 5.16b). EIS was also used to support the good
electrocatalytic activity of HESOx-500. The Nyquist plot was fitted with an appropriate
circuit and the results summarised in Table 5.6. The catalyst showed the smallest
charge transfer resistance (Rct) measured from the Nyquist plots (Figure 5.16c), due
to faster interfacial ion transfer kinetics. The improved activity of HESOx-500 was
attributed to the high activity of the electrochemical active sites and synergy between
Mn, Fe, Co, Cu and Ni. These metals facilitated random d-band hybridisation, which
resulted in continuous and broad binding energy distributions, allowing enough
adsorption sites for intermediates containing oxygen and eventually favouring the
multi-step processes [26]. The rate capability test (Figure 5.16d) was able to recover
a relatively stable discharge plateau with an observed returnable voltage from 15
mA/cm? to 0.5 mA/cm?.
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Figure 5.17: Shallow galvanostatic discharge-charge cycles of HESOx-500 and
Pt/C/IrO2 at 5 mA/cm? for 40 minutes per cycle.
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Table 5.5: Electrocatalytical comparison of HEMs for application in RZAB.

Catalyst Power Current Discharge | Areal Energy | Voltage gap Stability Reference
density density time (h) (mWh/cm?) ~ AE (V)
(mW/cm?) | (mA/cm?)
HESOx-500 136 10 4 44.4 0.81to 1.17 376h (47 cycles) This work
5 0.3333 0.393 0.73t0 0.97 100h (300 cycles)
CrMnFeCoNi 116.5 8 0.1667 1.4 1.05 240h (720 cycles) [24]
5 0.1667 0.833 1.15 400h (1200 cycles)
12 0.1667 2.1 0.98 240h (720 cycles)
FeCoNiMnV HEA/N- | 185.12 5 0.1667 0.917 0.88 566h (1698 cycles) | [26]
CNTs
AINiCoFeCrMoV/Co | 162 2 0,5 1.2 0.681t00.73 700h (700 cycles) [27]
NC 5 3 0.71t0 0.80 140h
10 5.5 0.81to 0.89 140h
Al-Ni-Co-Ru-Mo-Cr- | 126.8 10 1 11 0.84 to 0.86 300h (150 cycles) [28]
Fe-Ti
AINiCoRuMo 146 2 0.0833 0.2 0.75 500h (3000 cycles) | [29]
10 0.5 5.25 0.95 ca. 60h [29]
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Fe12Ni23Cri0Co530M | 128.6 5 0.0833 0.5 0.77 256h [30]

Nx/

CNT

FeCoNiMoW 116.9 8 0.1667 1.49 0.90to 1.12 660h [31]

CuCoMnNiFe 16.5 5 0.0833 0.395 1.1 26h [32]
5 0.0833 0.3 1.05t0 1.7 88h (1045 cycles)
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Table 5.6: EIS parameters for RZAB.

EIS parameters HESOx-500 Pt/C/IrO2
Rs (Q) 9.31+0.12 9.75+0.12
Rint (Q) 65.43 + 8.34 1.30 +0.77
CPE1 (mF.s"N@1) 26.77 £0.01 0.095 £ 0.04
a 0.66 0.89

Ret (Q) 2.71 £ 0.10 41.98 + 0.57
CPE2 (mF.s/@D) 2.97 +0.36 2.15+0.05
W (Q.s1?) 3.41 +0.20 29.27 £0.49

5.5. Conclusion

In summary, this work developed a promising new approach for fabricating HESOx
nanoparticles using modified Pechini method, allowing low-temperature synthesis of
HESOx from 500°C to 750°C. The physical characterisation techniques confirmed
spherical phase nanoparticles and showed uniform metal distribution from elemental
mapping. The entropy stabilisation effect prevented elemental segregation. The low-
temperature HESOx-500 showed a higher ECSA than HESOx-750. The materials
were further tested for ORR and OER and compared to the Pt/C/IrO2 standards. The
catalytic performance of HESOx-750 was lower compared to HESOx-500 which was
given more focus. The observed E12 (0.88 V), Eonset (0.93 V), nio (340 mV) and AE
(0.69 V) showed excellent response of HESOx-500 compared to Pt/C+I1rO2 (E12 =0.78
V, Eonset = 0.89 V, nio = 390 mV, AE = 0.84 V). In a two-electrode system, the peak
power density plot showed an OCV of 1.71 V for HESOx-500 and 1.66 V for Pt/C/IrO2
and power density of 136 mW/cm? and 212 mW/cm?, respectively. Pt/C/IrO2 showed
an initial high discharge voltage (1.30 V) which degraded to around 1.00 V after the
third cycle. The long-term galvanostatic charge-discharge cycled for less than 200 h.
The poor performance might be due to the detachment of Pt/C from the support and
agglomeration during cycling. While 1IrO2 might be subject to dissolution in the highly
concentrated electrolyte. However, its long-term galvanostatic discharge-charge

cycles and voltage gap fell short to HESOx-500. The catalyst showed excellent long-
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term for 374 h of continuous discharge-charge cycling at a current density of 10
mA/cm?. HESOx-500 demonstrated remarkable stability during cycling, making them
a potential alternative to traditional catalysts that suffer from degradation issues. This
stability was attributed to the material's structure, which prevented metal separation
and maintained oxygen vacancies. However, further research is needed to address
the limitations in power density.
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CHAPTER 6
POLYMER-COATED ZINC OXIDE: A PROMISING ANODE MATERIAL
FOR NEXT-GENERATION RECHARGEABLE ZINC-AIR BATTERIES

