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ABSTRACT

In this study, a B-Ni(OH). material was synthesized using the co-precipitation method followed by
hydrothermal treatment. The effect of stirring, ageing and hydrothermal treatment step during the
synthesis of the Ni(OH). material were evaluated. Secondly, the impact of carbon black as a conductive
network for Ni(OH). active material was gauged. Thirdly, the effect of the partial substitution of Cu?*
for B-Ni(OH). material, Co?* for B-Ni(OH). material, AP** for p-Ni(OH). material, Mg?* for p-Ni(OH).
material, Mn?* for B-Ni(OH), material, was then optimised and evaluated for electrochemical
performance. Four weight percentages (5 wt.%, 10 wt.%, 25 wt.%, and 50 wt.%) of additives (Cu?*,
Co?*, AI**, Mg?*, Mn?*) were partial substitutions for the p-Ni(OH), material. XRD, FTIR, TG-DTA,
and SEM were used to measure the morphologies of the material. SEM/EDS and ICP-OES were used
to confirm the composition of the material. Lastly, a novel bipolar battery cell prepared using
Nio.7sCuo.25(OH). as the active cathode material was evaluated for Ni-Fe battery applications. The
physical characterization performed for 3-Ni(OH). material concluded that the hydrothermal treatment
step was vital for this study to produce the expected Ni(OH),-based materials. The addition of 5 wt.%,
carbon black powder improves the utilization of the active material; however, it leads to a decrease in
the stability of the electrode. For example, the specific discharge capacity (after 20 cycle activation)
was increased by 74% compared to 0 wt.% carbon black added to the positive nickel electrode.
However, a drastic decrease in specific discharge capacity was observed after an additional 60 cycles.
The specific discharge capacity of the synthesized Ni(OH). with 5 wt.% carbon black electrode
decreased by 66%, while the synthesized Ni(OH), with 0 wt.% carbon black decreased by only 18%
after the 80 cycles. In addition, the partial substitution of Cu?* for -Ni(OH). significantly improves the
coulombic efficiency of the B-Ni(OH), active material. It also increases the specific discharge capacity
and enhances the stability of the electrode. Lastly, a novel bipolar battery cell was prepared and
evaluated its discharge capacities for the Ni-Fe battery applications. The Nig.75Cuo.2s(OH), material was
first deposited onto both a graphite composite and Ni-mesh substrates to form the monopolar electrodes.
The bipolar-based Ni-Fe battery cell demonstrated a discharge capacity of 158 mAh/g after the 100t
cycle, corresponding to a coloumbic efficiency of 72%. A cost evaluation of the typical battery plant
for a bipolar based Ni-Fe was estimated, and it was found that the bipolar design reduces the production
cost by 33% from R12/Wh to R8/Wh.
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CHAPTER 1

1 Introduction and Background

1.1 Background

Non-renewable sources of energy such as fossil fuels, coal, petroleum, nuclear fission and shale gas
currently play a vital role in meeting the economic energy demands of the world. Fossil fuels supply
nearly 86% of worldwide primary energy demand. Oil, gas and coal currently share 36%, 27%, and
23%, respectively, of the global energy mix and nuclear power with a 6% share. Solar, wind,
geothermal, and biomass contribute 8% (Abas et al., 2015). The downside of fossil fuel use is carbon
dioxide (CO2) emissions which have been identified as a significant global environmental threat due to
their contribution to climate change (Perera, 2017; Riahi et al., 2017). The life cycle costs and public
health effects of coal are projected to be $74.6 billion annually due to water and air contamination
released by coal and natural gas plants, associated with breathing difficulties, nerve damage, heart
attacks, cancer, early death, and many more (Ellabban et al., 2014).

At present, there is a growing interest in using alternative and maintainable renewable energy resources
due to the expedited growing demand for energy and the rising concerns over environmental pollution
(IPCC, 2014). Renewable energy sources can alleviate climate change by eliminating greenhouse gas
emissions from fossil fuel-based power generation. Renewable energy sources need to be sustainable

to deliver its full potential and meet our future energy demands (Owusu and Asumadu-Sarkodie, 2016).

Wind and solar power are two suitable solutions to the upsurge in energy security, electricity supply
and environmental issues (Sarrias-Mena et al., 2014; Warren, 2014; Oseghale et al., 2016). However,
the challenge is amplified with the highly concentrated demand peaks in the early morning and early
evening when solar generation is minimal. Therefore, the energy generated from wind or solar systems

is subject to stochastic wind profiles and the seasonal availability of resources (Nejat et al., 2015).

In order to construct a more robust energy infrastructure and low-cost utility systems for consumers,
various energy storage solutions (ESS) are being evaluated worldwide (Liberatore et al., 2012;
Breytenbach, 2015; Panos et al., 2016; Bresser et al., 2018; Nadeem et al., 2018; Sarbu and
Sebarchievici, 2018). These ESSs includes but are not limited to electrical, mechanical, thermal,

chemical, and electrochemical energy storage techniques and these are discussed briefly.

1.1.1 Electrical Energy Storage

Electrical energy storage units provide several benefits to a power system, which include but are not
limited to peak reduction and load flattening. Renewable energy sources such as wind and solar power
are "dispatchable” power sources and reliable backup. Advantages of renewable energy sources include

spinning reserve, improved efficiency of generation, regulation and stabilisation, and reduced emissions



(Hadian and Madani, 2015). In an electrical storage system, the energy is stored unswervingly as
electricity in the form of an electric field by separating charges or magnetic field by flux (Hannan et al.,
2017). The main characteristics of an electric storage system are the amount of energy it can store and
the rate at which the electric energy storage unit can accept and release power. The service lifetime and
fault current are often significant considerations and concerns (Ellabban et al., 2014).

1.1.2 Mechanical Energy Storage

Mechanical energy storage systems are the most frequently employed system to generate electricity
worldwide (Hannan et al., 2017). Pumped hydro, compressed air and flywheel energy storage are the
main types researched. Briefly, pumped hydro storage is used in pumped hydroelectric power plants
and contributes approximately 99% of the world's electrical storage capacity, which is around 3% of
the global electricity generation capacity (Panos et al., 2016). In comparison, compressed air energy
storage is applicable for large capacity electricity production. It is diversified with natural gas expanded
and further transformed into modified gas to feed to a gas turbine shafted with a generator to produce
electricity (Hadian and Madani, 2015). Flywheel systems are suitable for electric vehicles (EVs) and
power systems because of advances in power electronics and material engineering. The efficiency and
rated power of flywheel systems fall within the range of 90 — 95% and 0 — 50 megawatts (MW),
respectively (Zhao et al., 2015). The main advantages of this system are high energy and power density,
theoretically infinite charge and discharge cycles, low cost, long life, and no depth of discharge effect.
Their drawback is high self-discharging features because of the bearing friction losses (Hannan et al.,
2017).

1.1.3 Thermal Energy Storage

Thermal energy storage is attained with extensively divergent technologies. Depending on the specific
technology, it allows excess thermal energy to be stored for later use. The storage media include the
following: (i) water or ice-slush tanks, (ii) masses of native earth or bedrock accessed with heat
exchangers utilising boreholes, (iii) deep aquifers contained between impermeable strata, (iv) shallow,
(v) lined pits filled with gravel and water and insulated at the top, as well as eutectic solutions and
phase-change materials. The energy stored using a thermal energy storage system may last for a limited

time because of losses by radiation, convection, and conduction (Sarbu and Sebarchievici, 2018).

1.1.4 Chemical Energy Storage

The chemical energy is stored in the chemical bonds of atoms and molecules, which can only be
observed when released in a chemical reaction. Chemical fuels are the dominant form of energy storage
in electrical generation and energy transportation (Guney and Tepe, 2017). The most commonly used
chemical fuels processed are coal, gasoline, diesel fuel, natural gas, liquefied petroleum gas, propane,
butane, ethanol, biodiesel, and hydrogen. The chemicals mentioned above are freely converted to

thermal and mechanical energy and then to electrical power using heat engines as the prime mover



(Guney and Tepe, 2017). Additionally, the stored chemical energy can be released through electron
transfer reactions for the direct production of electricity. Chemical storage focuses mainly on generating
hydrogen through electrolysis, also called power-to-gas technology. Power-to-gas technology was
conceived as a way to use the existing gas grid to store renewable electricity. Benefits of power-to-gas
include but are not limited to "greening" the end-uses of natural gas, such as heat generation. Power-to-
gas improves the flexibility of the energy system by pooling the gas and power infrastructures (Nadeem
et al., 2018).

1.1.5 Electrochemical Energy Storage

Contrary to the other energy storages mentioned, electrochemical energy storage systems play a crucial
role in the energy sector owing to the worldwide demand to overcome the current energy issues,
including but not limited to the increasing demand for energy and rising concerns over environmental
pollution (EI Kharbachi et al., 2020). Electrochemical energy involves the conversion of chemical
energy into electrical power. This energy is expressed as electric current at a defined voltage and time
(Linden, 1995; Guney and Tepe, 2017). Electrochemical batteries and electrochemical capacitors are
two major branches of electrochemical storage technologies. The existing electrochemical storage
systems vary according to the nature of the chemical reaction, structural features, and design (Guney
and Tepe, 2017). Electrochemical cells and batteries can be classified into four categories such as
primary cell or battery, secondary cell or battery, reserve cell, and fuel cell (Linden and Linden, 1984;
Linden, 1995; Huang, Kui et al., 2011; Galushkin et al., 2013; Jensen, 2013; Bernard and Lippert, 2015;
Falahati et al., 2015; Guney and Tepe, 2017; Henao and Martinez-Gomez, 2017; Holmberg, 2017;
Casas-Cabanas et al., 2018; Chen, Wei et al., 2018) based on the principle of operation.

In recent years there has been significant exploration and development hype in the battery technology
sector. Mainly in the rechargeable batteries, also known as secondary cells, and as a result, breakthrough
technologies are being knowledgeable and used worldwide (Huang, Kui et al., 2011; Galushkin et al.,
2013; Jensen, 2013; Bernard and Lippert, 2015; Falahati et al., 2015; Henao and Martinez-Gomez,
2017; Holmberg, 2017; Casas-Cabanas et al., 2018; Chen, Wei et al., 2018). Rechargeable batteries
came into existence due to the need to store generated electrical energy. The battery market is
experiencing rapid growth due to the urgent demand for mobile devices, electric vehicles, and energy
storage systems, conveying the current energy transition (El Kharbachi et al., 2020). Rechargeable
batteries are critical enabling technologies for renewable energy; energy management, conservation
storage, pollution control or monitoring; and greenhouse gas reduction (Badwal et al., 2014). The most
commonly used rechargeable batteries are (i) lead-based, (ii) lithium-based, and (iii) nickel-based
batteries. These systems are continuously optimised, focusing on their cost, lifetime, and performance,

leading to continued expansion into existing and emerging market sectors.



1.2  Statement of Research Problem

Access to high-quality, uninterrupted and clean electricity is of national interest and directly impacts
the country’s economic stability and economic growth potential. The need to liberate modern society
from its dependence on fossil fuels is urgent by the growing demand for clean and sustainable energy
and concerns over climate change due to burning fossil fuels. The need for independence from fossil
fuels is further compounded by the increasing cost of extraction and distribution of fossil fuels and the

uneven distribution of finite fossil fuel stores, leading to conflict between and within nations.

Electrochemical technologies offer the interconversion of electrical and chemical energy on a minute
or shorter time scale without polluting gas emissions compared to other renewables. Ni-Fe batteries are
experiencing a rebirth for renewable energy applications among the studied technologies due to their
incredibly long life and robust and durable qualities (Abdalla et al., 2016; Posada and Hall, 2016; Chen,
Wei et al., 2018). Yet, the Ni-Fe battery suffers from severe drawbacks, induced mainly by the nickel-
electrode, which impels low efficiency (50% - 60%) and low specific energy. Furthermore, nickel-
electrode exhibits poor performance, which results from:

(i) The evolution of oxygen tends to interfere with the oxidation of the active material (Wang,
Xianyou et al., 2004; Begum et al., 2009).

(ii) The reduced charge acceptance of nickel-electrode is suspected to be related to a relatively long
distance between Ni(OH); particles and the nearest portion of the substrate(Begum et al., 2009).

(iii) The practical capacity of nickel-electrode is also said to depend on how well the Ni(OH).
particles are embedded within a conductive electron network allowing electrons to move

between particles and the current collector (Begum et al., 2009).

These current limitations of the nickel-electrode generated the opportunity and potential for this present
study. Accordingly, this study focused on improving the performance of the nickel-electrode while

reducing the overall cost of the Ni-Fe battery.

1.3 Research Aim and Objectives
This study aimed to develop a composite nickel-electrode suitable for a bipolar-based nickel-iron

battery in response to the global demand for a cost-effective energy storage system.

Specific Objectives:

I.  Synthesization of Ni(OH), active material using the modified existing chemical precipitation
method followed by hydrothermal treatment.

Il.  To chemically modify the Ni(OH). using the selected divalent and trivalent modifiers (Cu, Co,
Mg, Mn, and Al) following the existing modified method (I).



I1l.  To physically characterised the synthesised Ni(OH),-based materials (1) and (I1) using XRD,
FTIR, ICP, and SEM/EDS.

IV.  To screen the synthesised materials (I) and (I1) by assessing their electrochemical properties.

V. To evaluate the best synthesised Ni(OH),-based material (IV) towards developing a
Ni-electrode for a bipolar Ni-Fe battery.

1.4  Delineations

This study exclusively focused on developing and characterising the composite nickel-based electrode
(cathode) to improve the overall performance of a nickel-iron battery. The development of the Fe
negative electrode and the actual assembling of a full bipolar Ni-Fe battery was not on this study's

scope.

1.5 Significance of Research

Although renewable energy resources hold great promise to provide energy while overcoming Africa's
infrastructural challenges, the generated energy still need to be efficiently and economically stored.
Hence low-cost batteries could be a game-changer for Africa. Storing the energy during times of low
load demand and then releasing it during peak demand not only overcomes the infeasibility of the power
generated from wind and solar systems but also reduces the energy wastage from various industries.
Battery-based technologies can reduce greenhouse gas emissions while offering a practical way of
reducing the dependence on fossil fuels; however, lead-acid and nickel-cadmium batteries are heavy
and contain toxic elements such as lead and cadmium. In the current study Ni(OH), material used for
positive material of Ni-Fe battery was synthesized and modified using less hazardous and cost-effective
divalent and trivalent elements. Fundamental interest is to contribute towards producing an advanced
Ni-Fe battery with high levels of reliability, safety, and low maintenance requirements, which can

outperform other electrochemical energy storage devices.

1.6  Thesis Layout
The current report is a thesis by publication made out of four full research papers. Three papers have
been published and available online. The fourth manuscript has been sent out to Elsevier, the Journal

of Energy Storage, for consideration, and it is currently under review.
This thesis consists of seven chapters, and the outline is given below:

Chapter 1 - Introduction: This is an introductory chapter that provides an insight into the research
with an overview of background information on the non-renewable and renewable sources of energy
that have been investigated and are currently under investigation. This chapter also provides challenges
that led to executing the current study, including the intended outcomes with specific objectives of the

study.



Chapter 2 - Literature Review: The literature review shelters all the theoretical background required
to understand the fundamental chemistry principles applied in this research. A historical overview of
batteries and their classification with a primary focus on Ni-Fe batteries is provided in this chapter.
Developing a nickel-electrode for Ni-Fe battery is the main focus of this study; therefore, an extensive
overview of Ni(OH), material electrode is provided.

Chapter 3 — Chapter 6: Presents all the results and findings obtained during this study. All the

presented works have been published.

Chapter 3: The article's title is "influence of copper and carbon black on electrochemical behavior of
nickel positive electrode”. This article was published in 2020 at Elsevier, Journal of Electroanalytical
Chemistry.

Chapter 4: The article's title is "electrochemical studies of the nickel-based hydroxide electrode for the
oxygen evolution reaction and coulombic efficiency of the electrode". This article was published in

2020 at Wiley, Journal of Electroanalysis.

Chapter 5: The article's title is "synthesis, structural characterisation, and electrochemical properties
of the Mg and Mn doped-Ni(OH) for use as active cathode materials in Ni-Fe batteries". This article
was published in 2021 at Elsevier, Journal of Electroanalytical Chemistry.

Chapter 6: The article’s title is " Towards the development of a novel bipolar-based battery in aqueous
electrolyte: Evaluation of the electrochemical properties of NiCu based hydroxide electrodes fabricated
on Ni—mesh and graphite composite current collectors.” This article was published in 2021 to Elsevier,

the Journal of Energy Storage.

Chapter 7: General conclusion and recommendations
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CHAPTER 2:

2 Literature Review

2.1 Background of Batteries

The term "battery" was first coined by Benjamin Franklin back in 1748 to describe an array of a charged
glass plates. Between the years 1780 to 1800, Luigi Galvani and Alessandro Volta discovered the first
electrochemical cell (Schipper and Aurbach, 2016; Placke et al., 2017). According to Galvani's
observation, the legs of frogs suspended on brass or iron hooks would twitch when prodded with a probe
made of another type of metal. Galvani believed that this response was due to electricity within the

frogs' tissues and named it "animal electricity”.

While Galvani believed that animals could generate electricity, Volta recognised that the muscle
contraction was due to the voltage generated by the two different metals. Based on these considerations,
Volta developed the first electrochemical cell, currently known as a voltaic pile (Placke et al., 2017).
The voltaic stack comprises zinc and copper plates separated by cardboard or leather spacers soaked
with an acidic electrolyte. The voltaic pile produces electrical voltage as the zinc discs give off
electrons, creating an excess of electrons and thus a negative charge. The copper, nonetheless, absorbs
the zinc electrons, making a shortage of electrons and a positive charge. The voltaic pile was the first
electrical battery that could continuously provide an electric current to a circuit. The voltaic pile then
enabled a rapid series of other discoveries, and up-to-date, many batteries still work on the voltaic pile-

based principle, such as small-scale hearing aid batteries.

In 1802, the German physicist Johann Wilhelm Ritter developed a cell that consisted of a glass tube
filled with a saline solution and closed by corks on both sides, each equipped with gold wires. Ritter
used Volta's battery to charge his cell. Ritter’s observation was the generation of gas bubbles (oxygen
and hydrogen gassing) at both wires when a current was applied through the glass tube. Ritter further
discovered that the electrolysis of water took place during charge, and the recombination of oxygen and
hydrogen to water occurred during discharge. In addition, Ritter designed the first galvanic cell that
comprises a redox reaction of H, with O, which can be considered the fuel cell's forerunner (Placke et
al., 2017). Since then, a number of primary and secondary based-battery technologies using aqueous
electrolytes were discovered. Wilhelm Josef Sinsteden invented the rechargeable lead-acid battery in
1854. In 1859, Gaston Raimond Planté developed an improved construction leading to the first
commercially viable and today well-known lead-acid battery, which nowadays still dominates the sector
of starter and backup batteries, despite its relatively low practical specific energy (20 - 40 Wh kg ™)
(Thackeray et al., 2012; Placke et al., 2017).
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Nickel-based systems constitute another essential type of rechargeable battery technology. Among the
Ni-based batteries, the nickel-cadmium battery invention was credited to Waldemar Jungner in 1899,
and the nickel-iron battery invention was ascribed to Thomas Edison in 1901. Both systems were the
forerunners of the nickel-metal hydride battery, which was commercialised in 1989 and showed an
improved practical, specific energy (70 — 100 Wh kg ™) compared to the nickel-cadmium and nickel-
iron batteries (20 — 50 Wh kg™) (Huang, Kui et al., 2011; Galushkin et al., 2013; Holmberg, 2017,
Placke et al., 2017). The nickel-metal hydride battery was primarily used to power small-scale
consumer electronics and was also applied as the system of choice for many of Toyota's hybrid electric
vehicles, such as the Toyota Prius (Thackeray et al., 2012; Schipper and Aurbach, 2016; Holmberg,
2017; Placke et al., 2017).

2.2 Classification of Batteries

Battery chemistries differ depending on the arrangement and material used to fabricate the anode,
cathode, and electrolyte. The material used to manufacture a battery allows batteries to be classified
into various categories and types. The classification of a battery is based on its chemical composition,
size, form factor, and applications. There are two major battery types: (i) primary batteries and (ii)
secondary batteries. There are also four categories of significant cells. Both the battery and the cell are
used to store chemical energy and then transform the stored chemical energy into electrical power. A
cell is referred to as a single unit, whereas a battery is a group of cells. Some comparison between a cell

and a battery is presented in Table 2-1.

Table 2-1: A comparison chart of cells and battery (Thurner, 2016).

Basis for Cell Battery

Comparison

Definition The single-unit device, which converts the It is the collection of electrochemical cells
chemical energy into electrical energy which either connect in series or parallel

Symbol + | | - + -

l | F-{F

Types Dry cell, wet cell, reserve cell, and fuel Primary battery and secondary battery.
cell.

Specification Light and compact Heavy

Power Supply power for a short time. Supply power for a long time.

Applications Clocks, lamps, radio, remote control Automobiles, inverter, emergency light, etc.
devices, etc.

Cost Cheap Expensive
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Primary batteries are batteries that cannot be recharged once depleted. Primary batteries are made of
electrochemical cells whose electrochemical reactions cannot be reversed. These batteries exist in
different forms ranging from coin cells to AA batteries. Primary batteries are commonly used in
standalone applications where recharging is impractical or impossible. Most primary cells utilise
electrolytes that are contained within absorbent material or a separator (i.e., no free or liquid electrolyte)
and are thus termed dry-cells. Primary batteries are mainly categorised based on electrolyte type, such
as agqueous or non-aqueous electrolytes. Examples of aqueous-based electrolytes include but are not
limited to leclanche zinc-carbon and zinc-chloride, alkaline zinc—-manganese dioxide, zinc-air, zinc—
silver oxide, and zinc—mercuric oxide. Nonaqueous-based electrolytes include lithium-thionyl chloride,
lithium—sulfuryl chloride and lithium—sulphur dioxide, lithium—manganese dioxide, lithium—carbon
monofluoride, lithium—iron disulfide, lithium-iodine, lithium-silver vanadium oxide, lithium—copper

oxide, to name a few.

Secondary batteries are rechargeable batteries where the chemical reactions can be reversed by applying
a specific voltage to the battery in the reversed direction. The most commonly used rechargeable
batteries are (i) lead-based, (ii) lithium-based, and (iii) nickel-based batteries. A general classification
of these rechargeable batteries with their subcategories is given in Figure 2-1. Since the interest of this
study was on the NiFe battery-based energy storage technology, different types of nickel-based batteries

are briefly discussed in section 2.3 below.

SECONDARY CELLS OR BATTERIES
|

Lead-based Lithium-based Nickel-based
z Flooded |
Valve regulated lead-acid A _ ‘ — Nickel-zine
lead-acid Lithium-ion| | Lithium-polymer
(VRLA)
Metal l —  Nickel-cadmium
oxides Iron phosphate
Gel Absorbed | | Lithium cobalt Nickel-hvdrogen-
lead- IL| glass mat oxide | hydride
acid (AGM)
lead-acid Lithium nickel
— mzmgan;:i cobalt —  Nickel-hydrogen
oxide
Lithium nickel Y
H cobalt aluminium ) Nickel-iron
oxide

| | Lithium titanate
oxide

Lithium
manganese oxide

Figure 2-1: Classification of most common secondary batteries (Liu, Kailong et al., 2019).
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2.3 Nickel-Based Batteries

Nickel-based batteries are alkaline secondary batteries whose chemical reactions are based on nickel
hydroxide electrodes as the positive plates in the system but differ in their performance and application
in the energy storage market. Nickel-based batteries include but are not limited to nickel-zinc (Ni-Zn),
nickel-cadmium (Ni-Cd), nickel-hydrogen (Ni-H), nickel-metal-hydride (NiMH), and nickel-iron (Ni-
Fe). These batteries primarily utilise alkaline solutions such as potassium hydroxide, sodium hydroxide,
or lithiated potassium hydroxide as electrolytes; hence they are named alkaline secondary batteries. A

brief background of the aforementioned nickel-based batteries is provided in Sections 2.3.1 to 2.3.5.

Ni-Fe batteries stand out from the rest of previous rechargeable batteries because of their durability and
robustness. NiFe batteries continue to occupy a niche in the battery market where ultra-reliability and
long cycle life are required (Dougherty et al., 1995). Their service life can be 20 to 25 years
(Chakkaravarthy et al., 1991), and there are examples of Ni-Fe batteries lasting for 40 years (Barton et
al., 2020). The rest of the review literature will dwell mainly on NiFe batteries with a tremendous
interest in understanding the chemistry and the properties of the nickel-electrode for Ni-Fe batteries.

2.3.1 Nickel-Zinc Battery

Nickel-zinc (Ni-Zn) batteries are based on the reversible electrochemical reactions (Equation 2-1) of
nickel and zinc in a potassium hydroxide electrolyte. Ni-Zn battery was first patented in the late 1890s
to early 1900s by Michalowski from Germany. However, it was not commercialised until the 1930s,
when an Irish chemist, Drumm, used it in electric trains. Ni-Zn batteries remained of particular interest
owing to their high-output voltage of approximately 1.8V compared to other aqueous batteries (mostly
< 1.2V). Their high voltage empowered the development of high-energy, safe and cost-effective energy

storage devices that shows great potential for various applications (Liu et al., 2016).

Equation 2-1: Overall cell redox reaction in the Ni-Zn batteries

2NiOOH + Zn + H,0 = 2Ni(OH), + Zn(OH),

The commercialisation of Ni-Zn batteries is usually limited by their cycling lifetime due to zinc-
electrode (negative-electrode or anode) (Zhang, L et al., 2008). The disadvantage of zinc-electrode
includes but are not limited to dendrite formation at the zinc-electrode during the electrochemical
reaction leading to a redistribution of zinc material to cause a shape change that results in high
polarisation and significant loss of capacity (Yan, Zhao et al., 2015). In addition, the use of heavy metal
foil or metal supports is likely to reduce the energy density and flexibility of the entire device (Lee,
Sang Heon et al., 2011; Hu et al., 2015).

2.3.2 Nickel-Cadmium Batteries
The electrochemical chemistry of nickel-cadmium (Ni-Cd) batteries is based on nickel-electrode as a

positive terminal (cathode) and cadmium as a negative terminal (cathode). Ni-Cd batteries were first
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developed in 1899 by Walder Junger and were exclusively utilised in portable devices due to their
robustness and low maintenance. Their advantages also include but are not limited to their resistance to
electrical abuse, high cycle lives, reliability and versatility. During discharge (Equation 2-2), the
NiOOH combines with H-O to produce divalent Ni(OH), and a hydroxide ion. Metallic cadmium is
oxidised to produce cadmium hydroxide at the negative electrode.

Equation 2-2: Overall cell redox reaction in the Ni-Cd batteries

discharge
2NiOOH + 2H,0 + Cd = 2Ni(OH), + Cd(OH),
charge

The process is reversed during charging, but oxygen can be released at the positive electrode, and
hydrogen can be formed at the negative electrode. The downside of Ni-Cd batteries is a negative
electrode that is based on Cd active material, and Cd is classified as a toxic element. Ni-Cd batteries
suffer from the so-called memory effect. They are less commercialised mainly due to their considerable
costs (approximately $979/kWh) at about 10-times that of lead-acid batteries (Huang, Kui et al., 2011).

2.3.3 Nickel-Metal-Hydride

Nickel-metal-hydride (NiMH) batteries were invented in 1967 and largely replaced Ni-Cd as the default
battery for most electronic devices that uses AA or AAA sized batteries. NiMH batteries apply hydride
of metal alloys such as nickel and lanthanum alloy as the negative electrode in an alkaline bath of
potassium hydroxide. The overall cell charge-discharge redox reaction performance based on the

reversible electrochemical reactions of nickel and metal hybrid is provided in Equation 2-3.
Equation 2-3: Overall cell redox reaction in the NiMH batteries

discharge
B —NiOOH.2H, 0+ MH = Ni(OH), + M + H,0
charge
The metal hydride electrode has a theoretical capacity that is 40% higher compared to the Cd-electrode
in a Ni-Cd couple battery. Nickel-metal-hydrides also provide energy densities that are 20% greater
than the equivalent Ni-Cd battery. NiMH batteries have a reduced memory effect and are less damaging
to the environment than Ni-Cd (Pitatowicz et al., 2015). The flat discharge characteristic, excellent high
rate, long cycle life, and abuse tolerance have made NiMH batteries the first choice for hybrid electric
vehicles (HEVs) (Young, Kwo-hsiung and Yasuoka, 2016). However, the significant barrier for Nickel-
metal-hydrides batteries is the high rate of self-discharge and losing 5% — 20% of its capacity within

the first 24h after fully charging.
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2.3.4 Nickel-Hydrogen Batteries

Nickel-hydrogen (Ni-Hz) batteries were later introduced due to the limitations of NiMH batteries
(Section 2.3.3). The Ni-H, batteries were solely used for aerospace applications such as satellites
because of their long service life, high gravimetric energy density, high power density, and remarkable
temperature performance of —28°C to 54°C. Nevertheless, low-specific energy and high cost worked
against this endeavour (Henao and Martinez-Gomez, 2017; Chen, Wei et al., 2018). Also, the inherent
problems, such as low-volumetric energy density due to gaseous hydrogen and high self-discharge rate,
wedged the extensive use of Ni-H; batteries. Their chemical reaction can be expressed as it is shown in

Equation 2-4. During discharge, NiOOH is reduced to Ni(OH),, and H; is consumed.

Equation 2-4: Redox reaction in the Ni-H> batteries
2NiOOH + H, = 2Ni(OH),

2.3.5 Nickel-lron Battery

The nickel-iron (Ni-Fe) battery was patented and commercialised in 1901 by Thomas Edison in the
United States. Since the advancement of Ni-Fe batteries, Edison has had several patents, including but
not limited to U.S. Patent 678,722/1901, U.S. Patent 692,507/1902, and German patent No
157.290/1901 (Jensen, 2013). According to Edison's claim, the Ni-Fe were far superior to batteries
using lead plates and acids. Yet, the invention went in vain when gasoline-powered cars took over, and
the auto-industry did not adopt the Ni-Fe batteries. Edison's batteries also performed poorly at low
temperatures and were more expensive than the lead-acid batteries in use at the time (Novakovskii et
al., 1973). Since then, many scientists have continued to innovate. Currently, Ni-Fe batteries are
experiencing a rebirth for renewable energy applications due to their incredibly long life and robust and

durable qualities.
2.4  Characteristics of Nickel-lron Batteries

2.4.1 Electrochemistry and Availability of Ni-Fe Batteries

The electrochemical chemistry of Ni-Fe batteries is based on the Fe-electrode as the negative terminal
(anode), Ni-electrode as the positive terminal (cathode) and alkaline electrolytes such as potassium
hydroxide. Ni-Fe cells are typically charged using a galvanostatic method and should not be charged
using a constant voltage supply since the cells can be damaged by thermal runaway. Thermal runaway
occurs due to a drop in cell voltage as gassing begins due to overcharging, high cell temperature and
high current drawn from a constant potential source. A typical galvanic cell of a Ni-Fe cell is presented

in Figure 2-2.
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Figure 2-2: Illustration of a galvanic cell (Ni-Fe cell) (Thurner, 2016).

The electrochemistry of a typical Ni-Fe battery is based on a chemical reaction within the battery known
as electrolysis. Electrolysis is defined as the chemical reaction taking place when there is current flow,
and it can be both the source and the result of the chemical reaction. The overall cell reaction is presented

in Equation 2-5.

Equation 2-5: Overall reaction of Ni-Fe cell

discharge
3Fe + 8NiOOH + 4H,0 =  8Ni(OH), + Fe30,
charge

During a typical Ni-Fe battery charge-discharge process, the reduction of NiOOH and the oxidization
of Fe (Equation 2-6) occurs (Hariprakash et al., 2005; Omar et al., 2014; Lei et al., 2016). Upon further
charging-discharging process, a redox reaction (Equation 2-7) of lower potential (~ 1.05V) with a
negative limited configuration leading to the formation of an overall Ni-Fe redox reaction (Equation
2-5) may be expected (Hariprakash et al., 2005). In practical Ni-Fe batteries, the appearance of the
charge-discharge Ni-Fe cell reaction presented in Equation 2-7 is mainly avoided. However, preventing
this reaction entails adding a lot of extra iron (Jackovitz and Bayles, 2002). The charge-discharge overall
response of the Ni-Fe cell (Equation 2-5) results in the transfer of oxygen from one electrode to the

other (Jackovitz and Bayles, 2002).

Equation 2-6: First plateau reaction of charge-discharge reaction of Ni-Fe battery electrode

discharge
2NiOOH + 2H,0 + Fe = 2Ni(OH), + Fe(OH), (E° =1.37V)
charge
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Equation 2-7: Second plateau of charge-discharge reaction of Ni-Fe battery electrode

Discharge
3Fe(OH), +2NiOOH =  2Ni(OH), + Fe30, + 2H,0 (E° = 1.05V)
Charge

The Ni-Fe battery is a very robust battery tolerant of abuse (overcharge, over-discharge, and short-
circuiting) and can have a very long service life. Ni-Fe batteries are primarily used in backup
applications where they can be continuously charged and may last for more than 20 years. Ni-Fe
batteries are commercially available from different supplies, such as IRON EDISON BATTERY
COMPANY, which provides Ni-Fe batteries for off-grid solar and battery backups, IRONCORE
BATTERIES. Ni-Fe batteries are used in various technologies such as London underground electric
locomotives, New York City Subway car (R62A), forklift trucks, and motorised hand trucks. Around
the 1980s, Ni-Fe batteries were used in Peugeot 205 electric vehicles, allowing a range of 200km (Omar
etal., 2014).

2.4.2 Components of Nickel-1ron Battery

As mentioned previously, Ni-Fe batteries are composed of three major components which are ionically
conducting electrolytes (usually an aqueous alkaline solution), metallic iron for a negative electrode,
and nickel hydroxide for a nickel-electrode. The capability of a typical Ni-Fe battery to endure frequent
cycling owes to the low solubility of the reactants in the electrolyte. For example, the formation of
metallic iron during charge is slow due to the low solubility of the reaction product ferrous hydroxide.
While the slow build of iron crystals preserves the electrodes, it also limits the high-rate performance.
A generic discussion of electrolytes, Fe-electrode, and Ni-electrode is briefly provided in Section
2.4.2.1, Section 2.4.2.2, and Section 2.4.2.3, respectively.

There are also minor components that complete the design of a Ni-Fe battery. However, these
components exhibit little to no influence on the overall electrochemical performance of the battery. The

minor features involved in the battery construction include but are not limited to the following:

v Case: a closed vessel that houses all the battery components and electrolyte solution.

v Cover: permanent or removable seal (for ease of battery maintenance) at the top of the battery case.

Its design constitutes outlets for battery terminals and gas vents.

v" Plates: contains the active materials for anode and cathode; standard batteries constitute more than

one plate to produce more energy.

v Separators: are commonly made of thin and porous ion-permeable membranes. They are
positioned in-between anode and cathode plates to avoid short-circuiting resulting from direct

contact of polarised plates of the battery. The membranes are typically microporous layers
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composed of polyethylene and polypropylene, which are designed to allow the passage of the ions
(Omar et al., 2014; Posada et al., 2016; Posada and Hall, 2016). Moreover, separators ensure that
electrons can only shuttle from the anode to the cathode through the external circuit.

v" Vent Caps: allow regulated expulsion of hydrogen gas produced during charging and the
electrolyte level during battery maintenance.

v' Terminals are current collectors connected to the upper or top of a battery cell's positive and

negative electrical contact.

2.4.2.1 Electrolyte

Electrolytes should ideally exhibit high ionic conductivity, low to zero electrical conductivity, and non-
reactive with active electrode materials. Electrolytes should also be safe to handle, cost-effective and
show suitable thermal properties (Kao et al., 2011). The most commonly used electrolyte is potassium
hydroxide (KOH), typically in the range of 30 - 32 weight percentage (Jackovitz and Bayles, 2002).
The KOH is preferred owing to its cost-effectiveness, higher conductivity, and low freezing point. The
electrolyte solution acts as a medium for unrestricted migration of ions (at optimal levels) between the
Fe-electrode and Ni- electrode and prevents short circuits. In addition, the electrolyte provides an ion
transfer channel linking the Fe-plate and Ni-plate to generate an electrical pressure (voltage). Lithium
hydroxide (LiOH) is commonly added to the KOH electrolyte solution to stabilise the battery's capacity
during charging mode (Chakkaravarthy et al., 1991; Casas-Cabanas et al., 2018).

2.4.2.2 Fe-Anode Electrode

The Fe-electrode, composed of metallic iron, is the anode where oxidation occurs during the charging
process. The Fe-based active electrode material enables the movement of electric current through the
external circuit while activating reversible absorption of electrons absorbed by the anode (Linden and
Linden, 1984). Moreover, a Fe-based electrode releases electrons to the external circuit and oxidises
elemental iron (Fe) to ferrous iron (Fe?*) during the electrochemical reaction. Similarly, the reduction
of ferrous ion (Fe?*) to essential iron (Fe) occurs during the charging of the same electrode. Two redox
reactions may transpire during a typical charge-discharge of a Fe-based electrode (Equation 2-9 and
Equation 2-10). The redox reaction in Equation 2-8 with higher electrode potential (E° = -0.877 V) is
considered reversible. In contrast, the second redox reaction (Equation 2-9) with a lower potential (E°
=-0.560 V) do not readily accept a charge (Chakkaravarthy et al., 1991).

Equation 2-8:First redox reaction of Fe-based electrode
Discharge

Fe+ 20H- =  Fe(OH), + 2e” E'= —0.877V
Charge
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Equation 2-9: Second redox reaction of Fe-based electrode

Discharge )
Fe(OH), + OH- =  FeOOH +H,0+ e~ E'= —0.560V
Charge
A common drawback of a typical Fe-electrode is premature passivation of the Fe surface. Thus, Fe-
electrodes whose active mass consists of pure Fe become passivated after a limited number of cycles.
The passivation step is due to iron oxides forming on the electrode surface, inhibiting the charging
process. In recent years, several additives such as nickel-sulfate or ferrous-sulfide are customarily added
to the active material of the Fe-electrode to inhabit the passivation stage (Chakkaravarthy et al., 1991;
Shukla et al., 1994; Linden, 1995). Sulfur or sulfide addition changes the electro-crystallisation kinetics
and makes the Fe-electrode reaction more reversible. Sulfide is also known to absorb the Fe electrode,
raising the overpotential for the hydrogen evolution reaction during charging. A shortcoming of a
typical sulfur-modified Fe-based electrode is a possibility of a loss of sulfide over time due to the
dissolution of sulfide into the electrolyte and resultant oxidation to sulfate ineffective, providing long-

lasting activation of the iron electrode.

2.4.2.3 Nickel-Cathode Electrode

The nickel-electrode is the cathode and is composed of nickel hydroxide (Ni(OH),). Ni(OH), has been
used as a Ni-electrode material in commercial alkaline secondary batteries for more than 100 years.
Ni(OH), materials are chosen because of their excellent high rate discharge ability performance, vast
operation and storage temperature range, and relatively low cost (Young, Kwo-Hsiung et al., 2017).
Structurally, Ni(OH); has two polymorphic forms (a- and pB-phases) of layered material (Lee, Jeong
Woo et al., 2011). a-Ni(OH): is the metastable phase and displays a higher theoretical capacity (462 -
480 mAh/g) (Young, Kwo-Hsiung et al., 2017). The B-Ni(OH) has a relatively low theoretical capacity,
limited to 289 mAh/g (Yang, LJ et al., 2007; Begum et al., 2009; Huang, Jichun et al., 2013). This
specific capacity corresponds to the exchange of one electron (1e”) per Ni atom. In practice, the
particular capability of B-Ni (OH). material is below the said theoretical value (Begum et al., 2009).
Although the capacity of a-Ni(OH). (462 - 480 mAh/g) is higher than that in the B-Ni(OH). (289
mANh/g), the a-Ni(OH); tends to convert to f-Ni(OH)- in alkaline solution or when subjected to charge-
discharge cycles (Lee, Jeong Woo et al., 2011). Owing to the instability of the a-Ni(OH)2, B-Ni(OH)
is often selected as a discharged-state active material in the preparation of nickel-electrodes (Hall et al.,
2015; Posada and Hall, 2016; Zide et al., 2020b, a).

During electrochemical cycling of a typical nickel-electrode, redox reactions of Ni(OH)./NiOOH active
materials are detected. In addition, side reaction owing to oxygen evolution is usually observed in a

standard nickel-electrode battery. While charging, self-discharge occurs through a couple involving the
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reduction of NiOOH and the oxidation of water to oxygen. The self-discharge process could make it
difficult to experimentally determine the reversibility potential of the Ni(OH)./NiOOH material. The
reaction process involved may be explained according to Equation 2-10 to Equation 2-12 (Carbonio et
al., 1982; Zimmerman and Effa, 1984).

Equation 2-10: Formation of protons at the electrode/electrolyte interface
H,0 = OH™ (aq) + H*(s)
Equation 2-11: Formation of protons at the electrode/electrolyte interface
H*(s) = H¥(s")

Equation 2-12: Charge transfer process involving redox reaction of NiOOH active material in the
lattice

H*(s") + NiOOH(s") + e~ (s") = Ni(OH),(s")

According to the authors, Equation 2-10 represents the formation of a proton at catalytic site (s) at the
electrode/electrolyte interface. Equation 2-11 involves the diffusion of the proton from the site (s) into
the electrode to the charge transfer site (s'). Equation 2-12 is the charge transfer process involving the
reduction of NiOOH active material in the lattice. Furthermore, Equation 2-10 appears to be consistent
with diffusion of OH" between the bulk electrolyte and the active material surface as the rate-limiting
step for high-rate electrode operation, particularly at reduced concentrations of OH". Equation 2-11,
proton diffusion, is generally regarded as controlling the rate of nickel electrode discharge at the
potential and current densities typically used in battery operation. Equation 2-12 is viewed as a none
rate-limiting under the operating conditions of the nickel electrode because it would not account for the
observed diffusion kinetics (Carbonio et al., 1982; Zimmerman and Effa, 1984). The proton diffusion
rate and proton concentration are predicted to depend on the phase composition of the NiOOH and the
presence of additives in the lattice structure (Zimmerman and Effa, 1984). In addition to the
Ni(OH)2/NiOOH electrode reaction, parasitic reactions such as the corrosion of nickel current collector

materials and the oxidation of organic materials from separators are predictable.

These limiting or side reactions are typically minimised or even avoided by partial substitution or
incorporation of foreign ions such as magnesium, cobalt, and zinc during the synthesis and production
of active electrode material (Young, Kwo-Hsiung et al., 2017; Liu, Ling et al., 2019). However,
incorporating a foreign ion could lead to the structural disorder of Ni(OH). active material. The
relationship between structural condition and the measured electrochemical properties is not always
clear; however, a well-crystallised B-Ni(OH), is reported to lower electrochemical activity than
disordered B-Ni(OH), materials (Hall et al., 2015).
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A comprehensive review of nickel hydroxide-based materials is discussed in Section 2.5 to Section 2.9.
The emphasis is on the chemistry (2.5), material production (2.6), electrode production (2.7), and the
analytical techniques used in this study to characterize the physical (2.8) and electrochemical (2.9)
properties of the Ni(OH). materials.

2.5 Chemistry of Ni(OH);

The Ni(OH), material has been widely studied (Falahati et al., 2015; Hall et al., 2015; Holmberg, 2017;
Bresser et al., 2018; Young, Kwo et al., 2018) and the most significant advances in the understanding
of the overall reaction of the Ni(OH). material. The electrochemical behaviour of Ni(OH); electrode
material was first proposed by Bode and co-workers in 1966 (Bode et al., 1966). According to the
authors, Ni(OH): could exist in a f-form or a-form. The B-form is anhydrous and has a layered brucite,
Mg(OH), or Co(OH). structure, while the a-form is hydrated and has intercalated water between
brucite-like layers. Oxidation of B-Ni(OH), on charge produces B-NiOOH, which discharge to yield B-
Ni(OH); and if overcharged, the 3-Ni(OH) could be converted to y-NiOOH. The overall transformation
is shown in Equation 2-13.

Equation 2-13: Beta-Two (B(II))) to Beta-Three (B(III)) then Gamma (y(III)) on overcharge

Charge 0 b
B — Ni(OH), = B — NiOOH + H* + e~ ”eri argeé v _NiOOH + H* + e~
Discharge

The B-Ni(OH); is stable in strong alkaline electrolytes and has good reversibility when charged to -
NiOOH. The B-NiOOH has a similar structure with a lattice constant of inter-sheet (4.85A); thus, the
volume expansion associated with cycling is less than any other form. However, the formation of vy-
NiOOH when B-Ni(OH); is overcharge contains Ni** (Yang, LJ et al., 2007; Hall et al., 2015) with an
average nickel oxidation state of 3.3—3.7 (Yang, LJ et al., 2007). The conversion of B-Ni(OH)- to y-
NiOOH is accompanied by a large volumetric change, and this may result in loss of contact between
the active material and the conductive substrate, thus causing fast capacity fading during charge-

discharge cycling (Hall et al., 2015).