6.1. Introduction

Zn-air battery is a potential power source and energy storage device. Zinc anode is
chemically stable in aqueous solutions as it can sustain several cycles during its earlier
life cycles. However, the solid-solute-solid mechanism (Zn-Zn(OH)4*-ZnO) of
rechargeable Zn-air batteries is known to limit its reversibility. The majority of zinc-air
battery research is focused on improving the bifunctionality of the cathode materials
that are produced with methods that are environmentally friendly and at a low cost
[1,2]. Thus, the performance of Zn-air batteries is no longer constrained by the air
electrodes due to the extensive research efforts on cathode electrocatalysts, some
also studied in Chapter 4 and 5 of this Thesis. Nonetheless, other unresolved concerns
for secondary zinc-air batteries persist, notably with regard to cycle life and longevity.
Major problems include passivation caused by zinc oxide (ZnO) precipitation,
formation of dendrite, carbonate formation, and hydrogen gas evolution which bring

about zinc corrosion during cycling, premature cell death, and poor cycle life.

Other downside effects include the reduction of zincate ion solubility, reduced
electrolyte conductivity, and hydroxide concentration and capacity fade. This pushes
the need to rethink the design of the zinc anode structure to help effectively facilitate
the reaction mechanism in order to control the zinc oxidation during discharge and
reduction during charging. The exploration of zinc sponge, zinc foam, alloyed zinc,
and coated zinc oxide have been explored. Zinc oxide nanoparticles coated with
carbon shell have demonstrated significant application potential among the other
explored approaches. This is because the coating offers several advantages: it can
suppress the hydrogen overpotential, slow down corrosion of the zinc oxide, and
maintain the particle's shape during use. The coating works in several ways; it
prevents ZnO from dissolving, increases the base material conductivity, and causes a
symmetrical dispersion of electrons on the ZnO particle surface, reduces the contact
surface between the carbon material and ZnO, which inhibits dendrite development to

some extent [3].
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Scheme 6.1: Schematic illustration of ZnO to Zn?* pathway with a coated carbon shell,
with a primary function of encapsulating zincate ions while allowing the passage of

hydroxide ions.

As seen in scheme 6.1, coating helps to ensure electrochemical accessibility and
rechargeability of active Zn?* species, by trapping formed zincate ions within the shell
to prevent the supersaturation of passive ZnO layers. Further facilitating OH" ions
through the amorphous carbon network [4]. Its electrochemical processes can be

represented by equations 6.1 to 6.4:

Charge: ZnO + 20H" + H20 - Zn(OH)4* (6.1)
Zn(OH)4%> + 2e" - Zn + 40H" (6.2)
Discharge: Zn + 40H - Zn(OH)2 + 2e" (6.3)
Zn(OH)4? - ZnO + 20H" + H20 (6.4)

A large number of coating materials, such as metal oxides, polymers, or carbon, have
been tested to avoid electrode shape change phenomena and increase the use and
retention of the active material [5,6]. Zhang et al. used PDA coating as a strategy for
interfacial interaction enhancement and as a platform for further metal coating [7]. The
thickness of PDA could be controlled by varying the concentration of dopamine [8]. In
this work, ZnO was used due to its ability to form Zn?* pathways. The oxide was coated
to help prevent or minimise the effect of corrosion. Polydopamine (PDA) coating was
used due to its ability to adhere to a wide range of organic and inorganic substrates of
different morphologies. The thin layers of polydopamine are formed by the oxidative
self-polymerisation of dopamine. The reaction process uses mild reaction conditions
and the coating is a versatile platform for subsequent reactions, to further enhance
surface activity or functionality [9]. The possible reaction mechanism of dopamine is

the oxidation of catechol to benzoquinone which further oxidises to melanin resulting
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in the formation of polydopamine (PDA) [9]. PDA is known to exhibit excellent
adsorption ability, high hydrophilicity, good mechanical properties, good chemical
reactivity electromagnetic interface shielding [7,8]. The PDA coating is assumed to
efficiently prevent the movement of corrosion ions in the corrosion system [10]. In
order to examine the degradation of ZnO and the impact of the coating materials, open
circuit potential (OCP), linear polarisation resistance (LPR), charge and discharge
processes were applied. Improvements in electrochemical performance were
investigated by comparing the outcomes of coated zinc particles to non-modified
particulate zinc that were cycled under identical conditions. Complete discharge and
charge phases were used to explore the degradation of zinc at maximum utilisation

and to highlight the influence of the coating.