The oxidation of a-Ni(OH), on charge produces y-NiOOH, which discharged to form a-Ni(OH).
(Equation 2-14). In general, a-Ni(OH). is unstable and can be transformed to B-Ni(OH), in a neutral or
KOH aqueous solution. Primarily a-Ni(OH); is dissolved in the aqueous solution slowly and then re-
nucleated to form B-Ni(OH), (Equation 2-15) (Hall et al., 2015).
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Equation 2-14: Alpha (o) to Gamma (y) form

Charge
a — Ni(OH), = y — NiOOH + H* + e~
Discharge

Equation 2-15: Alpha (a) to Beta () form

Dehydrate
a — Ni(OH), - B — Ni(OH),
Aging

The a - y transformation may involve more than one electron transfer per Ni atom (up to 1.6 to 1.67
electrons) (Young, Kwo-Hsiung et al., 2017). This owes to the non-integral average oxidation states of
the a and y phases that occur because of the presence of anions (NO3~, COs*", SO4*, CI, etc.) and
cations (Li*, Na*, K*, etc.) in the water layers in a-Ni(OH). and y-NiOOH, respectively (Hall et al.,
2015). The general scheme diagram initially proposed by Bode et al. (Bode et al., 1966) and currently
validated by many researchers (Bresser et al., 2018, Falahati et al., 2015, Hall et al., 2015, Holmberg,
2017, Young et al., 2018) is shown in Figure 2-3.
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Figure 2-3: Tllustration of the Bode’s diagram for the Ni(IT)/Ni(IIT) reduction-oxidation transition in
the Ni(OH)- layers. Source: (Falahati et al., 2015).

The Ni(I1)/Ni(ll1) redox transition is generally referred to as B/p and a/y reaction. The B-form can exist
in hydrated and un-hydrated forms. Hydrated B-Ni(OH), material is vital for electrochemical
applications as it can improve electrochemical properties such as charge capacity. At the same time,
thermal dehydration reduces the charge capacity of B-Ni(OH), battery electrodes by approximately 10-
14% (KOBER, 1967; Hall et al., 2015). The hydrated form of B-Ni(OH). is designated as
[Ni(H20)x](OH)2, where 0.1 < x < 0.4 (Dennstedt and Loser, 1971; Hall et al., 2015); and the water
molecules are weakly associated with the nickel cations and do not form hydrogen bonds with the lattice
hydroxide (KOBER, 1967). While the a-Ni(OH), xH.O materials are constantly hydrated because water
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is intrinsic to their structure. The degree of hydration in a-Ni(OH), xH.O materials differs within the
composition 0.41 <x < 0.7 (Daniel and Besenhard, 2012; Hall et al., 2015).

Moreover, a typically mixed phase of a- and f-form have been reported. The presence of an a- and -
form in the exact composition of the structural material is designated as ‘interstratified phases consisting
of a- and B-type structural motifs’ and not simple mixtures of a- and B-Ni(OH): crystals (Delmas et al.,
1992; Guerlou-Demourgues et al., 1994; Rajamathi et al., 2000; Hall et al., 2015). Instead, the presence
of interstratification allows a- and B-Ni(OH). domains to coexist within a single crystal. The a-Ni(OH),
B-Ni(OH)2, B-NiOOH, y-NiOOH, and o/p-interstratification Ni(OH). are briefly discussed below.

251 B-Ni(OH),

B-form of Ni(OH), has a hexagonal structure and can be adopted by the hydroxides of bivalent atoms
such as Ca, Mg, and Co, and is usually denoted as the brucite, Mg(OH).) or C6-type structure. It occurs
naturally as the mineral theophrastite, and it has been represented by the formula $-Ni(OH).. A typical
structural representative is shown in Figure 2-4, where the medium size (grey) spheres are denoting
Ni%*; the large (red) spheres are symbolising O%, and the small (pink) spheres are signifying H* (Hall
et al., 2015). According to Hall and co-workers, the atoms have fractional coordinates of (0, 0, 0), (1/3,
2/3,uor2/3, 1/3, 0), and (1/3, 2/3, v or 2/3, 1/3, ©) where, u = 0.2221 t0 0.24, and v = 0.4275 t0 0.47
for nickel, oxygen, and hydrogen atoms, respectively.

Figure 2-4: Illustration of a typical crystal structure of B-Ni(OH),. Sourced (Hall et al., 2015).

The O-H bonds in isomorphous molecules such as Mg(OH); lie parallel to the ¢ axis where the hydrogen
atoms are on opposite sides of the oxygen layer, and the O - O distance is 3.3A. For this reason, the
possibility of hydrogen bonding was ruled out (Hall et al., 2015). Six central oxygen atoms surround

Nickel-metal, three lying above the plane of the nickel and three below.

2.52 a-Ni(OH)
a-Ni(OH): is highly hydrated and represented by the formula a-Ni(OH).-xH.O, where X varies between
0.5 and 0.7. Although the material is fundamentally hydrated, the water molecule is usually omitted

from the written formula, i.e., the material is denoted a-Ni(OH),. The hydrous a-Ni(OH). (Figure 2-5)
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differs from the anhydrous hydroxide by the presence of water molecules situated above and below
some Ni atoms along the trigonal axis and thereby increases the ¢ axis length to about 8A.

turbostratie
nickel(ll) hydroxide

Figure 2-5: Hydrated form of nickel(ll) hydroxide: The idealised crystal structure of a-Ni(OH)>
XH20. Sourced from (McEwen, 1971).

253 B-NiOOH

Nickel oxy-hydroxide (B-NiOOH) has a relatively amorphous distorted brucite structure-like
demonstrating a hexagonal lattice. The B-NiOOH is a mainly used inorganic catalyst for water oxidation
reaction and energy conversion. The investigational band-gap for f-NiOOH is estimated between 1.7
eV -1.8 eV (Tkalych et al., 2015). The magnitudes of unit cell transformation of f-Ni(OH); is froma =
3.13A to 2.82A and from ¢ = 4.60A to 4.85A (Figure 2-6).

[
I-o-b

B-Ni(OH) B-NiOOH

Figure 2-6: Transformation of $-Ni(OH)2 to B-NiOOH structure. Sourced from (Tkalych et al., 2015).

There is no clear establishment of whether the 3-NiOOH exhibit n-type semiconductor or p-type
semiconductor. In an n-type semiconductor, the donor impurity contributes free electrons, thereby
increasing the conductivity of the intrinsic semiconductor. While in p-type semiconductors, the acceptor
impurity (intrinsic semiconductor) creates deficiencies of valence electrons, called "holes". Some
studies have reported the -NiOOH as an n-type semiconductor (Tkalych et al., 2015; Dhaka and
Toroker, 2019), while others elucidated it as a p-type semiconductor (Madou and McKubre, 1983).

24



Moreover, the IR spectral analysis of this material indicates that NiOOH is a hydrogen-bonded structure
with no free OH™ groups (Dhaka and Toroker, 2019).

2.5.4 y-NiOOH

The gamma nickel oxy-hydroxide (y—NiOOH) phase is typically transformed during the overcharge of
B-Ni(OH); and the charge of a-Ni(OH).. The transformation of B(II)-Ni(OH), to B(IIT)-NiOOH results
in the extraction of one electron per Ni ion cycled. However, more than one electron per Ni can be
cycled if y-form participates in the couple. For example, the transformation of $-Ni(OH)2 to y-NiOOH
and a-Ni(OH) to y-NiOOH. Oxidation of y-form has, nevertheless, been limited to a supreme oxidation
state for Ni of +3.66. Moreover, the spacing between the Ni layers is 7.2A, but it depends on the
insertion of alkali cations and water molecules. Therefore, the transition of B-Ni(OH), to y-NiOOH

results in swelling due to significant volume expansion.

255 o/p-Interstratification materials physical properties and analytical characterizations
The o/B-interstratification comprises of a single grain or crystal of Ni(OH); in which some of the layers
are detached by incorporated water (a) and some of the layers by a p-form (Hall et al., 2015). A
schematic diagram of a/p-interstratification, adapted from Hall and co-workers (Hall et al., 2015), in
which both phases coexist within a single crystal, is shown in Figure 2-7.
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Figure 2-7: Schematic of o/p-interstratification, in which both phases coexist within a single crystal.
Sourced from (Hall et al., 2015).

These spheres may be massive or as diminutive as a solitary layer. Usually, the evaluated XRD pattern
of materials exhibiting primarily one phase (i.e., when the interstratification is negligible) is quite
similar to that of the pure material. For mixed samples such as the o/f-Ni(OH). (Figure 2-7), the
diffraction lines appear shifted and broadened. This is because the long-range structural order essential

for diffraction quantities is diminished in interstratified materials (Hall et al., 2015). If each layer is
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solely a- or B-phase, the disorder is only oriented along the c-axis, and the (hkl), I # 0, XRD lines will
be selectively broadened or even absent from the rhythmic pattern (Hall et al., 2015). However, it is
also possible to have both phases within a single layer, as shown in Figure 2-7, in which case the

structural disorder will be more generalized.
2.6 Synthesis of Ni(OH):

2.6.1 Synthesis of unmodified Ni(OH)

Generally, Ni(OH), particles are prepared by reacting an inorganic nickel salt with an alkali metal
hydroxide in a liquid medium maintained at a pH and temperature at which conversion of the nickel
salt to insoluble Ni(OH), occurs. The commonly used inorganic nickel salts are (i) NiSO4.6H20, (ii)
Ni(NOs)., or (iii) NiCl,, and the alkali metal hydroxides are (i) NaOH, (ii) KOH, or (iii) LiOH. In the
past years, various methods such as chemical precipitation, impregnation-precipitation, electrochemical
deposition, sol-gel, chemical ageing, and hydrothermal processes, to name a few, have been used to
synthesise the Ni(OH), with various morphologies and crystal structures (Yang, Guang-Wu et al., 2008;
Jiang et al., 2011; Giri and Sarkar, 2016; Gongalves et al., 2018).

2.6.2  lonic substitution and foreign ion incorporation

Despite the encouraging progress, among the drawback mentioned above for Ni(OH); as electrode
materials is its poor conductivity (~10Y" S/cm) (Motori et al., 1994; Sun and Lu, 2012). Therefore,
additives are often required for Ni(OH). to form composites to improve the performance (Shangguan
et al., 2010; Wang, Hailiang et al., 2012; Miao et al., 2015; Xie et al., 2016). These materials are

commonly known as the modified or doped Ni(OH), materials.

The preparation of the modified materials involves the partial substitution of Ni in Ni(OH). with a
different metal ion. Numerous cationic substitutions of Ni(OH) have been prepared from divalent metal
cations and are given the general formula Ni;«Mx(OH)2, where M is the substituted metal atom. The
modified Ni(OH). material may be produced by mixing a conductive material with the nickel ion
solution to form a suspension. The caustic (NaOH) solution can be then mixed with the suspension to
precipitate the Ni(OH), material onto the conductive particles, thereby forming the deposit. As the
Ni(OH), deposits onto the conductive particle, the conductive particle becomes at least partially
embedded in the Ni(OH), material. The conductive material acts as a nucleation site for the Ni(OH).

material precipitation.

Modified Ni(OH), may contain one or more modifiers selected from the group consisting of Co, Cd,
Ag, V, Sbh, Ca, Mg, Al, Bi, Cr, Cu, Fe, In, rare earths, Mn, Ru, Sn, Ti, Ba, Si, Sr and Zn (Young, Kwo
et al., 2018). In addition, the conductive material may comprise one or more additives selected from

the group consisting of carbon, graphite, copper oxide, and cobalt oxide.
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2.6.3  Prior works on the production of Ni(OH).

Table 2-2 summarises prior works on producing a-Ni(OH). and mixed o/B-Ni(OH) for electrochemical
applications. EP, CP, and ECI denote electrochemical precipitation, chemical precipitation, and
electrochemical impregnation, respectively. In addition, a-Ni(OH). and B-Ni(OH), are represented by
a and B, respectively. The concentration of the primary dopant in molar percentage is listed in the main
dopant column. These methods can also be used to produce B-Ni(OH). (Yang, Guang-Wu et al., 2008;
Jiang et al., 2011; Giri and Sarkar, 2016; Gongcalves et al., 2018).

Table 2-2: Summaries of prior works on producing o-Ni(OH), and mixed a/B-Ni(OH), for
electrochemical applications. Sourced from (Young, Kwo-Hsiung et al., 2017).

Main Dopant Preparation Method Main Findings
Co (6%, 45%, 75%) EP e  First used with Co to stabilize o and y
Co (20%, 55%) cp e Co stabilizes o up to 50 cycles with 345
mAh/g

e  First used with Fe to stabilize o up to 60

Fe (10%, 20%, 30% P .
e (10%, 20%, 30%) ¢ cycles with 232 mAh/g

e  First used with other trivalent cations to

Al, Fe, Cr, Mn (25%)  EP promote

Al (10%-25%)

Al (20%)

None

Mn (20%-40%)

Al (20%)

Al (30%)
Al (25%)
Al (5%-20%)

Fe (0%-40%)

None

Y (1%-10%)

CP from nitrates

CP from nitrates

Sintering

CP

CP from sulfates

Sintering

CP from nitrates
CP

CP

CP from nitrates

CP from nitrates

Al shows the highest columbic efficiency
The discharge capacity of 240 mAh/g

Lower resistance and a high self-discharge
rate found on o

a has a higher self-discharge than 3

The discharge capacity of 225 mAh/g

The first use of a non-precipitation method
Mn stabilizes o up to 120 cycles

The discharge capacity of 343 mAh/g
Better reversibility of o

The discharge capacity of ca. 450 mAh/g
The discharge capacity of 381 mAh/g

The discharge capacity of 260 mAh/g
20% Fe is needed to stabilize a

The capacity of 180 mAh/g for an o/
mixture

Ageing process from o to B

Tap density of 1.6 g.cc™ and 330 mAh/g
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Al (8.8%25.4%)

Mn, Zn, Co (13%,
4.5%, 3%)

Al (10%-30%)

Al (10%, 15%)

Al (20%)

Al (13.2%-19.5%)
Al (10%, 25%), Co

Al (10%, 25%)

La (3.26%-9.19%)

Ti (11%)

Al (10%)

Co, Zn, Mn (10%-
20%)

Al (20%)
Al (10%), Y (5%), Nd

(5%)
Al (10%), Y (5%)

Al (20%)

None

Al (15%), Y (4%)

Co (20%), Cd (3%)

Al (10%), Ce (5%)

Al (10%)

CP from nitrates

CP

CP from nitrates

ECI

Solid-state synthesis
CP from nitrates

CP from nitrates

Sintering

CP from nitrates

CP from sulfates

CP from nitrates

CP

CP

CP from sulfates
CP from sulfates
CP from nitrates

Rapid freezing micro-
emulsion

CP from sulfates

Ultrasound radiation

CP + rapid freezing

CP from nitrates

Al stabilizes o up to 100 cycles

o/p mixture showing high tap density and
capacity of 375 mAh/g

The discharge capacity of ca. 350 mAh/g
with 10 at % Al

The discharge capacity of 230 - 240 mAh/g
after 200 cycles

The discharge capacity of 336 mAh/g

The discharge capacity of 360 mAh/g after
300 cycles

Al and Co together improve rate capability

25% Al is better than 10% Al for battery
application

La increases the plateau voltage and cycle
stability

1.22 electron transfer per Ni

_ Good for high temperature (80 °C)

The discharge capacity of 380-400 mAh/g
Low tap density

Mn improves the conductivity and
reversibility

Nitrate is better than sulfate as raw material

Performance controlled by bulk diffusion
Y and Nd improve the hydrogen diffusion

The discharge capacity of 388 mAh/g

Capacity degradation due to Al-migration
onto surface

The discharge capacity of 340 mAh/g after
35 cycles

Discharge capacity of 351 mAh/g due to high
defect density

Lower the oxidation potential to avoid
oxygen evolution during charge

Discharge capacity of 363.2 mAh/g

Capacity, high-rate, and high temperature
performance improved by addition of
metallic Co or Y(OH)s3
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None

Al (20%)

La (4.3%), Zn (2.4%)

Al (15%), Mg (5%)
Al

Al, Co, Zn, Y (16%)
Y (16%)

Co (50%)

Zn (5%-20%)

Al (9%)
Co, Al, Mn, Ca

Cu (9%23%)

Al (3% - 7%)

Al (17.2%)

Y (17%)
Al (20%)
Al (20%)

Al (20%)

Al (9%), Mn (4.5%),
Yb (9%)

None
Co (11.1%)

Sn (2%-17%)

Liquid phase deposition

CP from nitrates

CP from sulfates

CP from nitrates
Conversely migrates
Supersonic CP

Supersonic CP

CP from chlorides CP
from chlorides

ECI

CP from nitrates
CP

Supersonic CP

CP from nitrates

Coating with

CP from chlorides

Drying and hydrothermal

Anion exchange from
chloride

Drying
Supersonic CP

Hydrothermal plus
calcination

Hydrothermal

Supersonic CP

o carbon composite was made
Nitrate shows better results than sulfate

La and Zr improve the high rate, cycle
stability, and capacity (373 mAh/g)

Mg increases defect density and capacity
(359 mAh/g)

Nanowire for capacitor use

Capacity of 346 mAh/g due to synergetic
effect

Y increases the capacity to 358 mAh/g

Hexamethylenetetramine is a better
hydrolytic agent than urea

Increased surface area for supercapacitor
application

o/p mixture showing high tap density and
capacity of 325 mAh/g @ 200 mA/g

B formation is the main failure mode

Cu improves both capacity (310 mAh/g) and
cycle stability

Al improves both capacity (324.5 mAh/g)
and cycle stability

B coating improves both capacity and cycle
stability

Influence from the buffer Na,COz was
studied

High tap density: 1.84 g.c*
High tap density: 1.89 g.c*

Cl improves both high rate and cycle stability

Capacity of 309 mAh/g due to synergetic
effects

Large capacitance for capacitor application

Large capacitance for capacitor application

Sn improves capacity, cycle stability,
reaction reversibility, and bulk diffusion

Transition metal hydroxides are one of the most promising candidates for battery electrode materials.

However, transition metal hydroxides usually suffer from quick decay in capacity during cycling. This
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is mainly caused by the decrease of the electroactive surface area, which results from the instability of
structural morphology upon fast and repeated charging/ discharging (Xie et al., 2016). Also, the phase
control of metal-based-incorporated Ni(OH). hybridization remains a challenge on the way toward
perfect metal-based-incorporated Ni(OH), systems (Yuan et al., 2016).

The current study reports a B-Ni(OH), material prepared by co-precipitation method followed by
hydrothermal treatment with Cu, Mg, Co, Al, and Mn as the effective dopants. Contrary to this study,
Yuan and co-workers (Yuan et al., 2016) reports the electrochemical properties of a prepared porous
pompon-like Mg-incorporated a-Ni(OH). using a facile chemical co-precipitation method. The a-
Ni(OH): tends to convert to 3-Ni(OH) in an alkaline solution or when subjected to charge-discharge
cycles (Lee, Jeong Woo et al., 2011). Moreover, the metals are chosen as additives due to their low
cost, safety and stability.

2.7  Electrode Production

Nickel electrodes are fabricated using different methods depending on various components or processes
such as a (i) selection of material modifiers, (ii) a preparation process conditions and methods, (iii)
material additives, (iv) binders or different processing conditions of an electrode, which are annealing,
electrodeless plating, surface coating by physical vapour deposition or wet chemical dipping, radiation
and electrochemical pressing conditions (Oshitani et al., 1984; Liang et al., 2010; Su et al., 2014;
Thurner, 2016; Xu et al., 2017; Bresser et al., 2018; Barton et al., 2020; Kong et al., 2020). Sintered,
pressed and tubular or pocket are the mainly used methods for producing nickel-based electrode. These

three methods are briefly highlighted below.

2.7.1 Sintered Electrodes

Sintering is a thermal deposition process in which loose active particles are transmuted into a thin
coherent porous matrix by heating in an inert atmosphere below the melting point of the active material.
The electrode material usually is deposited on an ideal current collector and sintered in an inert
atmosphere at approximately 1115K to formulate a porous matrix (Ferrando et al.,1984).
Chakkaravarthy et al. (1991) stated that the inert atmosphere could be either hydrogen, argon, nitrogen
or a mixture of either of the gases. The substrate (current conductor) may be Ni mesh or Ni-plated mild
or stainless-steel mesh, perforated Ni foil or Ni-plated, perforated mild or stainless-steel foil, Ni-fibre

mat or Ni-plated steel-fibre mat.

Bilateral embedding of the electrode material on an ideal current collector process is performed using
a graphite mould (under dry conditions) before sintering. This process is titled ‘loose sintering’ or ‘dry
powder sintering’. ‘Wet slurry sintering’ is another process wherein an active material slurry of ideal
consistency is rooted on a suitable substrate before sintering. These progressions produce physically

stable electrode plates of actual thickness and 70 - 90% porosity (Shukla et al., 1994). Sintered
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electrodes may generate a high electrical conductivity due to the crystal binding between the active
material in combination with high mechanical strength. On the downside, sintered electrodes possess a
relatively high inactive/active weight ratio and suffer high production costs (Bernard & Lippert, 2015;
Chakkaravarthy et al. 1991).

2.7.2 Tubular or Pocket Plate Electrodes

The Pocket-plate design was developed between 1897-1903 when the first electrode design for Ni-Fe
batteries was created (Chakkaravarthy et al., 1991). Pre-perforated Ni-plated steel sheets or thin Ni
sheets are filled with palletized active material powder blended with conductive additive, mostly
graphite and other suitable additives. The particles are then pressed and hold together as pockets with
folded strips along the edges. The Ni pockets act as the small particles and current collector (Bernard
& Lippert, 2015). Chakkaravarthy et al. (1991) highlighted that the current collector at the electrode/
electrolyte interface would accelerate the overpotential hydrogen evolution reaction. Nickel electrodes
formulated using a pocket method would increase overpotential due to inevitable diffusion through the
perforated steel and pressed palletized active material. Therefore, this design is chiefly suitable for low-
current density applications. Nevertheless, the pocket plate technology is still widely applied,

presumably due to its robust design.

2.7.3 Paste Type Electrodes

The active material with sufficient additives is blended with an aqueous polymeric binder such as
poly(tetrafluoroethylene) (PTFE) or poly(ethylene) (PE). The resulting mixture (paste) is pasted on a
porous Ni-foam sheet to produce a plate of the desired thickness. Finally, the wet electrode is dried for
24-48 hours in a vacuum oven (Huang & Chou, 2007; Kao et al., 2011). This design of flat paste type
negative electrodes exhibits better performance than its counterparts (pocket type and sintered type
electrodes) in terms of specific energy, volumetric capacity, ampere-hour capacity and Fe active
material (Caldas et al., 1998). In addition, “paste plate” type electrodes production entails much lower
costs, therefore, are more attractive than sintered electrodes counterparts (Manohar et al., 2012; Kao &
Chou, 2010).

2.7.4 Pressed or Roll Compacted Electrodes

Ni-based active material composite mixture coupled with graphite powder and other additives in
appropriate proportions is incorporated with a binder to formulate an electrode composite mix (PTFE,
CA or PVDF) (Chakkaravarthy et al., 1991). The electrode composite material is hot pressed on an
ideal electro-conducting mesh (usually Ni-mesh) or fed into a rolling machine along with the mesh
(Caldas et al., 1998; Mrha et al., 1979). The thickness of the electrode plate is typically regulated by
the applied pressure and the gap between the press plates (Chakkaravarthy et al., 1991). Chakkaravarthy
et al. (1991) and Caldas et al. (1998) stressed that sometimes, pore-formers such as minute NaCl or

(NH.)CO; particles are utilised to induce sufficient porosity. Pressed electrodes incur low-cost
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production and exhibit good charge characteristics and durability under optimal current drains (C/5-
10).

2.8  Physical Properties and Analytical Techniques Applied in this Study

Various analytical instrumentation has been used for the characterisation of typical Ni(OH). based
materials. The most emphasis is on understanding the chemical and the structural properties of these
materials. For example, the crystalline phase of the active materials and their unit cell dimension were
identified using X-Ray Powder Diffraction (XRD). The present functional groups were determined
using Fourier Transform Infrared Spectroscopy (FTIR). The active material's thermal stability and its
fraction of volatile components were monitored using Thermal Gravimetric Analysis (TGA) equipped
with Differential Thermal Analysis (DTA). Specific surface area and pore size were analysed using
Brunauer-Emmett-Teller (BET) nitrogen adsorption isotherms and Barrett-Joyner-Halenda (BJH),
respectively. The elemental compositions present were confirmed using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) and Scanning Electron Microscope — Elemental Dispersive
Spectrometer (SEM-EDS). SEM images were also collected, and Transmission Electron Microscopy
(TEM) was used to determine the morphological changes of the best composition material after

application.

A brief overview of each technique and its relevance application in Ni(OH),, where it is applicable, as

cited in the literature, is provided below.

2.8.1 X-Ray Diffraction (XRD)

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used to phase identification
of a crystalline material and provide information on unit cell dimensions. The analysed material is finely
ground, homogenized, and the average bulk composition is determined. Max von Laue, in 1912,
discovered that crystalline substances act as three-dimensional diffraction gratings for X-ray
wavelengths similar to the spacing of planes in a crystal lattice. X-ray diffraction is now a common

technique for studying crystal structures and atomic spacing (Guinier, 1994).

2.8.1.1 XRD characterization of Ni(OH), based material

A representative diffractogram of a - and a-form of Ni(OH), films layered on Ni substrates composed
using a CuKa X-ray source are demonstrated in Figure 2-8. Figure 2-8 was adapted from Hall and co-
workers (Hall et al., 2015). According to the authors, the B-Ni(OH). (Figure 2-8a) demonstrated a
discerning line broadening of the peaks that contain the crystallographic c-axis. While the a-Ni(OH)

(Figure 2-8b) showed low XRD intensities owing to high general structural disorder.
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Figure 2-8: Typical schematic diffractogram of Ni(OH), on Ni substrates collected using a CuKa X-
ray source. (a) B-Ni(OH)2 and (b) a-Ni(OH), sourced from (Hall et al., 2015).

The dni-ni may be compared directly with the a-parameter of B-Ni(OH), (Table 2-3); and the a-
parameter depends on how the unit cell is defined, which is determined by the degree of hydration.

Furthermore, the c-parameter is more significant if the interlayer space contains anionic impurities.

Table 2-3: Unit cell parameters for the two fundamental phases of Ni(OH). (Hall et al., 2015).

B-Ni(OH)2 B-Ni(OD)2 0-Ni(OH)2 xH20

Space group D33d / P3m1/No.164 D13d / P3m1
/No.162a

a=p 90° 90°

Y 120° 120°

a=b 3.126 A 3.126 A dni-ni 3.08 A

c 4.605 A 4593 A 8.0A

In addition to B- and a-form of Ni(OH). phases, there are several structural disorders of Ni(OH). that
are reported in the literature (Delmas et al., 1992; Guerlou-Demourgues et al., 1994; Huang, Jichun et
al., 2013; Hall et al., 2015). For example, the mixture of the B- and a-form of Ni(OH). previously
expressed as o/B-interstratification has been reported in the literature (Hall et al., 2015). In addition, the
formation of internal mechanical stress during the synthesis of the a-derived structures has been
reported by Hall and co-workers. A representative XRD diffraction pattern source from (Hall et al.,
2015) is presented in Figure 2-9.

33



(003)

~1.8A

(012) (006)

(110)  (o18)(015)

a(y=0.3)
4EATOA

Ayv=0.
/B O 1) 001)

(110) (101)

(ITH g (102)

26,,(°)
Figure 2-9: A typical XRD patterns collected from a-Nio7Mng3(OH)2, a/Pis-Nio.sMno1(OH),, and -
Ni(OH); using a CuKo, X-ray. Sourced from (Hall et al., 2015).

No one umbrella fits the causes of the structural disorder. However, it has been reported that the
insertion of large polyatomic anions, such as nitrate, into the lattice sites or the intercalation space of a-
Ni(OH). is expected to introduce mechanical stress (Hall et al., 2015). According to Hall and co-
workers, during the chemical ageing of a- to B-Ni(OH), the internal stress may occur due to changing
the unit cell c-parameter (8.0 — 4.6 A). The transformation of o- to B-Ni(OH), results in compressive
and tensile forces along the c-direction of the a- to B-forms, respectively (Hall et al., 2014).

Also, in dried Ni(OH), samples and redox cycling of Ni(OH); electrodes in batteries, mechanical stress
is generally observed due to variations in densities of Ni(OH), and NiOOH (Oliva et al., 1982). In dried
Ni(OH),, the lattice vibrational modes are shifted when the Ni(OH); films are fractured, illustrating that
the elimination of water changes the density of the materials and causes internal stresses (Hall et al.,
2012). The a-derived structures are the a-form related materials that do not truly belong to the a-
Ni(OH). form but often represented as “a”-form owing to structural similarities. Fundamentally, this
proposes two likely elucidations of the ‘a’ label: (i) brucite-like Ni(OH), sheets with incorporated water

or (ii) brucite-like Ni(OH)2 sheets with any introduced species.

According to the authors, the vibrational spectra collected from interstratified materials contain the
characteristic O-H internal stretching modes of the a- and B-phase materials. Other possible
interstratification and structural disorder such as the mixed metals, carbonate-intercalated of o/Bis-
Nio.oMno.1(OH). (Guerlou-Demourgues et al., 1994), a/Bis-Ni;—xCox(OH)2 in (Delmas et al., 1992), and
o/Pis-Nii—xAlx(OH). (Huang, Jichun et al., 2013) materials have been reported. Guerlou-Demourgues
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and co-workers (Guerlou-Demourgues et al., 1994) commend that the minimal quantity of carbonate in
their samples was inadequate to dispense within the interlayer space, which produced segregation
evenly.

Huang and co-workers (Huang, Jichun et al., 2013) partially substituted Al for Ni in B-Ni(OH), material.
The authors observed that with the increase of Al content in B-Ni(OH)2, the diffraction intensity of a-
form was more pronounced, while the B-phase was minimal. Also, the authors observed that the
diffraction peak position of Al-incorporated Ni(OH), samples shifted to the left with an increase in Al
content. The observed shift in diffraction peak position was due to variation of metal ionic radius
between Al and Ni metal. Huang and co-workers (Huang, Jichun et al., 2013) concluded that their
findings demonstrated that both o/p-form was due to the addition of Al.

2.8.2 Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) exploits molecules that absorb specific frequencies
from the electromagnetic spectrum (EMS) characteristic of their structure. The absorbed frequencies
are directly proportional to vibrational energies and dependent on Hooke’s law (Equation 2-16). Where
v, ¢, k, and p is a vibrational frequency, speed of light, force/spring constant and reduced mass of
bonding atoms, respectively (Phillippi and Mazdiyasni, 1971; Mirabella, 1992). Factors that influence
the exact IR absorption band of a covalent bond are the shape of the molecular potential energy surface,

the mass of absorbing atoms and associated vibrational coupling.

Equation 2-16: Vibrational frequency equation

1k
© 2mc |u

Where v is the vibrational frequency, c is the speed constancy (¢ = 3x10'° cm/sec), k is the molecular
force constant, and p is the reduced mass given by Equation 2-17. Where ma and mg is the atomic mass

A and mass B, respectively.

Equation 2-17: Reduced mass of bonding atoms equation

mympg

M_mA+ mg

When a sample interacts with infrared light, selected IR vibrational frequencies are absorbed.
Examination of transmitted light reveals how much energy is absorbed in each frequency. The technique
is commonly used for the analysis of samples containing covalent bonds (non-metals) (Phillippi and
Mazdiyasni, 1971; Mirabella, 1992). IR absorption occurs when the incoming light frequency matches
the bond's vibrational frequency, enabling the researchers to identify specific functional groups in

molecules in the sample. When the bond is strong, the frequency where atoms vibrate becomes stronger
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(shorter the wavelength, higher the energy). Light can be detected through transmission (%T) - the
amount of light that passes through the sample. It can also be seen by reflection - the amount of light
that bounces off the sample. High transmittance at a frequency means few bonds absorb that “colour™
light in the sample. Low transmittance means a high population of bonds have vibrational energies
corresponding to the incident light.

Although incident radiation can be scattered, absorbed, reflected or transmitted in battery materials such
as Ni(OH), transmittance (%T) has more physical meaning than absorbance (Abs). Therefore, %T is
preferred chiefly for qualitative analysis, while absorbance (Abs.) is used quantitatively. The most

observed infrared-active vibrational modes of Ni(OH) observed in literature are presented below.

2.8.2.1 FTIR characterization of Ni(OH), based material

The B and a-phases are mostly considered when identifying functional groups of the material, although
different types and degrees of disorder exist as mentioned in the section below (Bantignies et al., 2008;
Martins et al., 2014; Gongcalves et al., 2018). Bantignies and co-workers (Bantignies et al., 2008),
reported only four IR lattice modes in a range of 332 - 354, 440 - 475, 510 - 553 and 3630 - 3650 cm™*
for a -Ni(OH).. Since then, several peak bands have been reported. A weak feature at approximately
1600 cm™* superimposed with a soft peak at around 1630 cm™ attributed to the O-H bend of H.O that
has adsorbed on the material surface or has been trapped within the material has been detected. The
existence of water in 3-Ni(OH)2 is weakly associated with the nickel cations and does not form hydrogen
bonds with the lattice hydroxide (Begum et al., 2009; Hall et al., 2014; Hall et al., 2015; Posada and
Hall, 2016). The minimal present amount of H.O in B-Ni(OH). has the potential to elucidate the
electrochemical properties of the battery electrode (Begum et al., 2009). The peaks at roughly 3380
cmt and about 3450 cm™ are from the O-H stretch of the H,O. A shoulder at 3601 cm™ corresponds
to the in-phase O-H stretch of disordered B-Ni(OH). has also been reported. p-Ni(OH), materials often
contain stacking faults, incorporated during preparation. Moreover, different degrees of hydration can
occur, observed by large H2O bands in the Raman and IR spectra. Finally, other factors such as
crystallite size, point defects, stacking faults, etc., are expected to affect the spectroscopic properties of

the materials.

The a-phase of Ni(OH); is turbostratic, where adjacent layers are separated by amorphous H.O. The
anions in the Ni?* salt used for sample preparation often incorporate into this interlayer region. There
are three IR-active a-Ni(OH), modes at 380 - 400, 460 - 480 and 625 - 670 cm™* mostly reported (Begum
et al., 2009; Hall et al., 2014; Su et al., 2014; Li et al., 2015; Shanaj and John, 2016; Yan, Zhenhua et
al., 2018; Liu, Ling et al., 2019; Wiston and Ashok, 2019). Weakly visible combination bands are
observed at 835 and 1055 cm™* (Begum et al., 2009; Shanaj and John, 2016). The latter is not visible in

the spectra of nitrate-intercalated a-Ni(OH), samples because it is obscured by nitrate bands (Begum et
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al., 2009; Shanaj and John, 2016). Two peaks from the O-H bending modes of lattice OH are observed
at 1380 - 1390 and 1480 - 1490 cm™* (Begum et al., 2009; Hall et al., 2015; Shanaj and John, 2016).
These peaks vary slightly between samples because of structural disorder and the mechanical stress
induced when the materials are dried. The O-H bending mode from intercalated H.O is measured at
1600 cm™* (Begum et al., 2009; Hall et al., 2015). Broad features from free H-O are estimated at 3220
- 3515 cm™?, and peaks corresponding to lattice OH and inter-sheet H,O are observed at 3570 - 3640
cmt (Begum et al., 2009).

The most common FTIR attribution bands present in the Ni(OH), based materials that have been

reported in the literature are listed in Table 2-4.

Table 2-4: FTIR attributions of absorption bands for Ni(OH).

Wavenumber (cm?) Attribution of absorption bands References
3600 Vibrational stretching of a hydroxyl (Begum et al., 2009; Shanaj and John,
group in the nickel hydroxide lattice 2016)
3400 Vibrational stretching of the adsorbed (Begum et al., 2009; Shanaj and John,
water 2016)
2000 CO; present in the air (Begum et al., 2009)
1600 Water angular deformation (Begum et al., 2009; Shanaj and John,
2016)
1400, 1300, 1100 Carbon, nitrates, and sulphates anions (Begum et al., 2009; Shanaj and John,
vibration stretching 2016)
500 Water angular deformation in a plan (Begum et al., 2009)
400 Ni-O vibrational stretching (Begum et al., 2009; Shanaj and John,
2016)

2.8.3 Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA)

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is among the frequently used
techniques to assess the amount of hydration for Ni(OH), (Dennstedt and L&ser, 1971; Begum et al.,
2009; Hall et al., 2015; Shanaj and John, 2016). Thermogravimetric analysis (TGA) is a thermal
analysis technique involving determining the change in weight of a sample as a function of temperature
and/or time of heating. TGA is performed either in an inert nitrogen environment or in an oxidative
environment (air). The TG component measures temperatures where decomposition, reduction or
oxidation occurs. It simultaneously measures the weight changes associated with decomposition,

oxidation, and any other physical or chemical changes that result in sample weight loss or gain.

The differential thermal analysis (DTA) is a technigue that measures the difference between the sample

temperature (Ts) and the temperature of a reference (Tr). A plot of (Ts — Tr) over a programmed
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temperature range will show a series of peaks or step changes that map the temperatures where thermal
events occur. The DTA component shows whether decomposition processes are endothermic or
exothermic. The DTA also measures temperatures corresponding to phase changes where no mass loss

occurs, such as melting, crystallization and glass transitions.

TG/DTA is a simultaneous thermal analyzer that can characterize multiple thermal properties of a
sample in a single experiment. However, the amount of heat absorbed or released by the sample as it
undergoes temperature changes cannot be accurately quantified by the TG/DTA instrument (Hall et al.,
2015; Shanaj and John, 2016).

2.8.4 Brunauer-Emmett-Teller (BET) Theory

The Brunauer-Emmett-Teller (BET) technique is commonly used to measure the specific surface area
of materials. The BET theory is related to the adsorption of a gas on the material's surface. BET theory
is used in systems of counter-layer adsorption and typically employs inquisitive gases. The boiling
temperature of nitrogen gas is the commonly used gas because N, does not chemically respond with
material surfaces as adsorbates to compute the specific surface area (Che and Védrine, 2012; Lowell et
al., 2012; Park, 2012; Hiemenz and Rajagopalan, 2016). Specific surface area is a scale-dependent
property, with no single actual value of a particular surface area definable. Thus quantities of a specific
surface area determined through BET theory may depend on the adsorbate molecule utilized and its
adsorption cross-section (Nasrollahzadeh et al., 2019).

Six BET isotherms (Figure 2-10) have been reported in the literature (Park, 2012; Garcia-Martinez and
Li, 2015; Thommes et al., 2015). A Type | isotherm (Figure 2-10(la-Ib)) is concave to the P/P° axis and
the amount adsorbed approaches a limiting value. This limiting uptake is governed by the accessible
micropore volume rather than by the internal surface area. A steep uptake at very low P/P° is due to
enhanced adsorbent-adsorptive interactions in narrow micropores (micropores of molecular
dimensions), resulting in micropore filling at very low P/P°. Reversible type | isotherm, which is typical
for microporous solids, has two patterns. For nitrogen and argon adsorption at 77 K and 87 K, Type 1(a)
isotherms (Figure 2-10 la) are microporous materials and mainly composed of narrow micropores (of
width <~ 1 nm). The pore size distributions of Type I(b) isotherms (Figure 2-10 Ib) are narrow

mesopores (< ~ 2.5 nm) and wider micropores (Park, 2012; Thommes et al., 2015).

Reversible type 11 isotherm (Figure 2-10 II) represents mono-porous and microporous materials. The
gradual change in curvature demonstrates the multilayer adoption (monolayer coverage overlaps). In
contrast, if the monolayer coverage (Point B on the isotherm) is elucidated, the difference in curvature
will be sharp. Type I11 isotherm (Figure 2-10 111) indicates weak interaction between the adsorbent and
adsorbate. Type IVa isotherm (Figure 2-10 1VVa) depends on the size of the width and the critical width.
For example, suppose the width's size width is larger than the required width corresponding to the

material's adsorption characteristics and temperature, Type IVa isotherm (Figure 2-10 IVa). In
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comparison, Type 1Vb isotherm (Figure 2-10 1Vb) is only obtained for mesopores materials of smaller
widths. Type V isotherm (Figure 2-10 V) can be detected at lower P/P° ranges and has a similar shape
as Type Il isotherms, which may be credited to the weak adsorbent-adsorbate relations. However,
hysteresis, such as obtained in Type IV(a), can be detected at higher P/P° ranges due to pores filled by
molecular clustering. Type VI isotherm (Figure 2-10 VI) represents multilayer adsorption materials
with highly uniform nonporous surfaces. The stepwise curve of the isotherm depends on the material,

gas, and the temperature at which it is operated.
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Figure 2-10: International Union of Pure and Applied Chemistry (IUPAC) classification of BET

isotherms (Thommes et al., 2015).

Five types of hysteresis loops (Figure 2-11) are reported in the original IUPAC classification of 1985,
which is now extended in light of more recent findings. Each of these five distinct types is reasonably
closely related to particular pore structure features and underlying adsorption mechanisms. The Type
H1 loop is found in materials that exhibit a narrow range of uniform mesopores (Thommes and Cychosz,

2014)). Hysteresis loops of Type H2 are given by more complex pore structures in which network
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effects are significant. The very steep desorption branch, which is a characteristic feature of H2(a) loops,
can be attributed either to pore-blocking/percolation in a narrow range of pore necks cavitation-induced
evaporation. The Type H2(b) loop is also associated with pore blocking, but the size distribution of
neck widths is now much more prominent. There are two distinctive features of the Type H3 loop: (i)
the adsorption branch resembles a Type Il isotherm (ii) the lower limit of the desorption branch usually
is located at the cavitation-induced P/P°. For the H4 loop, the adsorption branch is a composite of Types
I and 11, the more pronounced uptake at low P/P° being associated with the filling of micropores. Type
H5 loop is unusual, but it has a distinctive form related to specific pore structures containing both open
and partially blocked mesopores.

H1 H2(a) H2(b)

T l /

H3 H4 HS

Amount adsorbed =l

7 —7

Relative pressure  —————————{jim—

Figure 2-11: Classification of hysteresis loops (Thommes et al., 2015).

2.8.4.1 BET characterization of Ni(OH), based material

The Brunauer Emmett Teller (BET) specific surface area, Barrett-Joyner-Halenda (BJH) average pore
size and Brunauer-Deming-Deming-Teller (BDDT) classification of nickel-based hydroxide materials
has been previously reported in the literature. Table 2-5 briefly listed some of the findings and the

references.
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Table 2-5: Brunauer-Emmett-Teller (BET) specific surface area, Barrett-Joyner-Halenda (BJH)
average pore size and Brunauer-Deming-Deming-Teller (BDDT) classification

Material BET specific surface BJH average BDDT classification Reference
area (m?/g) pore size(nm)
a-Ni(OH). 169.94 range of 2-20 Type IV N2 (Yuetal.,
nm centred at 3.5 adsorption/desorption 2019)
nm isotherms with a noticeable

H3 type hysteresis loop at

the relative pressure (P/PQ)
range between 0.5 and 1.0

reveals its mesoporous

characteristic.

B-Ni(OH). 56.40 Range of 4-20 Narrow distribution of (Dubal et al.,
nm mesopores 2012)

NiO 62.30 Centred at 6.06 Type IV isotherms with H1-  (Wang,

nanoflowers nm type hysteresis loops, Xiangyan et

confirming the presence of al., 2011)
porosity structure.
NiO 70.00 Centred at 5.39 Type IV isotherms with H1-  (Wang,
nanodiscs nm type hysteresis loops, Xiangyan et
confirming the presence of al., 2011)

porosity structure.

Despite the work done using the BET method, many authors have discussed the limitations that are
fundamentally related when applied for the surface area determination of microporous materials. The
drawbacks in the BET method are mainly related to monolayers owing to gas adsorption. For instance,
(i) the legitimacy of nn, (the BET monolayer capacity) is challenging, (ii) the monolayer structure is not
the same on all surfaces, mainly when N, isotherms are used since the molecule is quadrupolar, and (iii)
at shallow pressure ranges (P/Pg) strong adsorption can include localized monolayer coverage and
primary micropore filling in the pores of molecular dimensions (Sing, 2001). In addition, several
parameters such as temperature, pressure, and characteristics of the material, to name a few, may
influence the BET process (Crittenden and Thomas, 1998; Cai, 2011).

2.8.,5 Scanning Electron Microscope (SEM)
The scanning electron microscope (SEM) was developed in the early 1950s. The SEM is a microscope
that uses electrons instead of light to form an image. It also describes the physics of electron-probe

formation and electron-specimen interactions. Prints are produced by scanning the beam while
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displaying the signal from an electron detector on a computer monitor. By choosing the appropriate
detection mode, information about the sample, such as external morphology (texture), chemical
composition, and crystalline structure and orientation of materials that make up the sample, can be
obtained (Reimer, 2013). The ‘composition’ here refers to the mean atomic number, as the individual

elements cannot be distinguished.

2.8.6  Inductively Coupled Plasma

Inductively Coupled Plasma (ICP) is an optical emission spectrometry method. When plasma energy is
given to an analysis sample from outside, the component elements (atoms) are excited. When the excited
atoms return to a low energy position, emission rays (spectrum rays) are released, and the emission rays
that correspond to the photon wavelength are measured. The element type is determined based on the
photon rays' position, and each element's content is determined based on the rays' intensity.

2.9 Electrochemical Properties and Electrochemical Techniques Applied in this Study

2.9.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is a direct current (DC) electrochemical technique that records the current response.
At the same time, a potential scan is applied to the working electrode at a constant scan rate in the
forward and reverse directions, once or several times (Bard et al., 1980). Depending upon the
information required, the experiment can be performed for several cycles. The resulting response is
plotted as current (A) versus potential (V), called cyclic voltammogram. This is a convenient method
for the characterization of both double-layer and pseudo-capacitance behaviour of super-capacitors.

The pseudo-capacitance behaviour (Figure 2-12a) shows an anodic peak and a cathodic peak in mirror-

image symmetry during a reversible process.