6.2. Experiment

6.2.1. Materials and reagents

All the reagents were of analytical grade and used without further purification. The
reagents included zinc acetate dehydrate, Tris-buffer (pH 8.5), dopamine
hydrochloride, sodium hydroxide (NaOH), 5% Nafion resin, isopropanol, potassium
hydroxide (KOH), potassium ferricyanide, potassium ferrocyanide, potassium chloride,

carbon black, polytetrafluoroethylene, carbon paper, copper strip, and zinc plate.

CdEEa e i

Anneal @600 °C,

\ EE /' 1h in air

Microwave,
400W @3 min

Scheme 6.2: The schematic synthesis illustration of the synthesis of ZnOi and ZnOmw.
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6.2.2. Synthesis of ZnO

ZnO was prepared by a method by Devaraj et al.[11] with a slight modification. As
illustrated in Scheme 6.2, 10.975 g of zinc acetate dihydrate was dissolved in 50 mL
of DI water. Followed by dissolving 2.0 g NaOH in 50 mL DI water. Then the NaOH
solution was added dropwise to the zinc acetate solution and stirred at 1500 rev/min
for 2 hours at 70 °C to form a white precipitate. The precipitate was then collected by
vacuum filtration followed by washing with DI water and ethanol several times,
followed by drying in an oven at 60 °C overnight. The white product was annealed at
600 °C for 1 h in air.

6.2.3. Synthesis of ZnO by microwave

The synthesis followed a similar synthesis route as that in 6.2.2 (see Scheme 6.2,
alternative synthesis pathway). However, after mixing the acetate and NaOH
solutions, the mixture was exposed to microwave irradiation for 3 min at 400 W to a

form white precipitate.

Buffgr

(=
— S —
Anneal @400 °C, 2h ZnO@PDA-DC

@600 °C, 1h in Ar

Scheme 6.3: The schematic synthesis illustration of the synthesis of coated ZnO.

6.2.4. Synthesis of coated ZnO@PDA-DC

The synthesis (Scheme 6.3) was done following the work done by Wu et al. [12] with
slight modifications. 100 mg of ZnO (ZnO: or ZNOmw or ZnO¢ (<100 nm particle size
obtained from Sigma) nanoparticles was dispersed into 100 mL DI water followed by
sonicating for 10 minutes, then 1 mL of Tris-buffer (pH 8.5) and 2:1 mass ratio of
dopamine hydrochloride was added and then stirred for 24 hours. The resulting
solution was collected and washed with DI water two times in the centrifuge and dried
overnight. Then the sample was heated in a tube furnace under Ar gas to 400 °C at a
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rate of 1 °C/min and maintained for two hours, thereafter the furnace was ramped to
600 °C with a rate of 5 °C/min for one hour. The black powder obtained at the end of
the reaction was polydopamine-coated ZnO nanoparticles, where ZnOc¢, ZnO and
ZnOmw Were used to represent commercial, conventional and microwave synthesis
approaches. ZnO and ZnO@PDA-DC are used as general expressions for the
materials prepared.

6.2.5. Physical Characterisation

Several characterisation techniques were used to study the composition, structure,
and behaviour of the synthesised materials. These techniques include P-XRD, SEM,
EDS, TEM, BET, FT-IR and TGA.

6.2.6. Electrode Fabrication and Electrochemical Measurements

The catalyst's ink was made by dispersing the sample in a 1:9 water and isopropanol
solution with Nafion and sonicated for ~30 minutes. Thereafter, 20 uL the prepared
catalyst ink was drop-casted on the polished RDE and dried in air, obtaining a loading
of 0.2 + 0.02 mg/cm?. This was followed by conducting the open circuit potential
(OCP), hydrogen evolution reactions (HER), linear polarisation resistance (LPR), and
electrochemical impedance spectroscopy (EIS) in 6 M KOH. A GCE electrode was
used for studies conducted in ferri-ferrocyanide solution.

6.2.7. Zinc-air battery assembly

A conducting material (carbon black (CB)) with ZnO@PDA-DC active material (1:9)
was used as an anode electrocatalyst. The RZAB was fabricated with a micro-3D
printed cell that comprises of a polished zinc plate as anode, a catalyst slurry on
carbon paper as a bifunctional air electrocatalyst (HESOx-500 was used due to its
outstanding OER/ORR and RZAB responses detailed in Chapter 5) and copper strip
as a current collector. The preparation of the slurry followed the same method outlined
in Chapter 3 subsection 3.4.2. A solution of 6.0 M KOH and 0.2 M zinc acetate was

used as the electrolyte.
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6.3. Results and Discussion

6.3.1. Physical characterisation
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Figure 6.1: Powder XRD of ZnO and ZnO@PDA-DC showing (a) enhanced plots
and (b) expanded plots to show the shift in the spectra powder XRD and (c & d) FT-
IR.