@ (b)

.
A (
— g p
- Anodic peak 2 ‘
rorida ) >
B > 3 _
-~ jj’
8 " Cathodic peak
Vi Potential (V) V2

Figure 2-12: CV response (a) pseudo-capacitance behaviour of super-capacitor, (b) between potential
difference V1 and V2 of the ideal double-layer capacitor (Elgrishi et al., 2018)

The electrochemical double-layer CV response shows rectangular behaviour (Figure 2-12b) without

any peaks for the ideal super-capacitor because no redox reaction occurs at the electrode-electrolyte
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interface (Ching et al., 1994). The double-layer response expected for a reversible redox couple during
a single potential cycle is presented in Figure 2-13. In this typical cyclic voltammogram, it is assumed
that only the oxidized form of the active material is present initially (Motlagh et al., 2011; Ma et al.,
2015; Miao et al., 2015; Gongalves et al., 2018; Yin et al., 2019).
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Figure 2-13: Typical cyclic voltammogram for the active material reduction-oxidation assuming that

only the oxidized form of the analyte is taking place (Elgrishi et al., 2018)

As demonstrated in Figure 2-13, point () to point (b) illustrates a background caused by a capacitated
current. Point (b) to point (c) represents a faradaic current, which is the analyte results in the
electrochemical reaction. Fundamentally, the reduction process transpires from (a) the initial potential
to (d) the switching potential. In this region (a-d), the potential is scanned negatively to cause a reduction
of the active material. The resulting current is called cathodic current (ipc). The corresponding peak
potential occurs at (c) and is called the cathodic peak potential (Eyc). The Epc is reached when all of the
substrates at the surface of the electrode have been reduced. After the switching potential has been
reached (d), the potential scans positively from (d) to (g). This results in anodic current (i) and
oxidation of the active material. The peak potential at (f) is called the anodic peak potential (Ey.) and is

reached when all of the substrates at the surface of the electrode have been oxidized.

2.9.1.1 Cyclic voltammetry characterization of Ni(OH), based material

Recently, the potentiodynamic characteristic of the model interface M/Ni(OH). (where M could be a Pt
or vitreous/glassy carbon) is extensively studied (Shinomiya et al., 2006; Li et al., 2015; Lu and Zhao,
2015; Young, Kwo-hsiung and Yasuoka, 2016; Xu et al., 2017; Liu, Ling et al., 2019; Wiston and
Ashok, 2019). For Ni electrode, the applied potential window normal ranges from 0V to 0.8V depending
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on the point where the side reaction (oxygen evolution) occurs (Motlagh et al., 2011; Ma et al., 2015;
Miao et al., 2015; Gongalves et al., 2018; Yin et al., 2019). A typical cyclic voltammogram of Ni(OH):
is demonstrated in Figure 2-14 (Lyons and Brandon, 2008).
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Figure 2-14: Typical cyclic voltammogram of Ni(OH). recorded in 1 M NaOH at a sweep rate of 40

mV/s, sourced from (Lyons and Brandon, 2008).

Generally, in cyclic voltammogram of Ni(OH), materials, the respective anodic and cathodic peaks for
the a/y couple occur at 0.43 V, and 0.34 V. For the /B couple, the cathodic and anodic peaks occur at
0.50V and 0.37V. The reversible potentials of the B/ couple are essentially invariant with KOH
concentration. In contrast, the a/y couple varies with OH™ concentration and ageing of a-Ni(OH),
reduces the OH- dependence of the reversible potential (Young, Kwo-hsiung and Yasuoka, 2016;
Young, Kwo et al., 2018) owing to the conversion to the B/f couple. The B-NiOOH could oxidize a-
Ni(OH)2 to a-NiOOH (Daniel and Besenhard, 2012). This reaction is possible while performing cyclic
voltammetry on a-Ni(OH) thin-film electrodes in the KOH electrolyte. During the cyclic process, some
of the a-material gets transformed to the $-form, which could account for the negative drift customarily
observed in the anodic peaks in the early stages of cycling (Daniel and Besenhard, 2012). Reactions of

this type can introduce distortions; and features in cyclic voltammograms that are difficult to interpret.

2.9.2 Chrono-Charge Discharge Galvanostatic (CCDG)
The chrono-charge discharge galvanostatic (CCDG) sweep involves exposing a working electrode to a

constant current where the potential is measured against the potential of a reference electrode as a
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function of time. The applied start current is usually lower than the limiting current; moreover, the
voltage is rapidly declining due to the ohmic drop (I*R loss). The concentration of the reactants may
also decrease at the electrode surface, leading to overpotential due to mass transport limitation. When
the applied current is higher than the current limiting current, the diffusion mechanism may not expedite
the needed current flow; thus, the electrode potential may keep accelerating until it reaches the next
reaction potential. Furthermore, the redox reaction occurs at a constant rate during the galvanostatic
cycling, following the anodic/cathodic applied current. The electrode potential evolves with time as the
concentration of the reactant species and product species changes at the electrode surface. When the
reactant concentration at the electrode surface is almost equal to zero, the amount of the reactant can be
insufficient to accommodate all the electrons generated by the constant current flux. Therefore, the

voltage will move to more anodic or cathodic values.

Additionally, a typical discharge-charge curve of a commercial Ni-Fe battery is shown in Figure 2-15.
The battery’s open-circuit voltage is 1.4V. It has a nominal voltage of 1.2V, and on a charge, the
maximum voltage between 1.7 to 1.8V is commonly used. The charge cut off voltage widely enrolled
to limit gassing of oxygen and hydrogen evolution is approximately 1.6 Vqc/cell. The cut-off voltage
during discharge depends on the battery’s application and the desired cycle life but is conventionally

between 0.6 and 1 Vgc/cell (Oshitani et al., 1984).

18

1.7

1.6

1.5

Discharge - Charge
1.4

Voits per cell

1.3 A~

1.1

1.0

1 2 3 4 5 6 1 2 3 4 5 6 7 8
Hours Hours

Figure 2-15: The typical voltage characteristics during constant-rate discharge and charge. Sourced
from (Oshitani et al., 1984).

2.9.2.1 Galvanostatic of characterization of Ni(OH), based material
The B/B couples had open circuit potentials in the range of 0.44V to 0.47V vs Hg/HgO, whereas the a/y
couples had values in the range of 0.39V to 0.44V (Daniel and Besenhard, 2012). The open-circuit
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potentials depended on pre-treatments such as formation cycles and ageing in concentrated KOH
electrolytes. This open-circuit potential is a mixed-potential, not a true equilibrium potential (Oshitani
et al., 1984; Zimmerman and Effa, 1984; Daniel and Besenhard, 2012) that are due to the discharge of
NiOOH and oxygen evolution. A typical nickel electrode potential change during charge is presented
in Figure 2-16.
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Figure 2-16: A typical nickel electrode potential change during charge (Vox 1 charge potential after 5
hours in charging at 0.1C rate). Sourced from (Oshitani et al., 1984).

The illustrated diagram is based on the assumption that the insufficient capacities of the nickel
electrodes after charging at a low rate under average or high temperature are attributable to a low charge
efficiency resulting from the competitive reactions of the oxidation of active material and the evolution
of oxygen (Oshitani et al., 1984). The illustration is based on a typical discharged state of nickel

electrodes charged at a 0.1C rate at 25°C to obtain their charge voltage curves.

The received voltage curves are defined as follow, Vox1 is the median oxidation potential (median
potential to oxygen evolution). Vo2 is the oxygen evolution potential, and n is the voltage difference
between oxygen evolution potential (V02) and the maximum oxidation potential (Vox2) - the oxidation
potential just before oxygen evolution starts. The partial substitution of Ni in Ni(OH), with additives
such as Co, Al, Zn etc., could potentially lower the median oxidation potential Vox1 and shift the

oxygen evolution Vo2 to a more noble potential.
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2.10 Battery Construction Architecture

Battery architectures may be categorised as a singly design, monopolar or bipolar, depending on how
the cell units are electrically connected in a single module. A number of designed structures have been
considered, including cylindrical cell, prismatic cell, monopolar, and bipolar batteries(Rota et al., 1995;
Saakes et al., 2005; Pitatowicz et al., 2015; Schipper and Aurbach, 2016; Thurner, 2016; Zuo et al.,
2017; Liu, Kailong et al., 2019; Liu, Tiefeng et al., 2020).

In cylindrical batteries, electrodes are coiled together with a separator in a swiss roll similar format to
the cylindrical battery design. However, this design is not extensively implemented due to its complex
design entailed with high costs(Ruetschi, 2004; Omar et al., 2014; Kong et al., 2020).

In prismatic batteries design, the electrodes are cut into rectangular, triangular or circular plates of
desired dimensions and assembled into cells by interspacing the negative and positive electrode plates.
The advantage of prismatic designed batteries is a high purity material with unique particle
characteristics for enhanced electrochemical performance (Schipper and Aurbach, 2016; Thurner, 2016;
Zuo et al., 2017; Hao et al., 2018). The prismatic design is the most common design due to its simple
yet rugged design synonymous with outstanding electrochemical performance (Zuo et al., 2017; Hao et
al., 2018; Liu, Kailong et al., 2019).

Thus, the development of advanced rechargeable batteries provides an excellent opportunity for basic
and applied researchers to collectively overcome challenging scientific and technological barriers that
directly address a critical need for energy storage. In addition to novel battery chemistries often
scientifically reviewed, advanced battery structures via technological innovations that boost battery
performance are also worthy of attention. In this context, bipolar electrodes can improve the specific
power, simplify cell components, and reduce manufacturing costs for rechargeable batteries. By
focusing on the fundamentals and applications of bipolar electrodes in rechargeable batteries, the
rational utilization of bipolar electrodes from an academic perspective is considered. Due to the recent

interest in bipolar electrodes, the monopolar and bipolar is briefly discussed in the study below.

2.10.1 Monopolar architecture

The monopolar battery designed comprises an electrolyte and multiple cells connected in a series using
conductive external wiring. The main futures of a monopolar design are (i) current collector that acts as
either a positive or a negative pole, which is denoted as a monopolar plate (MP plate). (ii) electrodes,
the active material of the positive electrode and negative electrode are coated separately on one side of
each monopolar plate. (iii) unit cell, assembled with the positive electrode (PE/MP), the electrolyte
solution, and the negative electrode (NE/MP). It is then sealed and packaged. (iv) Module, a conductive
wire (strap/tab) extending from the negative plate of one cell to a positive tab on the next cell. (v)
Electron pathway in the module, here during discharge, the electrons move from negative electrode

through the in-plane direction of the monopolar toward negative tap. Then, via the external wire towards
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the positive tab of the next, and in the in-plane direction of the monopolar plate to enter the positive
electrode. A typical schematic diagram of a monopolar design (Jung et al., 2019) is provided in Figure
2-17. The essential requirement for producing a stuck monopolar design (the series connection between
a liquid electrode-based cell) is to prevent internal short-circuiting due to electrolyte leakage when
sealing and packaging an individual's cells.

(a)

(b)

_!

MpP
MP

electrolyte

MP = Monopolar
NE = Negative electrode
PE = Positive Electrode

Figure 2-17: Schematic diagram of a) monopolar design with liquid electrolytes and (b) Single unit of

a monopolar design cell. Both are sourced from (Jung et al., 2019).

The advantage of the monopolar design is the simple assembly of unit cells with liquid electrolytes.
However, monopolar design may not be the right fit for high voltage and high-power applications. For
example, battery systems for electric vehicles, since the external electrical connections inevitably
increase the resistive losses due to long electron pathways (Shen and Halpert, 1993; Karami et al., 2003;
Gambe et al., 2015; Janek and Zeier, 2016; Yoshima et al., 2016). In addition, the required number of
monopolar plates, separate cell packaging, and external wiring reduces the volumetric and gravimetric

energy densities of the battery’s module and increases the material cost of the battery.

2.10.2 Bipolar architecture

On the contrary to monopolar design, bipolar electrodes can improve the specific power, simplify cell
components and reduce manufacturing costs for rechargeable batteries (Liu, Tiefeng et al., 2020). In
bipolar design, the active materials for the cathode and the functional materials for the anode are applied
to a common electrode carrier, which means the positive and the negative slurries are separately coated
on both sides of the substrate. Electron transfer between the cathode and the anode occurs through this
substrate without an external connector, resulting in a short electron transfer for lower ohmic resistance

and a homogeneous current distribution for lower heat production.

48



The core structures of the bipolar design may be summarized as follows: (i) Current collector, which
acts as both positive and negative poles that are called bipolar. (ii) Electrode, made of a positive and a
negative electrode equipped on each side of the bipolar plate. (iii) Unit cell, which does not require
individual sealing and packaging. (iv) Module, whereby multiple unit cells are connected in series
through bipolar plates without external wiring. Thus, a module is formed by sequential stacking or
lamination of the positive electrode material on one side of a bipolar plate and the negative electrode
on the other side of bipolar plate assemblies and electrolytes. (v) Electron pathway in the module, where
electrodes of adjoining cells are on either side of the bipolar plate. Hence, an electron exiting the
negative electrode of one cell travels in the through-plane direction of the bipolar plate to the positive

electrode during discharge. A typical bipolar design is presented in Figure 2-18.
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Figure 2-18: Schematic diagrams of a) bipolar stacked design equipped with solid electrolyte and (b)

) solid-state

VY
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Single unit of a bipolar design cell. Both are sourced from (Jung et al., 2019).
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3 The Influence of Copper and Carbon Black on Electrochemical Behavior of Nickel Positive
Electrode
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3.1 Abstract

Nickel hydroxide is used as active material in positive electrodes of secondary alkaline batteries. In
alkaline batteries, the capacity of the negative electrode is greater than that of the positive electrode;
hence the cell capacity is limited by the positive electrode. The practical capacity of the Ni(OH)
positive electrode depends on the efficiency of the conductive network connecting the Ni(OH). particles
with the current collector. In this study, hot-pressed-type electrodes were prepared using fibre-like -
Ni(OH). powder as the active material on a nickel mesh as a current collector. The effect of carbon
black as a conductive network for Ni(OH). active material and the partial substitution of Cu(OH). for
B-Ni(OH). material on the electrode performance are examined. The carbon black powder addition
improves the utilization of the active material; however, it leads to a decrease in the stability of the
electrode. The partial substitution of Cu(OH), for B-Ni(OH). significantly improves the coulombic
efficiency of the B-Ni(OH), active material, and it also increases the specific discharge capacity and
enhances the stability of the electrode. These findings showed that the copper modified B-Ni(OH).
electrodes possessed an improved specific capacity and stability and thus may be recognized as a

promising hybrid material for battery electrode applications.

Key Words: Beta nickel hydroxide; Beta nickel-copper hydroxide; Carbon black; Hot-pressed-type;
Nickel positive electrode

3.2 Introduction

Non-renewable sources of energy such as fossil fuels, coal and nuclear fission currently play a vital role
in meeting the economic energy demands of the world (Abas et al., 2015). The downside of fossil fuel
use is CO, emissions, which have been identified as a significant global environmental threat owing to
its contribution to global warming (Perera, 2017; Riahi et al., 2017). This has encouraged the
development and use of alternative and sustainable renewable energy resources. Two alternatives that
have emerged as a suitable solution to upsurge energy security and address environmental issues are
wind and solar power (Sarrias-Mena et al., 2014; Warren, 2014; Oseghale et al., 2016). The challenge
is amplified with the highly concentrated demand peaks in the early morning and early evening when
solar generation is minimal. Therefore the energy generated from wind or solar systems is subject to

stochastic wind profiles and seasonal availability of resources (Nejat et al., 2015).

Over the years, several energy storage technologies such as mechanical, thermal, and electrochemical
energy have been researched. Among the studied electrochemical-based technologies, nickel-iron
(NiFe) batteries are commercially viable (Abdalla et al., 2016; Posada and Hall, 2016; Chen, Wei et al.,
2018). Yet, there are still several research that hurdles to enhance further its performance which includes

poor charging efficiency and low discharge capability (Abdalla et al., 2016). The capacity of the
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negative electrode is greater than that of the positive electrode, and hence the overall poor performance
of the NiFe battery is observed (Begum et al., 2009).

Nickel positive electrode is based on nickel hydroxide (Ni(OH),) as the active material for storage of
electrochemical energy(Adekunle et al., 2014; Kumar, AV Narendra et al., 2014; Hall et al., 2015).
Structurally, two reduction phases, B-Ni(OH)2 and a-Ni(OH). and two phases of the oxidized material,
B-NiOOH and y-NiOOH have been reported for the Ni(OH), materials (Chen, Wei et al., 2018; Jin et
al., 2018). The oxidation of B-Ni(OH). on charge produces -NiOOH, on discharge, it yields a -
Ni(OH)2, and on overcharge, it could be converted to y-NiOOH. The oxidation of a-Ni(OH), on charge
produces y-NiOOH, and on discharge, it forms an a-Ni(OH).. In general, a-Ni(OH): is unstable and can
be transformed to B-Ni(OH); in a neutral or KOH aqueous solution. Primarily a-Ni(OH); is dissolved
in the aqueous solution slowly and then re-nucleated to form B-Ni(OH)2(Kumar, Niraj and Panda, 2015;
Young, Kwo-Hsiung et al., 2017). Owing to the low stability of a-Ni(OH). in alkaline media and the
possibility of battery swelling during charge-discharge, the B-Ni(OH); is usually the preferred precursor
material used in alkaline batteries (Gongalves et al., 2018).

The theoretical specific capacity of B-Ni(OH). material in the positive nickel electrode is 289 mAh/g.
Still, in practice, the specific capacity of p-Ni(OH), material is below the expected theoretical capacity.
The practical capacity of the positive nickel electrode depends on the efficiency of the conductive
network connecting the B-Ni(OH), particles with the current collector (Begum et al., 2009). Considering
the poor conductivity of B-Ni(OH). powder, it is advisable to incorporate conductive materials during
electrode construction. It is also important to note that the quantity of B-Ni(OH). material could strongly
influence the overall capacity of the electrode. When the B-Ni(OH), amount is too high, the electrode
resistance becomes excessive, which could affect the exploitation of the material and thereby reduce

the electrode material's capacity.

Many studies have revealed that the incorporation of divalent elements such as magnesium, cobalt and
zinc can improve active material utilization and cycle life (Young, Kwo-Hsiung et al., 2017; Liu, Ling
et al., 2019). In addition, the electrochemical studies of the alpha form of Cu/Ni composition have been
reported (Alhebshi and Alshareef, 2015; Kim, Kyung Ho et al., 2018). However, in theory, the alpha
form of Ni(OH) is associated with swelling of the battery during charge-discharge of the battery cell
(Goncalves et al., 2018).

In the present study, the influence of carbon black and the partial substitution of Cu(OH): for B-Ni(OH)2
is investigated. The copper is chosen owing to the abundant active sites and synergistic effects between
Ni and Cu (Giri and Sarkar, 2016; Xu et al., 2017). Ni and Cu are adjacent to one another in the periodic

table of elements with atomic numbers 28 and 29 and atomic masses 58.69amu and 63.55amu,
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respectively. To the best of the author's knowledge, very little work has been done to assess the effect
of carbon black and the partial substitution of Cu(OH). for B-Ni(OH)..

3.3 Material and methods

3.3.1 Materials

Sodium carbonate (99%), sodium hydroxide (98%), nickel nitrate hexahydrate, and copper nitrate
trihydrate (99%) were purchased from Sigma-Aldrich (South Africa). Carbon black was purchased from
Alfa Aesar (United States), coatheylene was purchased from Axalta (United States), and nickel mesh

was purchased from Q-Lite batteries (China).

3.3.2  Synthesis of nickel hydroxide active material

The nickel-based active material was prepared using a modified co-precipitation method followed by
hydrothermal treatment at pH = 14 (Lassoued et al., 2017). Briefly, two solutions were prepared;
solution 1 contained NaOH and Na;COs, and solution 2 had Ni?* as Ni(NOs)2:6H.0 salt. The two
solutions were mixed dropwise under vigorous stirring at room temperature. The slurry was further
agitated at room temperature for 30min and thereafter subjected to hydrothermal treatment at 65°C for
18h. The resulting precipitates were cool at room temperature, then filtered and washed with Milli-Q
water. Finally, the precipitated samples were dried at 110°C for 12h, milled and transferred into vials
for later application.

3.3.3  Synthesis of Ni.xCux(OH), active material

The compositions of NiixCux(OH), were prepared using a modified co-precipitation method and
followed by hydrothermal treatment at pH = 14 (Lassoued et al., 2017). Where “x” is the weight
percentage of Cu?* i.e., 5 wt.%, 10 wt.%, 25 wt.%, and 50 wt.%. Briefly, two solutions were prepared;
solution 1 contained NaOH and Na,COs, and solution 2 contained Ni?*as Ni(NOs).-6H-0 salt and Cu?*
as Cu(NOs),-3H,0 salt. The two solutions were mixed dropwise under vigorous stirring at room
temperature. The slurry was further agitated at room temperature for 30min and thereafter subjected to
hydrothermal treatment at 65°C for 18h. The resulting precipitates were cool at room temperature, then
filtered and washed with Milli-Q water. The precipitated samples were dried at 110°C for 12h. The
dried powders were crushed and transferred into vials, and the samples were labelled as
Nio.95CUo.05(OH)2, Nig.9Cuo.1(OH)2, Nig.7sCuo.25(OH)2, and NigsCuos(OH)-, for the partial substitution of
5wt% Cu?*, 10wt% Cu?*, 25wt% Cu?*, and 50wt% Cu?", respectively.

3.3.4 Structural and morphological characterization of the materials

The diffraction patterns were recorded using a multi-purpose X-ray Diffractometer D8-Advance from
BRUKER AXS (Germany). Measurements were operated in a continuous 8 - 6 scan in locked coupled
mode with Cu-Ka radiation (\Ka1=1.5406A) in the 2-theta ranged from 10° to 70°, in steps of 0.034°

per second. The functional groups present in the materials were identified using Fourier Transform
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Infra-Red Spectrum 11 spectrometer (UATR-FTIR, Llantrisant UK), operated using spectrum software,
and the absorption bands were collected in the range of 4000 cm™ - 400 cm™. The thermal analysis was
studied using a Perkin-Elmer (6300 instrument) thermal gravimetric analysis (TGA) coupled with
differential thermal analysis (TGA-DTA). Measurements were performed under argon gas using a
heating rate of 5°C min* with a flow rate of 20 ml min-* from 30°C to 1000°C temperature range. Their
surface areas were analyzed using Brunauer-Emmett-Teller (BET) nitrogen adsorption isotherms and
adsorption pore size using Barrett-Joyner-Halenda (BHJ). The compositions were determined using
inductively coupled plasma optical emission spectroscopy (ICP-OES). The crystal structures of the

synthesized materials were confirmed using transmission electron microscopy (TEM).

3.3.5 Fabrication of electrodes

The nickel electrodes were prepared by mixing 90 wt.% active material and 10 wt.% coathylene binder
thoroughly. The mixture was poured onto a nickel mesh and hot-pressed at 80°C at 6MPa using a
custom-designed hydraulic press for 5min to assure good electrical contact between the nickel mesh
and the active material. Electrode dimensions were kept at 1cm x 1cm for all the samples. For further
characterization and optimization studies, 85 wt.% active material and 5 wt.% carbon black, 80 wt.%
active material and 10 wt.% carbon black, and 70 wt.% active material and 20 wt.% carbon black,
respectively, were mixed thoroughly with 10 wt.% coathylene. Each mixture was dispensed onto a

nickel mesh and hot-pressed, as mentioned above.

3.3.6  Electrochemical characterization

The as-prepared nickel electrodes were soaked in 4M KOH prior to the electrochemical measurements
for 2h. The cyclic voltammetry (CV) was used to identify redox couples and Chrono charge-discharge
galvanostatic (CCDG) for capacities of the active materials. Electrochemical characterizations were
performed using the Metrohm Auto-Lab PGSTAT302N connected to a three-electrode set-up using 4M
KOH as the electrolyte. A graphite sheet (3cm x 4cm) and Hg/HgO/4M KOH were used as counter and

reference electrodes, respectively.
3.4 Results and Discussion

3.4.1 Influence of Cu?* on the structure and morphology of the synthesized Ni(OH). material
3.4.1.1 Structural characterization of synthesized Ni(OH).

The crystalline phase of the synthesized Ni(OH). was confirmed using XRD and indexed with the
closest JCP2 standards. Further compared with the commercial Ni(OH). and cross-referenced with
published literature. Figure 3-1 depicts the diffractogram of the synthesized Ni(OH). after 30 min
mixing at room temperature (Figure 3-la), aged at room temperature for 18 h (Figure 3-1b),
hydrothermally treated for 18h (Figure 3-1c), and commercial Ni(OH), (Figure 3-1d).
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Figure 3-1: Diffractograms of the synthesized Ni(OH): (a) stirred for 30min (b) aged for 18h at room
temperature (c) hydrothermal treated for 18h, and (d) commercial Ni(OH):

The obtained diffractogram in Figure 3-1a shows a significant presence of nitratine (NaNO3) (JCP2 No
00-036-1474) at around 29°, 32°, 35°, 42°, 46" and 48°. As the sample was further aged at room
temperature for 18h (Figure 3-1b), the presence of NaNOs; was minimal. The peak at 29° started to
compact as compared to Figure 3-1a; however, it can be noted that the rest of the peaks at around 32°,
35°, 42°, 46° and 48" that corresponded to NaNO3 were not present. The double peak bump between

17.189° and 20.189° (Figure 3-1a-b) may be owing to the formation of a mixture of NaNO3; (JCP2 No
00-036-1474) and B-Ni(OH). (JCP2 No 00-014-0117).

The obtained patterns of the hydrothermal treated Ni(OH), (Figure 3-1c) were indexed to the pure
hexagonal phase of B-Ni(OH). standard (JCP2 No 00-014-0117). Similar diffractograms were reported
in the literature (Wang, Hailiang et al., 2012; Hall et al., 2015; Young, Kwo et al., 2018). Furthermore,
the hydrothermal treated Ni(OH). presented in Figure 3-1c exhibited no marked significant differences
when compared to the observed crystallite of the commercial Ni(OH), (Figure 3-1d). However, an
additional three peaks at 20 equal to 36.53°, 42.58°, and 44.70° for the commercial Ni(OH), were
observed. These peaks may be the result of an added modifier, conducting material and/or impurities

that were closely fitted to zincite (ZnO) (JCP2 No 00-036-1451), NaNO3 (JCP2 No 00-036-1474) and
Ni-metal (JCP2 No 00-004-0850), respectively.
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The crystallite sizes of the materials were calculated from the two major peaks (001), and (101) using
the Debye-Scherer formula presented in Equation 3-1 and the results are shown in Table 3-1.

Equation 3-1: Debye-Scherer equation

_ K/'l)
- BCosO

Where D is the crystallite size, K is the Scherer constant (K = 0.9), B is the full width of half maximum
(FWHM), and 6 is the maximum diffraction angle (). As shown in Table 3-1, a decrease in crystallite
size was observed as the synthesized samples were further treated. The crystallite sizes of the

commercial Ni(OH), were higher as compared to the synthesized Ni(OH), samples.

Table 3-1: Crystallite size of the synthesized Ni(OH), stirred for 30min, aged for 18h at room
temperature, hydrothermally treated for 18h, and the commercial Ni(OH).

(001) (101)
Sample name Crystallite size (nm) Crystallite size (nm)
30min mixing: Ni(OH). 4,05 531
18h ageing: Ni(OH); 3,88 4,19
18h hydrothermal: Ni(OH), 2,59 3,35
Commercial Ni(OH)2 14,36 9,36

The unit cell parameters “a” and “c” were calculated using the formulae a = 2d110, and ¢ = doo1; Where
doo1 and di0 are the basal spacing at a miller index (hkl) of (001) and (110) which were obtained using
Bragg’s law equation (Equation 3-2), assuming hexagonal stacking (Wiston and Ashok, 2019). The
obtained results are presented in Table 3-2.

Equation 3-2: Bragg’s law
nl = 2dsin6

Where n is the order number, X is the wavelength (1.54098 1&), d is the basal spacing (1‘)%), and 0 is the
diffraction angle (*). As presented in Table 3-2, the lattice parameter “a” for all the synthesized samples
(Figure 3-1a-c) were the same (3.121&). However, the parameter, “c” increases as samples were further
treated with the calculated c-parameters of 4.391&, 4.43,&, and 4.621&, respectively. It can be noted that
the hydrothermal treated sample had the same “a”-parameter and ‘“c”-parameter values as the
commercial Ni(OH); (a = 3.12A, ¢ = dooy = 4,62 10%), which both corresponded to the B-Ni(OH), (JCP2
No 00-014-0117).
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Table 3-2: XRD lattice parameter “a”, “c” and “d-spacing” of the commercial and synthesized Ni(OH).

Sample name (001) dool  (110) d1i10  a®d) cA
reflection (A) reflection  (A)
200 200
30min mixing: Ni(OH), 20,19 439 59,11 156 312 439
18h ageing: Ni(OH). 20,04 443 59,11 156 312 443
18h hydrothermal: Ni(OH), 1921 462 59,11 156 312 4,62
Commercial Ni(OH), 19,21 462 5911 156 312 462
Standard Ni(OH), (JCP2 No 00-041-0117)  19.26 460  59.05 156 313  4.60

Figure 3-2 depicts the FTIR spectra of the synthesized samples. The presence of sharp peaks at around
3636.92 cm™, 3635.33 cm?, 3638.26 cm™ and 3633.42 cm™ in Figure 3-2 (a-d), respectively is the
confirmation of Ni(OH). (Motlagh et al., 2011; Shanaj and John, 2016). These absorption bands are
assigned to O-H stretching vibrations (Begum et al., 2009; Su et al., 2014; Hall et al., 2015; Shanaj and
John, 2016).

0-H bond ~ 3600 cm-!, Hy) molecules ~ 1600 cm-!, SO or N Oy~ 1300 con! . Ni-0 stretching ~600 cm-! and

in-plane Ni-0-H bending vibration ~400 ¢’ (Hall er o, 2015)
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Figure 3-2: FTIR spectra of the synthesized Ni(OH): (a) stirred for 30min (b) age for 18h at room
temperature (c) hydrothermal treated for 18h, and (d) commercial Ni(OH)>

The peaks at around 1682.17 cm* on both the synthesized Ni(OH), stirred for 30min (Figure 3-2a) and
aged for 18h at room temperature (Figure 3-2b) is attributed to the bending vibration mode of H,O

67



molecules. The absorption bands at around 1300 cm™, 500 cm* and 400 cm™ in Figure 3-2 (a-d) are
attributed to the existence of interlayer nitrate anions (NO3), Ni-O stretching vibrations and an in-plane
Ni-O-H bending vibration respectively (Begum et al., 2009; Su et al., 2014; Hall et al., 2015; Shanaj
and John, 2016).

Figure 3-3 shows the thermal behaviour of the synthesized Ni(OH). samples. The DTA curve of the
synthesized Ni(OH); stirred for 30min (Figure 3-3a) showed six exothermic peaks with temperatures at
44°C, 77°C, 236°C, 290°C, 734°C and 817°C indicating continuous degradation of the sample and
continuous sample mass loss. The first two peaks (44°C and 77°C) may be due to the evaporation of
residual water in the dried sample (Shanaj and John, 2016) resulting in the initial weight loss of 9.59 %
(TGA curve). The other sharp peak located at 236°C (DTA curve) may be the indicative of the removal
of the OH group during the transformation of Ni(OH), to NiO (Shanaj and John, 2016; Kovalenko et
al., 2017), resulting in a second weight loss of 8.32 %. A gradual weight loss of 3.29% between 230°C
and 290°C was observed, owing to crystallization within the sample. This loss continues at a slow rate
up to 734°C to yield another weight loss of 15.77% and further 5.43% at 817°C.
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Figure 3-3: TG-DTA curves of the synthesized Ni(OH). (a) stirred for 30min (b) age for 18h at room
temperature (c) hydrothermal treated for 18h, and (d) commercial Ni(OH)>
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Figure 3-3b showed three exothermic peaks with temperatures at 40°C, 87°C and 237°C. The first two
peaks (40°C and 87°C) may be due to the evaporation of residual water in the dried sample (Shanaj and
John, 2016), resulting in the initial weight loss of 5.0 %. The other sharp peak located at 237°C may be
indicative of the removal of an OH" group during the transformation of Ni(OH). to NiO (Shanaj and
John, 2016; Kovalenko et al., 2017), corresponding to a total weight loss of 13.28 % followed by a
weight loss of 8.32% that may be due to structural changes within the sample. It can be noted that the
sample showed less reduction as compared to the sample presented in Figure 3-3a. Only two weight
losses at 73°C and 285°C corresponding to weight losses of 5.20% and 8.32%, respectively, were
observed on the hydrothermally treated sample (Figure 3-3c). These weight losses may be due to the
evaporation of residual water in the dried sample (Shanaj and John, 2016) and decomposition of
Ni(OH), to NiO, respectively (Shanaj and John, 2016; Kovalenko et al., 2017). In addition, a further
weight loss of 3.94% due to structural changes within the sample was observed. Figure 3-3d showed a
small peak at 35°C resulting in a weight loss of 0.87%. A radical weight loss of 14.09% was observed
at 280°C, and as the sample slowly crystallized, a weight loss of 1.27% was calculated, followed by a
further weight loss of 0.8% corresponding to a small peak at 794°C was obtained. The thermal
behaviour of Ni(OH). based material using TG-DTA has been reported in the literature. Shanaj and
John (2016) reported three weight losses corresponding to DTA curves at 55°C, 89°C and 290°C. The
general proposed thermal dehydration and decomposition reactions are presented in Equation 3-3 and
Equation 3-4, respectively.

Equation 3-3: Thermal dehydration composition reaction of Ni(OH)-
NI(OH)Z . XH20 - NI(OH)Z + XH20
Equation 3-4: Thermal decomposition reaction of Ni(OH)2

Ni(OH), 3°°C NiO + H,0

The Brunauer-Emmett-Teller (BET) specific surface areas (Table 3-3) increase as further treatments
were performed. A lower surface area of 8.74 m?/g and 44.48 m?/g for the synthesized Ni(OH): stirred
for 30min and Ni(OH), aged for 18h at room temperature, respectively were observed. While the BET
surface area of the commercial Ni(OH). was found to be 9.27m?/g. Such lower surface areas have been
reported (Du et al., 2016; Zhai et al., 2019). The hydrothermal treated sample demonstrated a higher
surface area (361.92 m?/g) and this finding corresponded with the BET specific surface area of Ni(OH).
(384 m?/g and 343 m?/g) reported in literature (Abbas et al., 2019).

The average pore size distribution obtained from the adsorption branch of the isotherms by the Barrett-

Joyner-Halenda (BJH) method (Table 3-3) further confirms a mesoporous structure within a size range
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of 6-22 nm. As shown in Table 3-3, the average pore sizes of the synthesized samples decrease as the
samples were further subjected to treatment.

Table 3-3: BET surface area and BJH adsorption average pore size of the synthesized Ni(OH). after 30

min mixing, 18 h ageing and 18h hydrothermal treatment and the commercial Ni(OH);

Sample name BET Surface area (m?/g) Pore size (nm)
30min mixing: Ni(OH). 8.74 22.12

18h ageing: Ni(OH): 44.48 11.62

18h hydrothermal: Ni(OH): 361.92 6.29
Commercial Ni(OH). 9.27 14.66

The nitrogen adsorption-desorption isotherms of the synthesized Ni(OH), and the commercial Ni(OH):
are presented in Figure 3-4. The samples can be classified as type IV isotherm with a distinct hysteresis
loop, indicating the presence of mesoporous structures at the relative pressure (P/P°) range between
0.48 and 1.0 (Figure 3-4a, b, d) and 0.7 and 1.0 (Figure 3-4c), which could be revealing the presence of
mesoporous characteristics. These findings were in agreement with the results reported in literature
(Coudun et al., 2006; Zheng et al., 2017; Yu et al., 2019).
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Figure 3-4: Nitrogen adsorption — desorption isotherm of the synthesized Ni(OH). (a) stirred for 30min
(b) age for 18h at room temperature (c) hydrothermal treated for 18h, and (d) commercial Ni(OH).
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3.4.1.2 Structural characterization of Ni.xCuy(OH)

The obtained XRD patterns of Nii.xCux(OH). composition (where x is equal to 5 wt.%, 10 wt.%, 25
wt.%, and 50 wt.%) are reported in Figure 3-5(a-d). Common peaks in the diffractograms of
Nio.g5CUo.0s(OH). (Figure 3-5a), NiooCuo1(OH). (Figure 3-5b), Nio75Cuo2s (OH), (Figure 3-5¢) and
NiosCuos (OH), (Figure 3-5d) at diffraction angles 32.964°, 38.43°, 51.769°, and 59.106°, were

observed. These peaks corresponded to Ni(OH). (JCP2 No 00-014-0117) and Cu(OH), (JCP2 No 00-
013-0420).
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Figure 3-5: Diffractograms of (a) Nio.osCuo.0s(OH)z2, (b) Nio.oCuo.1(OH)2 (¢) Nio.7sCuo.25(OH)2, and (d)
Nio_5CUo_5(OH)2.

The calculated crystallite sizes using Debye-Scherer formula (Equation 1) from the two major peaks,
(001) and (101) index, ranged from 2 nm to 3 nm depending on the sample composition. Furthermore,
the calculated unit cell parameters “a” were found to be 3.124A for all the diffractograms presented in
Figure 3-5a-d, and this value was in agreement with the JCP2 No 00-014-0117 standard Ni(OH)
(3.1261&). The lattice constant, “c” increases with an increase in Cu?* addition, 4.460A (Figure 3-5a-b),
4.486A (Figure 3-5c¢), and 4.582A (Figure 3-5d). This may be signifying the presence of foreign atoms
at the Ni lattice points, which may be either larger or smaller than the host atom (Ni).

Figure 3-6, depicts the FTIR spectra of the as-prepared samples. The O-H bond was observed at around
3638.12 cm, 3637.43 cm?, 3633.58 cm™ and 3571.96 cm for Figure 3-6a-d, respectively. It can be

noted that the bands slightly shifted to a lower wavenumber as the amount of copper substituent was
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increased during the synthesis. Furthermore, absorption bands due to NO-; anion were observed at a
wavenumber of 1349.96 cm™ (Figure 3-6a), 1354.54 cm* (Figure 3-6b), 1356.13 cm™ (Figure 3-6¢) and
1372.04 cm™*(Figure 3-6d), respectively.

O-H bond ~ 3600 cm™ , H,O molecules ~ 1600 cm™, SO*,0or N O3~ 1300 cm™ ., Ni-O stretching
~600 cm™ and in-plane Ni-O-H bending vibration ~400 cm™ (Hall ez al., 2012).
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Figure 3-6: FTIR spectra of (a) Nio.gsCuoos(OH)2, (b) Nig9Cuo1(OH)2, (€) Nio.75Cuo25(OH)2, and (d)
NiosCuos(OH)

The thermal behaviour of NiixCux(OH), were also investigated, and the obtained TG-DTA curves are
presented in Figure 3-7. Figure 3-7a-c demonstrates two distinct weight losses; the initial weight losses
of 7.12 wt.% (Figure 3-7a), 6.5 wt.% (Figure 3-7b) and 8.37 wt.% (Figure 3-7¢) corresponded to small
endothermic peaks at 72°C, 64°C and 73°C respectively. The melting point of Cu(OH), and Ni(OH).
are expected to occur at 80°C and 230°C, respectively. In general, the degradation of the dried sample
is likely to appear before its melting point (Hall et al., 2015). It can be said that these initial weight
losses are due to the evaporation of residual water in the dried Ni:«Cux(OH), samples. The second sharp
peaks located at 290°C, 285°C and 285°C corresponding to a weight loss of 18.41 wt.% (Figure 3-7a),
18.22 wt.% (Figure 3-7b) and 20.15 wt.% (Figure 3-7c), respectively may be related to the thermal-

oxidative decomposition of Ni1xCux(OH)s.

It could be noted that Figure 3-7d demonstrated that the sample underwent five distinct weight losses
corresponding to 44°C, 82°C, 182°C, 283°C and 896°C. These observations were similar to that reported
in the literature (Kozai et al., 2006).
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Figure 3-7: TG - DTA) curves of (a) Nio.ssCUo.os (OH)2, (b) Nio.sCUo.1(OH)2 (c) Nio.7sCUo.2s (OH), and
(d) NiosCUos(OH)e.

The BET surface areas ranged between 130 m%g to 119 m?/g, and the BHJ average pore size adsorption
ranged from 7.666 nm to 11.370 nm (Table 3-4). The elemental composition confirmed using ICP and
SEM/EDS agreed with the intended compositions of NiggsCuoos(OH)2,  NiosCuo.1(OH)2,
Nio.7sCUo.25(OH)2 and NiosCuos(OH). (Table 3-4).

Table 3-4: BET specific surface area and elemental composition ratio of NiixCux(OH)a.

Sample name BET Surface  Pore size Expected ICP-OES SEM-EDS
area (m?/g) (nm) Ni2*:Cu?* Ni2*:Cu?* Ni2*:Cu?*
Nio.05CU0.05(OH)2 129.688 11.370 0.95: 0.05 0.95: 0.05 0.94: 0.06
Nio.9Cuo.1(OH): 130.064 9.125 0.90: 0.10 0.90: 0.10 0.89:0.11
Nio.75CUo25(OH),  119.073 7.666 0.75:0.25 0.75:0.25 0.74:0.26
Nio.sCuo. 5(OH) 119.076 13.198 0.50: 0.50 0.52: 0.48 0.47:0.53

Figure 3-8 shows the nitrogen adsorption-desorption isotherm of the synthesized Ni1-«Cux(OH)2, which
could be classified as type 1V isotherm with a distinct hysteresis loop, indicating the presence of

mesoporous structures at the relative pressure (P/P°) range between 0.5and 1.0 (Figure 3-8a-d). These
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findings were in agreement with the results reported in literature (Coudun et al., 2006; Zheng et al.,
2017; Yu et al., 2019).
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Figure 3-8: Nitrogen adsorption — desorption isotherm of the (a) Nio.ssCuo.0s (OH)2, (b) Nig.9sCuo.1(OH)
(C) Nio.7sCUo.25 (OH)z, and (d) Nio_sCUo_s(OH)z.

3.4.1.3 Morphological characterization of synthesized Ni(OH). and Nig75Cug.25(OH)2

Figure 3-9 demonstrates the TEM images of the charged state and the discharged state of both
synthesized Ni(OH), and Nio.7sCuo.25(OH). after 20 cycles, compared to their pure materials before hot
pressing and after hot pressing. Morphological changes of the synthesized Ni(OH), were observed after
hot pressing compared to pure powdered form before hot pressing (Figure 3-9a,b). Although structural
changes of the charge states on the synthesized Ni(OH), (Figure 3-9c) was observed, it could be noted
that the discharged states (Figure 3-9d) were similar to the observed morphology after hot pressing
(Figure 3-9b). This could be an indication of the good reversibility of the active materials. A similar

trend was observed for the Nio.7sCuo.2s(OH)2 active material (Figure 3-9e-f).
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Figure 3-9: TEM images of (a) Pure Ni(OH), before hot pressing, (b) 85% Ni(OH), with 5% carbon
black and 10% coathylene after hot pressing (c) Charge state of 85% Ni(OH), with 5% carbon black
and 10% coathylene after the 20 cycles charge-discharge (d) Discharge state of 85% Ni(OH),with 5%
carbon black and 10% coathylene after the 20 cycles charge-discharge, (e) Pure Nig.7sCuo 25 (OH)2 before
hot pressing, (f) 85% Nio.7sCuo.2s (OH), with 5% carbon black and 10% coathylene after hot pressing
(9) Charge state of 85% Nig.7sCuo.25 (OH)2 with 5% carbon black and 10% coathylene after the 20 cycles
charge-discharge (h) Discharge state of Nig.7sCuo.2s (OH). with 5% carbon black and 10% coathylene

after the 20 cycles charge-discharge.

3.4.2 Influence of Cu?* on electrochemical performance of the electrode

3.4.2.1 Cyclic voltammetry of the synthesized Ni(OH). and Nio.7sCuo 25(OH):

Figure 3-10a shows the cyclic voltammograms (CVs) of the synthesized Ni(OH). with and without
carbon black, compared to the commercial Ni(OH).. There is no difference observed between the
synthesized Ni(OH). and the commercial Ni(OH); the results demonstrated broad oxidation and
potential reduction peaks for all the CVs presented. The broad peaks may indicate the capacitive nature
of the material where capacitive current overlaps with Faradiac current or a result of a diffusion-limited

process.

It can be noted that Nig7sCuo2s(OH). (Figure 3-10b) also showed the broad oxidation-reduction
potential peaks; thus, the incorporation of copper and the addition of carbon black did not affect the
electrochemical redox reactions of the Ni(OH).. However, from Figure 8c, it can be noted that the
oxidation of copper occurs at negative potentials and that the addition of carbon black promotes the
oxidation of copper. At -0.4 V, a small anodic peak is observed corresponding to the formation of the
Cu(OH); species, while at -0.14 V, the Cu(OH). species are oxidized to form Cu,O (Giri and Sarkar,
2016).
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Although both oxidation and reduction peaks (Figure 3-10a-b) were broader, their appearance in the
approximately same potential window indicates good reversibility of the active materials. These
findings are in agreement with the TEM images, which showed good reversibility as noted in the similar
structural appearance of the hot-pressed electrode ((Figure 3-9b,f) and discharged electrode (Figure
3-9d,h).
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Figure 3-10: Cyclic voltammograms curves of (a) Synthesized Ni(OH), compared to commercial
Ni(OH)z, (b) Nio.7sCuo.25(OH)2 and (c) synthesized Ni(OH), and Nio 75Cuo25(OH). scanned at a negative
potential at a scanning rate of 5 mVs™.

3.4.2.2 Optimization of Cu?* substitution to Ni(OH).

The electrodes were prepared using the synthesized Ni1.xCux(OH). (where x is 5wt.%, 10wt.%, 25wt.%,
50wt.%) and the specific discharged capacities were calculated from the chrono charge-discharge
galvanostatic (CCDG) curves using Equation 3-5. The plots of the calculated specific discharge

capacities over 20 cycles are presented in Figure 3-11.
Equation 3-5: Specific discharge capacity formula

Applied current (mA)x Discharge time (h)

Specific disch ity =
pecific discharge capacity Loading mass (g) of the active material
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It can be seen in Figure 3-11 that there was no reduction in specific discharge capacities observed over
the 20 cycles for 5%wt., 10%wt., and 25%wt copper substitution. The specific discharge capacity for
the substitution of 50wt.% copper weight percentage decreased slightly after 12 cycles.