The P-XRD was used to determine the crystalline nature of the materials. The P-XRD
patterns were collected from 5-90 26 degrees and shown in Figure 6.1(a &b). The
studied ZnO and ZnO@PDA-DC were indexed to the powder diffraction file (PDF) card
no 01-081-8838 (Figure 6.1a). The material was identical to the hexagonal phase of
ZnO with a P63mc space group. In Figure 6.1a, the logarithmic intensity was used to
enhance the spectra. The presence of the carbon coating was evidenced by a carbon
peak at around 23 26 degrees for ZnO@PDA-DC materials. There was an observed
shift in the P-XRD spectra of ZnO@PDA-DC (Figure 6.1b) to higher 26 degrees due
to compressive residual stress. FT-IR was used as a complementary technique to P-
XRD. FT-IR spectroscopy is often used to directly identify chemical functional groups

within a sample. The functional groups in ZnO and ZnO@PDA-DC were identified from
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FT-IR, recorded in the range 4000-500 cm™. The presence of the metal oxides in
Figure 6.1c could be evidenced by the vibration modes at 646.8-726.4 cm™* (Zn-O)
and 761.4-1099.4 cm™* (metal-oxides) [13]. Other vibrational modes observed were C-
H and C-N (1313.9-1429.3 cm), C=0 (1479.6-1616.9 cm!) CO2 (2020.8-2392.1 cm"
1), C-H (2883.6-3034.8 cm™) and O-H (3284.2-3595.4 cm™). This was a result of the
reaction intermediates or small residues of zinc acetate used for the synthesis of ZnO
nanoparticles [14]. In Figure 6.1d, the coated ZnO had a stretching vibration at 3231.0-
3574.8 cm due to the appearance of hydroxyl (O-H) and amine (N-H) groups of the
catechol in polydopamine [15]. The peak at 1099.6-1476.2 cm™ was assigned to the
vibration of C-O [15]. The peaks at 1524.8-1657.1 cm™ were due to the aromatic ring
and vibration of the amide N-H group [16]. The presence of these groups confirmed
the coating of ZnO with PDA.

Figure 6.2: SEM and TEM images of (a) ZnOc and ZnO.@PDA-DC, (b) ZnO and
ZnO@PDA-DC and (c) ZnOmw and ZnOmw@PDA-DC.

The SEM and TEM images of ZnO and ZnO@PDA-DC are shown in Figure 6.2. The
TEM images of ZnO compared to ZnO@PDA-DC, showed darker spherical
nanoparticles surrounded by a lighter outer shell which indicated the successful
coating of ZnO with PDA. The boundary was very clear indicating a tight encapsulation
of the metal oxide [17]. The SEM image in Figure 6.2a showed ZnOc. to have a mixed
morphology of nanoparticles consisting of two- and three-dimensional spheres,
hexagonal and other shapes. Its TEM image also showed its mixed morphology with
an estimated average particle size of 55.2 + 0.3 nm. The confirmed coating can be

seen with an estimated coating thickness of 23.7 + 0.4 nm. The SEM images of ZnOi
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(Figure 6.2b) and ZnOmw (Figure 6.2c) showed a dominance of spherical morphology
also seen from TEM images. The average patrticle size of ZnOiwas 62.5 + 0.4 nm and
that of ZnOmwwas 72.7 + 0.8 nm, with a coating thickness of 24.2 + 0.6 nm and 20.8

+ 0.6 nm, respectively.
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Figure 6.3: TGA analysis and derivative curves of (a) ZnOc, ZnOi and ZnOmw (b)
ZnOc@PDA-DA, ZnOI@PDA-DA and ZnOmwv@PDA-DA.

The sample weight of the samples was monitored using TGA in Figure 6.3. TGA and
derivative thermogravimetric (DTG) curves of pristine metal oxides showed a
degradation step at around 170 °C to 180 °C with mass loss of 1.22% (ZnOc), 1.64%
(Zn0Oy) and 0.52% (ZnOmw) at 800 °C shown in Figure 6.3a. While the coated metal
oxides shown in Figure 6.3b show decomposition signatures associated with
polydopamine. Three decomposition stages were observed on the TGA and the
corresponding DTG. The first decomposition was observed at 35-120 °C associated
with the evaporation of weak bonds of water, little alcohols and lipids in the raw
material. The maximum temperature was 65.8 °C (ZnO.@PDA-DC), 60.3 °C
(ZnOI@PDA-DC) and 65.2 °C (ZnOmwv@PDA-DC) with a weight loss of 2.14%, 2.89%
and 2.76%, respectively. The small weight loss was due to the strong chemically
bound water [18]. The second decomposition step was due to the removal of side
hydroxyl groups and partial chain scission. The third decomposition temperature was
associated with the decomposition of the polymer backbone [18]. The residual weight
loss percentage at 800 °C followed the order ZnO@PDA-DC (31.5%) <
ZnOmw@PDA-DC (32.2%) < ZnOc@PDA-DC (34.6%).
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Figure 6.4: (a & d) BET adsorption-desorption isotherm plots, (c & €) average pore

volume, and (d & f) incremental average pore area of ZnO and ZnO@PDA-DC,

The specific surface area of bare ZnO and its coated counterparts were examined
from BET analysis through the adsorption-desorption of N2 (Figure 6.4(a & b)). The
average pore volume and pore sizes of the samples were also obtained in Figure
6.4(b, c, e & f). The data was summarised in Table 6.1. The BET surface area
calculated using the standard multi-point BET method showed an increase of over

double its initial value upon coating following the order ZnO:@PDA-DC (70.58 m?/qg)
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< ZnOI@PDA-DC (47.93 m?/g) < ZnOmw@PDA-DC (34.43 m?/g). As anticipated, the
trend of surface area was in support of TEM estimated nanopatrticle distribution, where
smaller particle-sized materials result in higher surface area. The adsorption isotherms
of the pristine metal oxides (Figure 6.4a) and the coated materials (Figure 6.4d)
displayed type IV hysteresis loops, confirming the presence of mesoporous structures.
The incremental pore area of the materials (Figure 6.4(c & f)) also supported the

presence of mesoporous structures.

Table 6.1: Nitrogen gas adsorption analysis of ZnO and ZnO@PDA-DC.

Catalyst BET surface area  Pore volume  Pore size
(m?/g) (cm/g) (hm)
ZnOc 10.39 0.085 30.24
ZnOc@PDA-DC 70.58 0.135 25.43
ZnOy 12.61 0.093 33.96
ZnOi@PDA-DC 47.93 0.072 23.86
ZNOmw 8.08 0.08 48.37
ZnOmw@PDA-DC  34.43 0.15 29.58

6.3.2. Electrochemical measurements

Scan rate studies (Figure 6.5) were conducted for the materials under study to
investigate the response of the coated materials. As anticipated the current response
of ZnO@PDA-DC increased with an increase in scan rate. The Ca of ZnO¢ (77.83
mF/cm?) was the second highest to ZnOmw (82.84 mF/cm?), indicating the presence of
more active species in 6 M KOH (Figure 6.5g). The opposite was observed for
ZnOi@PDA-DC which had the lowest Cai at 15.62 mF/cm?for anodic response current,
this was due to the suppression of active material by the protective film. The
electrochemical behaviour of the materials was examined in an electrochemically
reversible redox system (potassium ferricyanide-ferrocyanide of 3 mM in 0.1 M KCI)
using cyclic voltammetry (CV). The materials were unable to reduce and oxidise the
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probe as seen in Figure 6.6(a & b). However, the pristine samples showed a reduction
of the metal oxide at around 0.63 V to 0.67 V (Figure 6.6a). The coated materials
showed improved current response with a suppression of the metal oxide reduction,
where the ZnO@PDA-DC showed 10 times the response in comparison to the studied

materials.
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Figure 6.5: Cyclic voltammograms of (a) ZnOc, (b) ZnO:@PDA-DC, (c) ZnO, (d)
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ZnO and ZnO@PDA-DC at different scan rate in 6 M KOH.
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The coating’s effectiveness in protecting the zinc oxide was investigated by exposing
the electrocatalyst in 6 M KOH in Figure 6.7a. The accelerated tests can used to

rapidly assess and predict the material’s ability to reduce hydrogen evolution and

O 00 N O

dissolution of zinc. This is because, when an electrode is submerged in an electrolyte,

10 it adopts an open circuit potential (OCP), which specifies the equilibrium between
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oxidation and reduction processes on the electrode [19]. OCP also called free
corrosion potential is the potential difference that is measured between the working
and reference electrodes [20]. This potential can fluctuate over time due to changes
in the nature of the surface of the tested material (oxidation and development of a
passive layer or activation and reduction that start corrosion) and can be used as a
criterion for corrosion behaviour [19]. It shows a voltage change of less than + 5 mV/s
across time showing equilibrium and stability, making it suitable for perturbation-based

experiments such as LPR [19].

The electrodes were (ZnO, ZnO@PDA-DC, Zn plate, Zn powder) firstly monitored for
180 s before starting the measurement. The electrodes were then fully stabilized by
recording its open-OCP for 16 h (Figure 6.7a). The studied surfaces show a positive
potential shift which indicates the formation or presence of a protective film. The initial
increase in the voltage was due to the diffusion of the electrolyte on the electrolyte
interface, which later reached a stable OCP value. The order of OCP response
followed ZnOI@PDA-DC > ZnOmw@PDA-DC > ZnOi > ZnOc¢ > ZNOmw > ZnOc@PDA-
DC > zinc powder > zinc plate. Figure 6.4c shows ZnOI@PDA-DC to exhibit a more
positive shift, indicating a better barrier effect introduced by the thin film. This indicates
that there was ion restriction on the surface of ZnOI@PDA-DC than on the other
studied electrocatalysts. When the electrolyte parameters are properly maintained, the
OCP of a coated material reflects how well it can survive unfavourable environmental
effects with passivation [21]. The more noble ZnOi@PDA-DC potential value indicated
that the thin film coating had the ability to reduce the aggressiveness of high molar
KOH. If the shift is positive the partial anodic reaction predominates and the partial
cathodic reaction may be neglected when it is in the opposite direction the cathodic
reaction predominates [22]. This meant that the dominant reaction on ZnOI@PDA-DC

was anodic.