—50wt% Cu —25wt.% Cu 10wt% Cu —5wt.% Cu

= — e S

Specific discharge capacity (mAhg )

No of cycles

Figure 3-11: Specific discharge capacity; assessing the effect of copper as a potential modifier to
Ni(OH); after the 20th cycles.

Table 3-5 presents the calculated specific discharge capacities of 5%wt., 10%wt., 25%wt., and 50wt.%
copper substitution for Ni(OH), at 20" cycles. As shown in Table 3-5, the discharge capacity of 169
mAh/g at 20 cycles was obtained when 25wt% Cu?* was partially substituted for Ni(OH), and appeared
to exhibit the optimal composition.

Table 3-5: Specific discharge capacity; assessing the effect of copper as a potential modifier to Ni(OH)2
after the 20th cycles.

5wt.% Cu? 10wt.% Cu? 25wt.% Cu?* 50 wt.% Cu?
91mAh/g 122 mAh/g 169 mAh/g 120 mAh/g

3.4.2.3 Stability testing of the synthesized Ni(OH), and Nig.7sCuo.25(OH):

Figure 3-12 presents the specific discharge capacities of the synthesized Ni(OH).and Nig.75Cug.25(OH)2

active materials after 80 cycles, and Table 3-6, depicts their calculated specific discharge capacities
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over 80 cycles. The results are compared with the commercial Ni(OH). electrode. The electrode of the
synthesized Ni(OH). without the addition of carbon black showed a reduction of only 18% decrease
after the 80™ cycle (Figure 3-12a) when compared to the electrode with the addition of 5wt.% carbon
black, which demonstrated a 66 % decrease in discharge capacity after 80 cycles (Figure 3-12b).
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Figure 3-12: Specific discharge capacities of (a) synthesized Ni(OH). with 0 wt.% carbon black, (b)
synthesized Ni(OH), with 5 wt.% carbon black, (c) Nio75Cug.2s(OH), with 5 wt.% carbon black and (d)

commercial Ni(OH), over 80 cycles.

Both the commercial Ni(OH). electrode (Figure 3-12c) and Nig.7sCuo.25(OH) electrode (Figure 3-12d)
showed no reduction after 80 cycles. However, the Nig7sCuo2s(OH). electrode (Figure 3-12d)
demonstrated a drastically improved capacity (39% higher than of the commercial Ni(OH); electrode)
and stability with a specific discharge capacity of 151mAh/g after 80 cycles. It can also be said that
copper stabilized the synthesized Ni(OH),, resulting in a specific discharge capacity of 151 mAh/g after
the 80" cycle as compared to 51 mAh/g and 92 mAh/g (Table 3-6) for the unmodified Ni(OH), and the

commercial Ni(OH), respectively.
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Table 3-6 : Specific discharge capacities (mAh/g) of synthesized Ni(OH), with 0 wt.% carbon black,
synthesized Ni(OH). with 5 wt.% carbon black, Nio75Cuo2s(OH). with 5 wt.% carbon black and
commercial Ni(OH); after various cycle numbers.

Sample name ot 20t 30t 40% 501 60th 70th  80th
Synthesized Ni(OH), with 0 wt.% 39 36 34 33 33 32 32 32

carbon black

Synthesized Ni(OH); with 5 wt.% 148 139 133 123 92 71 63 51

carbon black

Nio.75CUg 25(OH), with 5 wt.%

carbon black 164 163 161 159 152 151 151 151
Commercial Ni(OH), 96 98 94 93 92 92 92 92

Table 3-7 illustrates the specific charge and discharge capacities of the synthesized Ni(OH), and

Nio.7sCuo.25(OH), active materials and their coulombic efficiencies measured at different currents (10

mA, 25mA, 50mA, and 75mA). A coulombic efficiency of 76% was achieved when a current of 10mA

was applied as compared to when currents of 25mA, 50mA and 75mA were used, where a coulombic

efficiency of 25%, 14% and 10% were obtained, respectively. These results show that the synthesized

Ni(OH), may operate better at lower currents. The Nig75Cuo.2s(OH)2 can be applied in both low current

and higher current applications. This is evident by higher coulombic efficiencies of 86% at 10mA and

72% at 25mA, and 55% at 50mA

Table 3-7: Specific charge and discharge capacities in mAh/g at 10mA, 25mA, 50mA, and 75mA and

their coulombic efficiencies in %.

Ni(OH)2 + 5wt.% carbon black

Nio.7sCuo.25(OH)2 + 5wt.% carbon black

Current  Specific Specific Coulombic  Specific Specific Coulombic
Applied  Charge Discharge efficiencies  Charge Discharge efficiencies
Capacity Capacity Capacity Capacity
10 205 156 76 209 179 86
25 205 51 25 209 151 72
50 205 28 14 209 116 55
75 205 20 10 209 22 11
3.4.3 Effect of carbon black with different weight percentages (Owt.%, 5wt.%, 10wt.%, and

20wt.%) on the electrochemical performance of the electrode.

Different weight percentages of carbon black (i.e., Owt.% 5wt.%, 10wt.%, and 20wt.%) were assessed,

and the attained results were compared with Owt.% of carbon black (active material without a carbon
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black). The electrodes were prepared using the synthesized Ni(OH). and Nig.gsCuo.0s(OH),, and the
specific discharged capacities were calculated from the CCDG curves using Equation 3-5. The prepared
electrodes were cycled 20 times at 25mA, and the plotted graphs are shown in Figure 3-13 and Figure
3-14. The calculated specific discharge capacities at 20" cycles are presented in Table 3-8.

Specific discharge capacity (mAhg!)

No of cycles

Figure 3-13: Specific discharge capacity; assessing the effect of carbon black to the synthesized
Ni(OH),

As shown in Figure 3-13 and Table 3-8, the discharge capacity of 45mAh/g resulting in a coulombic
efficiency of only 30% was obtained for Ni(OH), after 20 cycles when carbon black was not added.
Mixing 5wt.% carbon black into the electrochemically active material leads to an increase of capacity
and coulombic efficiency to 128mAh/g and 87%, respectively. The specific discharge capacity and
coulombic efficiencies decreases as more carbon black was added. The addition of 10wt.% and 20wt.%
carbon black resulted in a coulombic efficiency of 59% and 51%, respectively. The decrease in
capacities may be the result of the electrode becoming too bulky, which hinders the electron transfer

between active material particles and the active Ni(OH); sites.
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Table 3-8: Specific discharge capacity; assessing the effect of carbon black to the synthesized Ni(OH).
and Nio.ssCuo.0s(OH)2 after the 20th cycles.

0 wt.% 5wt.% 10 wt.% 20 wt.%

Sample name
carbon black carbon black carbon black carbon black

Synthesized Ni(OH). 45mAh/g 128 mAh/g 121 mAh/g 105 mAh/g

Synthesized Nig.95Cug 05(OH)2 18 mAh/g 91 mAh/g 89 mAh/g 73 mAh/g

The same trend was observed for NiogsCuo.os(OH). (Table 3-8 and Figure 3-14). Therefore, based on
the obtained results, it was therefore concluded that 5wt.% carbon black (85% active material and 10%
binder) could be the optimum percentage needed to improve the utilization of active material in this
current research.
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Figure 3-14: Specific discharge capacity; assessing the effect of carbon black to the synthesized
NiCu(OH)

3.5 Conclusion

In this work B-Ni(OH)2 and B-NiixCux(OH), active materials were successfully prepared by co-
precipitation method followed by hydrothermal treatment. The effect of carbon black was evaluated,
and the CCDG results demonstrated an improved utilization of the active material when 5 wt.% of

carbon black was added to the electrode composition. The specific discharge capacity (after 20 cycle
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activation) was increased by 74% compared to 0 wt.% carbon black added to the positive nickel
electrode. However, a drastic decrease in specific discharge capacity was observed after an additional
60 cycles. The specific discharge capacity of the synthesized Ni(OH), with 5 wt.% carbon black
electrode decreased by 66%, while the synthesized Ni(OH), with 0 wt.% carbon black decreased by
only 18% after the 80 cycles. The addition of 25 wt.% Cu?* to the Ni(OH), material resulted in improved
stability and a specific discharge capacity of 151 mAh/gcompared to 51 mAh/g of unmodified Ni(OH)..
Unmodified Ni(OH); has a coulombic efficiency of 25 % compared to 76% for the modified Ni(OH).
after 80 cycles when a current of 25 mA was applied. Therefore, the Cu?* modified Ni(OH) active

material may be acknowledged as a promising material for NiFe battery positive electrode applications.
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CHAPTER 4

4 Electrochemical Studies of the Nickel-Based Hydroxide Electrode for the Oxygen Evolution
Reaction and Coulombic Efficiency of the Electrode.

THIS CHAPTER HAS BEEN PUBLISHED:

Zide, D., Felix, C., Oosthuysen, T. and Bladergroen, B.J., 2020. Electrochemical studies of the nickel-
based hydroxide electrode for the oxygen evolution reaction and coulombic efficiency of the electrode.
Electroanalysis, 32(12), pp.2703-2712.
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4.1 Abstract

Nickel hydroxide, Ni(OH). electrode material has been used as a positive electrode in commercial
alkaline secondary batteries for more than 100 years. This is because Ni(OH). has a good high-rate
discharge ability performance, wide operation and storage temperature range and relatively low cost.
However, the Ni(OH): positive electrode exhibits poor performance, which results from (i) competitive
reactions of the oxidation of the active material and the evolution of oxygen. (ii) The reduced charge
acceptance of Ni(OH): positive electrode is suspected to be related to a relatively long distance between
Ni(OH), particles and the nearest portion of the substrate. In this study, electrodes are prepared using
B-Ni(OH). powder as the active electrode material, hot-pressed onto a nickel mesh current collector.
The Ni?* in the compound B-Ni(OH), material is partially substituted with Co?* and AI** metals and the
performance of as-prepared materials are optimized and examined. XRD, FTIR, TG-DTA, SEM/EDS,
and ICP confirms the formation of the expected compositions. The samples with 5 wt.% Co?*, and 10
wt.% AI** metals are found to be the optimal compositions with promising electrochemical activities.
The modification of Ni(OH). by the partial substitution of Co?* and AI** metals for Ni?* shows some
effect on the redox peaks of Ni(OH). and the oxygen evolution reaction (OER). E.g., the onset for
oxidation of the active material is significantly improved with partial substitution of Ni?* by Co?* metal.
On the other hand, partial substitution of Ni?* with AI** metal moves the onset of electrode oxidation to
a higher potential. In addition, the partial substitution of 10 wt.% AI** metal improves both discharge
capacity (from 128 mAh/g to 170 mAh/g) and the coulombic efficiency (from 87% to 93%) of the B-
Ni(OH); electrode.

Key Words: Oxygen evolution; Coulombic efficiency; B-nickel hydroxide; B-nickel-cobalt hydroxide;

ao/p/-nickel aluminium hydroxide

4.2 Introduction

Nickel hydroxide, Ni(OH). electrode material has been used as a positive electrode in commercial
alkaline secondary batteries for more than 100 years. This is because Ni(OH). has a good high rate
discharge ability performance, wide operation and storage temperature range and relatively low cost
(Young, Kwo-Hsiung et al., 2017). The Ni(OH), material has been widely studied (Falahati et al., 2015;
Hall et al., 2015; Holmberg, 2017; Bresser et al., 2018; Young, Kwo et al., 2018), and the most
significant advance in the understanding of the overall reaction was reported by Falahati and his co-
workers (Falahati et al., 2015). Falahati and co-workers explained the behaviour of the electrochemical
redox reactions of Ni(OH). during the charge-discharge of an electrode. According to the authors,
Ni(OH); could exist in a -form or a-form. The B-form is anhydrous and has a layered brucite, Co(OH).

structure, while the a-form is hydrated and has intercalated water between brucite like-layers. Oxidation
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of B-Ni(OH), on charge produces B-NiOOH, which discharge to yield p-Ni(OH), and if overcharged,
the B-Ni(OH)2 could be converted to y-NiOOH. The oxidation of a-Ni(OH). on charge produces y-
NiOOH, which discharged to form a-Ni(OH).. In general, a-Ni (OH), is unstable and can be
transformed to B-Ni (OH). in a neutral or KOH aqueous solution. Primarily a-Ni(OH)2 is slowly
dissolved in the aqueous solution and then re-nucleated to form 3-Ni(OH)..

B-Ni(OH): is often selected as a discharged-state active material in the preparation of nickel electrodes
(Goncalves et al., 2018) because (i) it is stable in strong alkaline electrolyte and has good reversibility
when charged to B-NiOOH. (ii) B-NiOOH has a similar structure with a lattice constant of inter-sheet
(4.85A); thus, the volume expansion associated with cycling is less than any other forms. However, the
overcharge of B-Ni(OH), may result in the formation of y-NiOOH, which contains Ni** (Yang, LJ et
al., 2007; Hall et al., 2015) with an average oxidation state of nickel in this phase between 3.3—3.7
(Yang, LJetal., 2007). The conversion of B-Ni(OH), to y-NiOOH is accompanied by a large volumetric
change. This may result in loss of contact between the active material and the conductive substrate, thus
causing fast capacity fading during charge-discharge cycling. Disadvantages of using B-Ni(OH). as the
active material for the nickel electrode is the relative low theoretical specific capacity, which is limited
to 289 mAh/g according to Equation 4-1 (Yang, LJ et al., 2007; Begum et al., 2009; Huang, Jichun et
al., 2013).

Equation 4-1: Redox reaction of Ni(OH)2/NiOOH electrode
B — Ni(OH), + OH™ = B — NiOOH + H,0+ e~  E° = 0.395V vs Hg/Hg0/KOH

This specific capacity corresponds to the exchange of one electron (1e7) per Ni atom and in practice,
the specific capacity of B-Ni(OH). material is below the said theoretical value (Begum et al., 2009).
The practical specific capacity of the positive nickel electrode depends on how well the B-Ni(OH).
particles are embedded within a conductive electron network allowing electrons to move between
particles and the current collector. The limited performance of Ni(OH)- electrode is also said to be due
to competitive reactions of the oxidation of the active material and the evolution of oxygen (Wang,
Xianyou et al., 2004; Begum et al., 2009). The reduced charge acceptance of nickel hydroxide positive
electrode is suspected to be related to a relatively long distance between nickel hydroxide particles and
the nearest portion of the substrate(Begum et al., 2009). Notwithstanding the drawbacks of the oxygen
evolution reaction, the oxygen evolution is known to play a key role in developing clean energy
conversion and storage technologies, as it generates electrons that can reduce water to hydrogen, carbon
dioxide to carbon-containing fuels, and metal ions to metal in recharge of metal—air batteries (Suntivich
etal., 2011; Oh et al., 2012; Wang, Haotian et al., 2015; Blasco-Ahicart et al., 2018).

The modification of Ni(OH), material with specific additives could increase the potential gap between

the oxidation of electrode material and the oxygen evolution reaction (OER). Various studies have
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revealed that the incorporation of divalent elements such as magnesium, cobalt, and zinc can improve
active material utilization and prevent the formation of y-NiOOH (Young, Kwo-Hsiung et al., 2017;
Liu, Ling et al., 2019). Conversely, the incorporation of divalent elements could lead to structural
disorder, which could play a vital role in the electrochemical properties of 3-Ni(OH).. Although the
relationship between structural disorder and the measured electrochemical properties is not always
clear, a well crystallised B-Ni(OH), has lower electrochemical activity than disordered B-Ni(OH).
materials (Hall et al., 2015).

In the present study, the partial substitution of Co?* and AI** metals for Ni?* in B-Ni(OH). is examined
for oxygen evolution, material utilisation, and discharge capacity in Ni(OH). positive electrodes nickel-
iron battery.

4.3 Material and methods

43.1 Materials

Sodium carbonate (99%), sodium hydroxide (98%), nickel nitrate hexahydrate, cobalt nitrate
hexahydrate (98%), and aluminium nitrate nanohydrate (98%) were purchased from Sigma-Aldrich
(South Africa). Carbon black was purchased from Alfa Aesar (United States), coatheylene was

purchased from Axalta (United States), and nickel mesh was purchased from Q-Lite batteries (China).

4.3.2 Synthesis of nickel hydroxide active material

Nickel-based active material was prepared using a modified co-precipitation method and followed by
hydrothermal treatment at pH = 14 (Lassoued et al., 2017). For the production of Ni(OH), two solutions
were prepared; solution 1 (contained NaOH and Na,COs), and solution 2 contained Ni%* as
Ni(NO3).-6H,0 salt. The two solutions were mixed dropwise under vigorous stirring at room
temperature. The slurry was further agitated at room temperature for 30 min and thereafter subjected to
hydrothermal treatment at 65°C for 18h. The resulting precipitates were allowed to cool at room
temperature, then filtered and washed with Milli-Q water. The precipitated samples were dried at 110°C

for 12h. The dried samples were milled and transferred into vials for later application.

For modification of Ni(OH); cobalt and aluminium were used as partial substituent for nickel. The
above method was adopted and a composition of NiixMx(OH), was prepared, where “x” (5, 10, 25, and
50 wt.%), and “M” (Co, and Al) is the weight percentage and the partially substituted metal,

respectively.

4.3.3 Structural and morphological characterization of the materials

The diffraction patterns were collected using a multi-purpose X-ray Diffractometer D8-Advance from
BRUKER AXS (Germany). The functional groups present in the materials were identified using a
Fourier Transform Infra-Red Spectrum Il spectrometer (UATR-FTIR, Llantrisant UK). The thermal

analysis was studied using a Perkin-Elmer (8000 instrument) thermal gravimetric analysis coupled with
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differential thermal analysis (TGA-DTA). Surface areas were analysed using Brunauer-Emmett-Teller
(BET) nitrogen adsorption isotherms and adsorption pore size using Barrett-Joyner-Halenda (BHJ). The
crystal structures of the synthesized materials were confirmed using scanning electron microscopy
(SEM). The elemental composition was determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES) and SEM/EDS.

4.3.4 Fabrication of electrodes

The nickel electrodes were prepared by mixing 85 wt.% active material, 5 wt.% carbon black and 10
wt.% coathylene binder thoroughly. The mixture was poured onto a nickel mesh sheet and hot-pressed
at 80°C at 6MPa using a custom-designed hydraulic press for 5min to assure good electrical contact
between the nickel mesh and the active material. Electrode dimensions were kept at 1cm x 1cm for all
the samples.

4.3.5 Electrochemical characterization

The as-prepared nickel electrodes were soaked in electrolyte prior to the electrochemical measurements
for 2h. Cyclic voltammetry (CV) was used for the identification of redox couples and chrono charge-
discharge galvanostatic (CCDG) for capacities of the active materials. Electrochemical characterization
was studied using 4M of KOH as an electrolyte in a three-electrode set-up configuration, performed
using the Metrohm AutoLab PGSTAT302N. A graphite sheet (3cm x 4cm), and Hg/HgO/KOH were

used as a counter, and reference electrode, respectively.
4.4 Results and Discussion

4.4.1 Structural characterization of synthesized Ni-based hydroxide materials

Figure 4-l1a-c shows the XRD patterns of the Ni-based hydroxide powders. Figure 4-1a could be
indexed to pure B-Ni(OH), (JCP-No 00-014-0117). Figure 4-1b was indexed to both B-Ni(OH). (JCP-
No 00-014-0117) and B-Co(OH), (JCP-N0-00-030-0443), illustrating that the partial substituted Co?*
metal may be incorporated into the lattice of B-Ni(OH),. B-Ni(OH): is isostructural to f-Co(OH),, and
both have a hexagonal lattice structure (JCP-No 00-014-0117; JCP-No0-00-030-0443). The AI** partial
substituted Ni(OH)2 could be indexed to $-Ni(OH). (JCP-No 00-014-0117), a-Ni(OH). (JCP-No 00-
038-0715) and pure NisAl4O11 *18H20 (JCP-No 00-022-0452) demonstrating a mixture of o/p-form
(Yang, LJ et al., 2007; Huang, Jichun et al., 2013). Therefore, the formulae of the Ni-based hydroxide
materials may be written as B-Ni(OH)., B-Ni1.«Cox(OH). and o/B-Nii1xAlx(OH)2. Where Coy is 5%wt.,
and Al is 10%wit.
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Figure 4-1: Diffractograms of (a) Ni(OH)2, (b) Ni.95C00.05(OH)2 and (¢) Nio.gAlo1(OH)

The crystallite sizes of the materials were calculated from the two major peaks (001), and (101) using
Debye-Scherer’s formula (Equation 4-2), and the unit cell parameters “a” and “c”” were calculated using
the formulae a = 2d110, and ¢ = doo1; Where doo: and diio are the basal spacing at a Miller index (hkl) of

(001) and (110), which were obtained using Bragg’s law equation (Equation 4-3), assuming hexagonal
stacking (Wiston and Ashok, 2019).

Equation 4-2: Debye-Scherer’s equation

_ K?\)
- BCos6
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Where D is the crystallite size, K is the Scherer’s constant (K = 0.9), 8 is the full width of half maximum
(FWHM), and 0 is the maximum diffraction angle (°).

Equation 4-3: Bragg’s law
nA = 2dsin 6

Where n is the order number, A is the wavelength (1.54098 1&), d is the basal spacing (z&), 0 is the

maximum diffraction angle (°).

Table 4-1 summarizes the XRD crystallite sizes (D), the lattice parameter “a”, “c”, and the interlayer
distance (d-spacing) for the respective powders. The crystalline size values are different for each Ni-
based material, with the pure Ni(OH), powder illustrating the lowest crystalline size, while the cobalt
modified sample has the largest. It can also be noted that the parameter “a” decreases gradually in the
presence of partial AI** in the Ni(OH): lattice. This is may be due to the difference of metal ionic radii
between AIR* and Ni?*. The radius of AI** ions is 0.54 A, smaller than the radius of Ni** (0.69 A) in the
lattice of Ni(OH). (Yang, LJ et al., 2007). The c-parameters decreases in the order of B-Ni(OH), > B-
Nio.95C00.0s(OH)2 > a/B-NiosAlo1(OH).. The value of interlayer distance, d, increases slightly for the
sample with partial Co?*. A significant increase is observed in the presence of partial Al3+ compared
to both pure Ni(OH) and cobalt partially substituted sample. This may be owed to the reason that the
more Ni?* ions are partially replaced by AI** ions, the more positive charge of the Ni(OH). layer possess
(Yang, LJ et al., 2007). Consequently, more anions, such as NOs™ and OH-, are hosted between the
layers to compensate for the positive charge, (Hall et al., 2015) maintaining the stability of the structure.