To corroborate OCP, linear polarization resistance (LPR) tests were performed by
polarizing the working electrode + 10 mV with respect to the OCP at a scan rate of 1.0
mV/s (Figure 6.7b). The Tafel plots in Figure 6.7b were extrapolated to determine the
Ecorr (corrosion potential), icorr (COrrosion current density), anodic and cathodic slopes
(ba and bc, respectively), polarisation resistance (Rp), and the corrosion protection

efficiency (CPE) of the zinc-based materials under study. The reaction parameters
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from LPR are summarised in Table 6.2. In the case where a metal undergoes
corrosion, polarisation resistance (Rp) is considered which is the combination of film
resistance (Ry), diffusion layer resistance (Rd), and the resistance from other
accumulations (Ra) [23]. The polarisation resistance was calculated using the Sterm-

Geary equation:

_ bcba
2.3icorr(bc + ba)

Rp (6.5)

where ba and bc are Tafel anodic and cathodic slopes respectively.

The CPE was used to compare the protective effects of coating using equation 6.6:

0 _icC
CPE% = [<°I—<| x 100% (6.6)

corr

where %o is the corrosion current of the uncoated material, and [%orr iS the corrosion

current of the coated material.

Table 6.2: Comparative table for LPR extracted parameters for studied

electrocatalysts.

Catalyst Ecor (V) icor (WA/cm?)  ba(V) bc(V) Rp(Qcm?) CPE%
ZnO¢ -1.269 0.577 0.153 0.121 18044.45 -
ZnO.@PDA-DC -1.278 0.460 0.167 0.121 15971.59 20.28
Zn0Oy -1.099 0.412 0.136 0.122 29 840.88 -
ZnO@PDA-DC -1.079 0.107 0.147 0.121 80 829.87 74.03
ZNOmw -1.183 0.616 0.155 0.122 31112.55 -
ZnOmw@PDA-DC  -1.308 0.475 0.169 0.120 37026.71 22.89

The ZnO@PDA-DC and ZnO showed anodic and cathodic curves with nearly parallel
lines, indicating that there was no change in either the anodic or cathodic reaction
mechanisms. The shift in the Ecorr of the ZNOI@PDA-DC materials with respect to the
pristine (ZnO) materials can be classified as either anodic-type, cathodic-type, or
mixed inhibition. Anodic-type inhibition is suggested by a Ecorr shift of magnitude >85
mV in the positive direction relative to the blank, while cathodic-type inhibition is

indicated by a shift of magnitude >85 mV in the negative direction [23]. Mixed corrosion
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inhibition is defined as a shift in each direction of less than 85 mV [23]. Hydrogen
evolution reaction happens solely as a cathodic process, a shift towards the left is a
preference towards its inhibition. While an anodic shift indicates a preference for the
prevention of metal dissolution. Hydrogen evolution was not observed for all the
electrocatalysts under study (Figure 6.8). In Figure 6.7b, the anodic and cathodic
reactions (represented by bc and ba) of ZnOI@PDA-DC in relation to ZnOi showed a
decrease in current density indicating a reduction in corrosion active areas [24].
ZNnOmw@PDA-DC only showed a cathodic current reduction, while ZnOc.@PDA-DC
showed a higher anodic and cathodic current response to its parent material. The Ecorr
magnitude shift of ZnO.@PDA-DC (10 mV) and ZnOi@PDA-DC (16 mV) were less
than 85 mV indicating a mixed inhibition. ZnO@PDA-DC had a positive shift and
ZnOI@PDA-DC showed a slight negative shift, indicating an anodic and cathodic
favoured reaction, respectively. ZnOmw@PDA-DC showed a greater Ecor (125 mV)
magnitude with a negative shift indicating a cathodic inhibition preference. The varying
anti-corrosion properties can be influenced by the pore structure. The lower pore size
of ZnOI@PDA-DC might be creating a better barrier between the zinc oxide and the
electrolyte during the electrochemical process, reducing the number of exposed
electrochemical active sites. Making the corrosion protection due to the barrier
protection of the coating. It was reported that in general low Icorr and high Ecorr indicate

better corrosion protection [25].
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Figure 6.8: Hydrogen evolution reaction (HER) of ZnO and ZnO@PDA-DC in 6 M
KOH.
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Figure 6.7c shows the kinetics of the prepared ZnO and ZnO@PDA-DC
nanocomposites depicted from the electrochemical impedance. EIS has been used to
understand the electrochemical behaviour of the corroding system [23]. The EIS
parameters of the studied materials are summarised in Table 6.2. The semicircles in
the high-frequency region and the slopes in the low-frequency region depict charge
transfer resistance (Rct) and ionic diffusion impedance (W), respectively. The Rct can
be used to determine the rate of corrosion [23]. While the CPE was associated with
the thickness of the protective film of the inhibitor molecules [23]. In terms of corrosion
inhibition studies, a higher Rct value is the reflection of a barrier that is created that
needs to be overcome in order to promote the charge transfer during corrosion, which
is an indication of decreased corrosion rate [19]. The Nyquist plot of ZNnOI@PDA-DC
showed the highest Rct frequency with a larger capacitive loop indicative of the highest
adoption meaning a reduced charge transfer and corrosion rate. This was due to the
low electrical conductivity of polydopamine-derived carbon. The increase in the
diameter of the Nyquist plots upon adding an inhibitor can be attributed to the inhibitor
adsorption at the metal/solution. A slight Rct change could be observed for
ZnOc@PDA-DC. It can be seen that the ZnOmv@PDA-DC anode nanocomposite had
a lower semicircle radius than the ZnOmw anode, which confirmed its lower charge
transfer resistance. The lower Rct values of ZnOmw@PDA-DC and ZnOmw@PDA-DC
corresponded to the performance observed from OCP. The inhibitor efficiency was
calculated from equation 6.7:

inh
Rlcrt1 —Ret
inh
Ret

Neis% = (6.7)

where RITP is the resistance of the material with an inhibitor and R, is the resistance
without the inhibitor [23]. ZnOI@PDA-DC showed 99.86% inhibition efficiency
indicating good corrosion resistance.
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Table 6.3: EIS parameters of ZnO and ZnO@PDA-DC at icor in 6 M KOH.

EIS ZnOc ZnOc@PDA- ZnO ZnO@PDA- ZnOmw ZnOmw@PDA-

parameters B 2le oIE

Rs (Q) 210+ 1.18+0.11 440+ O 2476+ 7.92+0.22
0.09 0.02 0.04

CPE; 011+ 0.11+0.08 34.94m 96.75u % 134+ 6.69+0.04

(LF.s@Dy 0.2 +0.64m  6.26u 0.13

a 1 1 1 1 0.69 0.91

Ru (Q) 543+ 6.08 £ 0.09 1362+ 9589+0.82 2333+ 28.08+0.21
0.12 0.12 0.63

CPE; 2467 30.67+139 7343+ 2389+066 938+ 90.87+0.59

(uF.sNeDy  +1.24 1.16 0.77

W (pQ.s™?) 6755 61.61+0.15 63.94+ 1651+0.65 55.85% 45.36+0.01
+0.02 4.18 0.05

Nes% - 10.69 - 99.86 - -

6.3.3. Rechargeable Zinc-air battery

Due to the good inhibition effect of ZnOI@PDA-DC over other studied electrocatalysts,
the material was further used to analyse its performance in a RZAB. Figure 6.9a
represents the peak power density of the material recorded at 33.2 mW/cm?, with an
OCV of 1.4 V. Figure 6.9b shows ZnOi@PDA-DC anode cycled at 15 mA/cm?, at 3 h
charge and discharge cycles. The discharge time decreased with each discharge
cycle, this might be due to zincate ion migration when deep cycling the material at 15
mA/cm? (Figure 6.9b). This was also evidenced by the deposition of zinc outside of
the core shell (Figure 6.10). This might be caused by an accelerated zinc dissolution
which mechanically stresses the structure forcing some zincate ions to leave the shell.
On the other hand, the shallow charge-discharge performance of the material was
evaluated at 2 mA/cm? in Figure 6.9c. The battery managed to cycle to 150 h (225
cycles) with a stable charge-discharge voltage gap of 0.76 V to 0.8 V. Under shallow
charging the polydopamine coating was effective serving as an electrical pathway for

the migration of OH" ions while preventing zincate ion migration. More studies need to
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6.4. Conclusion

The corrosive behaviour of polydopamine-coated ZnO materials as potential anode
materials in the application of RZAB has been studied. The study investigated different
types of zinc oxide coated with polydopamine towards corrosion inhibition behaviour.
The results showed ZnOI@PDA-DC to have the best corrosion inhibition response
with low icorr (0.107 pA/cm?) and Ecor (1.079 V) and a higher CPE of 74.03%
(ZnOc@PDA-DC (22.89%) and ZnOi@PDA-DC (20.28%)) in 6 M KOH. Its Tafel
polarisation study showed mixed-type inhibition behaviour with anodic predominance.
EIS study revealed a high polarisation resistance of 99.86%, influenced by the coating
thickness due to the difference in electrolyte adsorption at the metal/solution interface.
The battery performance of ZnOI@PDA-DC was investigated with shallow and deep
charging where the battery could sustain over 150 cycles at 2 mA/cm?. The material
proved to solve ZnO passivation and zincate dissolution. However, the material
showed discharge limitation under deep cycling with cycle time maintained for 35 h.
Further studies still need to be conducted to improve the deep cyclability of ZnO

pathway anode materials.
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CHAPTER 7
CONCLUSION AND RECOMMENDATIONS

This chapter summarises the conclusions of all the results obtained in this thesis and

makes recommendations for future work.

7.1. Conclusion

Co atomic clusters MOF-derived carbon for high performance oxygen

electrochemistry and rechargeable zinc-air battery

MOF was successfully used as a sacrificial template for the synthesis of Co MOF-
derived carbon through a microwave-assisted method. After carbonisation, the Co
nanoparticles (Co NP@Cespbc) were covered with carbon derived from MOF. Surface
treatment was strategically used on the Co NP@Cespoc to remove the Co nanoparticles
and create surface defects to form Co atomic clusters (Co AC@Cegppc). Comparative
physical characterisation techniques supported enhanced properties of Co AC@Csprbc
to Co NP@Csppc in terms of increased surface defects and high surface area for redox
processes. OER and ORR of Co AC@Cespbc continued to show improved performance
to Co NP@Ceppc.

As a proof of concept in RZAB the Co AC@Csprpc/CB exhibited impressive OCV (1.23
V) and long-term stability for 210 h. The cell achieved Coulombic efficiency of ca. 100
% and 51.3% DOD. The performance was benched marked to reported literature
which showed comparable response. The real-life practicality of the fabricated parallel
plate RZAB was explored by lighting a 1.6 V bulb with excellent brightness. The all-
solid-state RZAB showed a constant OCV (1.73 V) at varied bending angles (0 — 180
°C) and achieved excellent stability at 180 °C. This work showed the versatility of acid-
treated MOF-derived carbon derivatives as highly active electrode materials for energy

storage and conversion devices.
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Noble metal-free bifunctional high-entropy spinel oxide for reversible zinc-air
battery

A new and simple synthesis approach for the preparation of HEMs and the effect of
annealing temperature (HESOx-500 and HESOx-750) on OER and ORR was
explored. The synthesis approach was compared to what has been reported on HEMs.
The materials prepared were of pure spinel phase with no trace of wurtzite or tenorite
detected in the diffraction pattern. The effect of increasing annealing temperature
resulted in HESOx with bigger particle sizes. Observed broader Raman modes have
indicated the presence of lattice distortion in the prepared materials. The entropy
stabilisation effect prevented metals from separating as evidenced by an even metal
distribution. The porous structure of HESOx-500 allowed for the creation of oxygen
vacancies from EPR and XPS. Though HEMs are normally prepared at high
temperatures, low low-temperature annealing approach has shown to result in some

beneficial properties for oxygen reactions.

In a three-electrode system, HESOx-500 showed higher oxygen redox properties
attributed to the presence of a porous structure and higher oxygen vacancies. Its Bl
was the smallest at 0.69 V even outperforming Pt/C and IrO2. Under a two-electrode
system a two-electrode system, the OCV observed for HESOx-500 was 1.71 V and
1.66 V for Pt/C/IrO2. However, the peak power density of HESOx-500 (136 mW/cm?)
was smaller than that of Pt/C/IrO2 (212 mW/cm?). A similar response was observed
for their areal capacity. Its initial discharge voltage of the standard was reported at
1.30 V which quickly deteriorated to 1.00 V, this might be due to the detachment of
Pt/C from the support and agglomeration during cycling. While IrO2 might be subject
to dissolution in the highly concentrated electrolyte. HESOx-500 on the other hand
showed a steady state discharge plateau with a normal degradation profile caused by
zinc depletion. The material underwent continuous discharge-charge cycling at a
current density of 10 mA/cm? for 374 h. It was further used for proof of concept to light
a 1.6 V LED. This work has proved that Pt/C/IrOz can be replaced in oxygen reactions
by non-noble metals. Though they have high power the material has stability issues
and will not be an appropriate material to be used in applications that require long-

term cycling.
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Polymer-coated zinc oxide: a promising anode material for next-generation

rechargeable zinc-air batteries

Numerous types of research conducted on the evolution of the performance of cathode
materials have proven to be the pitfalls to cell death. Though a flow battery can be
employed, this work has looked at an alternative anode material to a zinc plate.
Corrosion studies demonstrated superior corrosion inhibition properties of
ZnOi@PDA-DC compared to the other studied materials in a highly alkaline electrolyte
(6 M KOH). This suggests the PDA-DC coating effectively shields the ZnO, influencing

how the electrolyte interacts with the anode surface.

At shallow charge depths, ZnOI@PDA-DC electrodes exhibited stable performance
over 150 cycles at a low current density (2 mA/cm?). This suggests the coating
mitigates ZnO passivation and zincate dissolution, which are common problems during
cycling. However, the material showed discharge limitation under deep cycling. This
work demonstrates the potential of PDA-DC coating for significantly improving the
corrosion resistance of ZnO anodes in ZABs. The enhanced stability allows for longer
battery life, particularly at shallow charge depths. However, further development is

necessary to address limitations during deep discharge cycles.
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7.2. Recommendations

Explore MOF-derived carbons with higher conductive properties as well as the
incorporation of nitrogen-containing ligands or nitrogen-doping of carbon layer

to prevent the aggregation and leaching of nanoparticles during carbonisation.

Stabilise the 3d empty or semi-empty orbits of by filling the oxygen vacancies.

Further research is needed to address the power limitations in the power
density of HEMs. This could be achieved by optimising element selection by
exploring compositions with non-equimolar ratios or strategically incorporating
additional elements. Controlled synthesis of nanostructured HEMs with high

surface area as well as creation of composite of HEMs.

Further research is needed to improve the performance of ZnO@PDA-DC
under deeper cycling conditions. Other coating materials that will be studied

should be more mechanically resistant to high cycling stress.

More focus needs to be shifted to investigating alternative zinc anode materials
such as the zinc sponge as it has more advantages in addressing issues

associated with the degradation of the anode.

Up-scaled RZABs need to be exposed to test the material's viability. Real-life
concepts for recharging ZABs need to be implemented. Like the use of solar to

recharge the cell.

Benchmarks need to be made for the analysis of RZABs in order for research
to have the same harmony and be more forward-looking. This will assist in
pushing materials from the lab to bigger scaled-up set-ups and eventually

industrial applications.
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