Table 4-1: XRD crystallite sizes, and lattice parameter “a”, “c” and “d-spacing” of the nickel-based

hydroxide materials

Sample name (001) (101) (001) doolr  (110) d110 a(A) c(A)
D(nm) D (nm) 20 () A 20 () A

Ni(OH). 259 3.35 19.21 462  59.11 156 312 462

Nio,95COo,o5(OH)2 8.66 5.78 19.73 450 59.10 1.56 3.12 450

Nio.sAlo1(OH) 3.79 3.46 21.81 407  59.97 154 308 407

Figure 4-2, depicts the FTIR spectra of the synthesized Ni-based hydroxides materials. The findings are
in agreement with the obtained XRD results; the presence of the sharp peaks at around 3600 cm™ is the
confirmation of Ni(OH), formation (Motlagh et al., 2011; Shanaj and John, 2016); and these absorption
bands are assigned to O-H stretching vibrations (Begum et al., 2009; Su et al., 2014; Hall et al., 2015;
Shanaj and John, 2016). The peaks at around 1600 cm™ are attributed to the bending vibration mode of
H.O molecules. The absorption bands at about 1300 cm™, 500 cm™ and 400 cm are attributed to the

existence of interlayer nitrate anions (NOgs), Ni-O stretching vibrations, and an in-plane Ni-O-H
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bending vibration, respectively (Begum et al., 2009; Su et al., 2014; Hall et al., 2015; Shanaj and John,
2016).
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Figure 4-2: FTIR spectra of (a) Ni(OH)2, (b) Nio.9sC00.05(OH)2, and (c) Nig.oAlo.1(OH),

The thermal gravimetric analysis (TGA) and the corresponding insert of the differential thermal analysis
(DTA) curves of the nickel-based hydroxide materials are given in Figure 4-3. All the samples
demonstrate two distinct weight losses with initial weight losses of 5.20 wt.%, 5.38 wt.%, and 10.78
wt.% corresponding to small endothermic peaks at 73°C, 75°C, and 75°C for Ni(OH),
Nio.95C00.0s(OH)2, and NigeAlo1(OH)2, respectively.
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Figure 4-3: TG-DTA curves of NI(OH)z, Nio_gsCOo,os(OH)z, and Nio,gA'o,l(OH)z

A second weight losses of 12.26 wt.%, 17.66 wt.%, and 19.503 wt.% corresponding to a sharp
endothermic peak at 285°C, 285°C, and 295°C for Ni(OH)2, Nio9sC00.05(OH)2, Nio.gAlo1(OH)2,
respectively.

The small endothermic peaks at a temperature ranged between 62°C — 75°C is associated with the
removal of surface water in the samples. The sharp endothermic peaks at around 285°C — 309°C is due
to the decomposition of Ni(OH)2to NiO (Shanaj and John, 2016; Kovalenko et al., 2017). These results
agree with the presented XRD diffractograms and the FTIR spectra, which further confirms the
formation of anhydrous B-Ni(OH).. The dehydration process of Ni(OH), may be illustrated as follows
(Equation 4-4 to Equation 4-6) (Hall et al., 2015; Shanaj and John, 2016; Kovalenko et al., 2017):

Equation 4-4: Removal of adsorbed water molecules (Xaqd) in Ni(OH)>

50°C-90°C
NI(OH)Z (Xad + Yst)Hzo _— NI(OH)ZYStHzo + XH20

Equation 4-5: Removal of incorporated water molecules (Ys) in Ni(OH)

90°C—-180°C
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Equation 4-6: Structural decomposition of Ni(OH).

Ni(OH), il NiO + H,0
The equations above clearly show that the TGA behaviour of B-Ni(OH), materials, which illustrates a
surface removal of water ranged at 50°C and 90°C, followed by dehydration between 90°C and 180°C,
and broad features at 180°C < T < 525°C from decomposition to NiO (Hall et al., 2015; Shanaj and
John, 2016).

The BET surface areas ranged between 86.81 m?/g to 361.92 m?/g, and the BHJ average pore size
adsorption ranged from 5.36 nm to 8.69 nm (Table 4-2). The elemental composition confirmed using
ICP and SEM/EDS agreed with intended compositions of Nio.gAlo1(OH). and Nio.9sC00.05(OH)2 (Table
4-2).

Table 4-2: BET specific surface area and elemental composition ratio of Ni1.xMx(OH)2 (Mx =5 wt.%
Co?* and 10wt% Al

Sample hame BET Surface Pore size Expected ICP-OES SEM-EDS
area (m?/g) (nm) Ni2*:M** Ni2*t:M** NiZ*:M**
Ni(OH). 361.92 6.29 * * *
NiogsCooos(OH)2  125.15 8.69 0.95: 0.05 0.95: 0.05 0.95: 0.05
Nig.sAlo.1(OH)2 86.81 5.63 0.90: 0.10 0.90: 0.10 0.89:0.11

Figure 4-4, shows the nitrogen adsorption-desorption isotherm of the synthesized Ni1-xMx(OH)2, which
could be classified as type 1V isotherm with H3-type hysteresis loop (Luan et al., 2018), reflecting the
presence of mesoporous structure at the relative pressure (P/P°) range between 0.7 and 1.0 (Figure
4-4a), and 0.48 and 1.0 (Figure 4-4b-c). These findings were in agreement with the results reported in
the literature (Coudun et al., 2006; Zheng et al., 2017; Luan et al., 2018; Yu et al., 2019).
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Figure 4-5, shows the SEM images of synthesised Ni-based hydroxide powders at a magnification of
25kx. The average Ni-based hydroxide particle sizes at this magnification were found to be between
2.6 nm and 8.7 nm. Similar morphologies for -Ni(OH), and o/p-Al form were reported (Yang, LJ et
al., 2007). According to the authors (Yang, LJ et al., 2007), the stacking porous structure is beneficial

to the penetration of electrolyte, the diffusion of protons, and the electrochemical activity of electrode.

Figure 4-5: SEM images of (a) Ni(OH)2, (b) Nio.g5C00.05(OH), and (b) Nio.sAlo.1(OH)

4.4.2 Electrochemical characterization of synthesized Ni(OH), based materials

The transformation of Ni(Il) oxide to Ni(lll) oxide was studied by applying a potential sweep rate of 20
mVs? at potentials ranging from 0.0 V to 0.7 V (vs Hg/HgO/4M KOH) at room temperature. The
obtained voltammograms for the Ni-based hydroxide electrodes are provided in Figure 4-6. An
electrode of pure Ni(OH), without any additive material (Figure 4-6a) shows broader cathodic and
anodic peaks. Similar results were reported in literature (Begum et al., 2009; Wang, Hailiang et al.,
2012). This may be an indication that the oxygen evolution reaction (OER) is overlapping with the
oxidation potential of NiOOH to Ni(OH).. The reaction process may be explained according to Equation
4-7 and Equation 4-8 (Carbonio et al., 1982; Zimmerman and Effa, 1984).

Equation 4-7: Charge transfer process involving redox reaction of NiOOH active material in the lattice
Ni(OH), = NiOOH + H* + e~
Equation 4-8: Formation of protons at the electrode/electrolyte interface

H* + OH™ = H,0

98



8- — NOH) ot 2 /
(OH), 8t 20mA/s O, avolution (a) 0 - NiCo(OH)_at 20mA/s (b)

Ni(OOH)

4
24 Oxidation |

%)

 Reduction

T T T T " r - o v o v v v o
0.0 )2 04 08 08 00 02 0.4 01 0.8

[ =——NiAKOH)_» 20mAN 10 - (d)
- . : (c) s NA{OH },

e NAAOH )

NICo(OM)

Current Density (mA.cm-

NiAl(OH

L T T T L) as a'a a
) 2 ) 4 ) 6 Y- 0.0 02 04

Potential (V) vs Hg/HgO/4MKOH
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As the hydroxide ions arrive in the Ni(OH). layer alkaline solution interface, may be facilitated by
Equation 4-7 and Equation 4-8. According to Zimmerman and Effa (Zimmerman and Effa, 1984),
Equation 4-8 may be rate-limiting and appears to be more consistent with diffusion of OH" between the
bulk electrolyte and the active material surface as the rate-liming step for high rate electrode operation,
particularly at reduced concentrations of OH".

A sharp cathodic and anodic peaks were obtained in the partial substituted Co?" (Figure 4-6b) and AI**
(Figure 4-6¢) Ni(OH), electrodes as compared to the broader redox peaks for the pure Ni(OH). (Figure
4-6a). It can be noted that the partial substitution of Co?* and AI** for Ni(OH), allowed the separation
of anodic/cathodic peaks of the material and oxygen evolution. It can also be noted that the oxygen
evolution has shifted to a more negative potential, making it easier to identify the cathodic and anodic
peak potentials. On the hypothesis that the reduced charge acceptance of Ni(OH). positive electrode is
related to a relatively long distance between nickel hydroxide particles and the nearest portion of the
substrate (Begum et al., 2009); the potential difference between anodic and cathodic peaks was
calculated. The potential difference between anodic and cathodic peaks was used as a measure of the
reversibility of electrochemical redox reactions, and the higher the reversibility, the smaller the value
of the anodic and cathodic peaks potential difference will be (Yang, LJ et al., 2007). The oxidation and
reduction potential peaks of the partial substituted Co?" electrode is located at 0.419V and 0.319V,
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respectively. While the oxidation and reduction potential peaks of the partial substituted AI** electrode
shifted to the more positive position at 0.518V and 0.424V. Therefore, the redox peak differences were
found to be 0.10V and 0.094V, respectively, illustrating that the partial substituted AI** electrode is
more reversible than the partial substituted Co?* electrode.

The partial substitution of AI** for Ni?* has been reported (Yang, LJ et al., 2007; Huang, Jichun et al.,
2013). The authors reported a formation of a mixed-phase (a/p), and the two anodic peak and cathodic
peaks were observed. These peaks were attributed to the conversion of B-Ni(OH); to f-NiOOH, and the
additional anodic and cathodic peaks were attributed to the conversion between a-Ni(OH)2 to y-NiOOH.
However, in the current report, single anodic/cathodic peaks were observed. This may indicate that the
obtained a’-phase corresponds to the hexagonal lattice structure of nickel aluminium oxide hydrate,
NisAl;011 «18H20 (JCP-No 00-022-0452). These finds are in good agreement with the results obtained
by XRD, FTIR, and TG-DTA above. Therefore, electro oxidation-reduction process (Figure 4-6¢) may
be assumed to follow the conversion of B-Ni(IT) to B-Ni (111) (Equation 4-1), while both pure B-Ni(OH)
in Figure 4-6a and B-Nio.9sC00.05(OH). (Figure 4-6b) follows Equation 4-7 and Equation 4-8.

On the assumption that the poor capacities of the electrodes are attributable to a low efficiency resulting
from competitive reactions of the oxidation of the active material and the evolution of oxygen reaction
(OER) (Begum et al., 2009), the Co?" and AI** were used as dopants materials for B-Ni(OH), material.
Both the dopants (Co?* and AI**) were optimised using compositions of 5wt.%, 10wt.%, 25wt.%, and
50wt.%. The electrodes were prepared as mentioned in Section 4.3.4 above. The prepared electrodes
were cycled 20 times at 25mA, and the specific discharged capacities were calculated from the chrono

charge-discharge galvanostatic (CCDG) curves using Equation 4-9.

Equation 4-9: Specific discharge capacity formula

Applied current (mA)x Discharge time (h)

ific disch N
Specific discharge capacity Loading mass (g) of the active material

The obtained electrochemical performance of the materials is presented in Figure 4-7. As demonstrated
in Figure 4-7a and Figure 4-7b, respectively, the material with 5wt.% Co?" and 10wt.% AI** showed
optimal percentages with promising electrochemical properties over 20 cycles. The charge state and
discharge state at the 20" cycles are shown in Figure 4-7c-d. Both curves illustrate two flat charges
(Figure 4-7¢) and two flat discharge (Figure 4-7d) plateau for both B-Ni(OH), and B-Nio.95C00.0s0H>
electrodes indicating that two redox systems are involved in electrochemical reactions. The two
discharged plateaus are observed at 0.360V and 0.266V, and 0.344V and 0.225V for both the pure -
Ni(OH), and B-Nio.95C00.05(OH)2, respectively. The first plateaus on both pure B-Ni(OH), and B-

Nio.e5C00.0s(OH). curves may be an indication of Equation 4-7, while the second plateaus may be an
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indication of Equation 4-8 formation (Carbonio et al., 1982; Zimmerman and Effa, 1984). The o/ B-
Nio.oAlo.01(OH)2 electrode demonstrated one discharge plateau at 0.259V, which could be an indication
of Equation 4-1 formation (Carbonio et al., 1982). These findings are in good agreement with the CV
results reported above, which could be explained by assuming the multistage reduction process
presented in Equation 4-7 and Equation 4-8.
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Figure 4-7: Optimization discharge capacities of (a) partial Co?* substituent, (b) partial AI** substituent,
and Ni(OH)z, Nio.s5C00.05(OH)2, NiosAlo1(OH). (c) charge potential at 20 cycle, (d) Discharge curve at
20 cycle

As presented in Figure 4-7d, the first discharge plateaus were about 0.360V and 0.344V for Ni(OH).
and NiogsC00050H> electrodes, respectively and were much higher than that of the Al substituted
Ni(OH); electrode (0.277V). According to Huang and co-workers (Yang, LJ et al., 2007), this could be
attributed to the unique two phases (o/p) structure providing fast ion and electron transfer, and good
electrochemical activity (Huang, Jichun et al., 2013), which might be favourable to the proton diffusion
during charge—discharge processes. Furthermore, the partial substitution of AI** enhances the discharge

output of the Ni(OH)- electrode with a discharge capacity of 170 mAh/g and coulombic efficiency of
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93%. It also promotes complete oxidation of Ni(OH). electrode, and these results were in agreement
with the cyclic voltammetry reported above. The discharge capacities for pure B-Ni(OH). and f-
Nio.95C00.05(OH), were 128 mAh/g and 142 mAh/g with a coulombic efficiency of 87% and 80%,
respectively

45 Conclusion

B-Ni(OH)2, B-Nio.e5C00.0s(OH)2, and o/ B-Nio.sAlo.o:(OH)2 were synthesised by co-precipitation followed
by hydrothermal treatment. The crystal structure, functional groups present in the materials, thermal
analysis, surface areas and pore sizes, elemental compositions were confirmed using XRD, FTIR, TG-
DTA, BET and BHJ, and SEM/EDS and ICP-OES, respectively. XRD, FTIR, TG-DTA confirmed the
formation of B-phase of pure Ni(OH)., the B-phase of the partial substituted Co?* for Ni?* in Ni(OH).
material, and the formation of mixed o/p-phase for the partial substituted AI** for Ni?* in Ni(OH);
material. The BET surface areas ranged between 86.81 m?/g to 361.92 m?/g, and the BHJ average pore
size adsorption ranged from 5.36 nm to 8.69 nm. Both ICP-OES and SEM-EDS further confirm the
formation of the intended compositions of NiggAlo.1(OH)2 and Nio.esC0o05(OH)2. The sample with
partial AI** exhibited the maximum discharge capacity of 170 mAh/g, corresponding to a coulombic
efficiency of 93%. Aluminium has a significantly lower cost than nickel; therefore, gaining capacity by
partial substitution of Ni2* for the less expensive AI** may be a cost reduction for Ni(OH), NiFe battery.
While pure Ni(OH). and the electrode with partial Co?" substituted Ni(OH). showed discharge
capacities of 128mAh/g and 143 mAh/g corresponding to coulombic efficiencies of 87% and 80%,
respectively. The relationship between structural and electrochemical properties of the material is not
well understood. However, according to Huang et al., 2013 (Huang, Jichun et al., 2013) the physical
properties of Ni(OH)., such as specific surface area and chemical compositions, are strongly influencing
the performance of the positive Ni(OH), electrodes. In this study, it is observed that the lower the
surface area, the better the specific discharge capacity. E.g., The discharge capacities increases in the
order of pure B-Ni(OH), (128 mAh/g) > B-Nio.95C00.0s(OH)2 (142 mAh/g) > a/B-NigsAlo1(OH), (170
mAbh/g), while the specific BET surface area was decreasing in order of B-Ni(OH), (361.92 m?/g) > B-
Nio.95C00.05(0OH)2 (125.15 m?/g) > o/B- NiggAlo1(OH), (86.81 m?/g). These results are contrary to what
is commonly observed. Usually, a higher surface area gives better performance. However, the authors
of the current manuscript do acknowledge that the surface area accessible for gas molecules does not
necessarily represent the electrochemically active surface area. The future work will focus on more

comprehensive cycling stability of the electrodes over more cycles.
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CHAPTER 5

5 Synthesis, Structural Characterization, and Electrochemical Properties of the Mg and Mn
Doped-Ni(OH), for Use as Active Cathode Materials in Ni-Fe Batteries.
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51 Abstract

Ni(OH); is one of the most interesting electrode substances for high-performance nickel-iron batteries
owing to its low cost, high specific capacitance, and environmental compatibility. However, the
Ni(OH), cathode electrode exhibits poor performance due to (i) competitive reactions such as the
oxidation of the active material and oxygen evolution. (ii) the reduced charge acceptance of the Ni(OH);
positive electrode is related to a relatively long distance between the Ni(OH), particles and the nearest
portion of the substrate. In this study, B-Ni(OH); is used as a starting material. Then, the Ni?* in the
compound B-Ni(OH), material is partially substituted with Mg?* and Mn?*, separately, and the
performance of the as-prepared materials was optimized and examined. XRD, FTIR, TG-DTA,
SEM/EDS, and ICP-OES confirmed the formation of the expected compositions. The Nio.gsMgo.os(OH)
and NigoMng1(OH), based-samples were optimal compositions with promising electrochemical
activities. The partial substitution of Mg?* allowed separation of anodic/cathodic peaks and oxygen
evolution. For example, the anodic and cathodic peaks are easier to identify because their potential
shifted to more negative potentials. When using three-electrode configurations, the un-doped Ni(OH).
electrode discharge capacity showed a reduction of 76 % after the 100" cycle. In contrast, the
Nio.9sMgo.0s(OH). and NiosMng1(OH). electrode demonstrated a reduction of only 15% and 12% in
discharge capacities after 100" cycles, respectively. When using a two-electrode configuration, the
obtained discharge capacities were 40 mAh/g for the un-doped Ni(OH) electrode, 120 mAh/g for the
Nio.gsMgo.os(OH); electrode, and 159 mAh/g for the NigsMno1(OH)2 electrode with an electrode cycle
life of 43.49 %, 88.24 %, 88.54 %, respectively.

Key Words: B-nickel hydroxide; B-nickel magnesium hydroxide; nickel manganese hydroxide; NiFe
battery; positive nickel electrode

5.2 Introduction

Ni(OH); is an interesting electrode substance for high-performance NiFe batteries due to its low cost,
high specific capacitance, and environmental compatibility (Yin et al., 2019). Structurally, the a- and
B-phases are typical polymorphic forms of layered Ni(OH). (Lee, Jeong Woo et al., 2011). a-Ni(OH).
is the metastable phase and displays a higher theoretical capacitance than B-Ni(OH).. However, o-
Ni(OH); tends to convert to B-Ni(OH) in alkaline solution or when subjected to charge-discharge
cycles (Lee, Jeong Woo et al., 2011). Due to instability of the a-Ni(OH) in alkaline solution or when
subjected to charge-discharge processes, B-Ni(OH); is the most preferred active material over o-
Ni(OH); in the preparation of nickel-electrodes (Hall et al., 2015; Posada and Hall, 2016; Zide et al.,
2020b, a). The B-Ni(OH); is stable in strong alkaline electrolytes and has good reversibility when
charged to B-NiOOH. Moreover, the f-NiOOH has a similar structure with a lattice constant of inter-
sheet equal to 4.85A; thus, the volume expansion associated with cycling is less than any other forms.
However the overcharge of B-Ni(OH), may result in the formation of y-NiOOH which contains Ni**
(Yang, LJetal., 2007; Hall et al., 2015) with an average oxidation state of nickel in this phase of 3.3 —
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3.7 (Yang, L et al., 2007). A large volumetric change accompanies the conversion of -Ni(OH)2 to y-
NiOOH, resulting in loss of contact between the active material and the conductive substrate causing
fast capacity fading during charge-discharge cycling (Hall et al., 2015).

The practical, specific capacity of the Ni(OH). electrode depends on how well the Ni(OH). particles
are embedded within a conductive electron network allowing electrons to move between particles and
the current collector (Begum et al., 2009). The limited performance of the Ni(OH). electrode is
correspondingly suspected to be due to oxidation of the active material and the evolution of oxygen
appearing in the same potential window (Wang, Xianyou et al., 2004; Begum et al., 2009). The reduced
charge acceptance of Ni(OH). positive electrode is suspected to be related to a relatively long distance
between Ni(OH), particles and the nearest portion of the substrate(Begum et al., 2009).

Different modifiers and additives are used to enhance the performance of nickel-based electrodes.
Various studies have revealed that the incorporation of divalent elements such as magnesium, cobalt,
(Co) (zZhang, Yong et al., 2020c; Zhang, Yong et al., 2021), molybdenum (Mo) (Zhang, Yong et al.,
2015; Zhang, Yong et al., 2018; Zhang, Yong et al., 2020a; Zhang, Yong et al., 2020b; Zhang, Yong
et al., 2020c), and zinc (Zn) can improve active material utilization and prevent the formation of y-
NiOOH (Young, Kwo-Hsiung et al., 2017; Liu, Ling et al., 2019; Yin et al., 2019). Yuan et al. (Yuan
et al., 2016) report the electrochemical properties of a prepared porous pompon-like Mg-incorporated
a-Ni(OH). using a facile chemical co-precipitation method. The downside of a-Ni(OH): it tends to
convert to B-Ni(OH)z in an alkaline solution or when subjected to charge-discharge cycles (Lee, Jeong
Woo et al., 2011).

In the present study, the partial substitutions of Mn?* and Mg?* for Ni?* in the B-Ni(OH). active material
were examined as potential additives to suppress the oxygen evolution side reaction, improve material
utilization and discharge capacities of a positive electrode for the nickel-iron (Ni-Fe) battery. Mg?* and

Mn?* are chosen as additives due to their low cost, safety, and excellent stability.
5.3  Material and methods

5.3.1 Materials

Sodium carbonate (99%), sodium hydroxide (98%), nickel nitrate hexahydrate, manganese sulfate
monohydrate (99.9%), and magnesium nitrate hexahydrate (99%) were purchased from Sigma-Aldrich
(South Africa). Carbon black, Super P Conductive (CAS number: 1333-86-4) was purchased from Alfa
Aesar (United States). Coathylene binder was purchased from Axalta (United States). Nickel mesh was
purchased from Q-Lite batteries (China). The FeCuo.s electrode was based on the in-house FeCuo.s

material previously prepared, as reported (Tawonezvi et al., 2020).
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5.3.2  Synthesis of un-doped Ni(OH)2, Ni1xMnx(OH), and Nil-xMgx(OH); active material

The compositions of nickel-manganese (Nii.xMnx(OH)2) and nickel-magnesium (Ni:.xMgx(OH)2) based
active hydroxide materials were prepared using a co-precipitation method followed by hydrothermal
treatment at pH = 14 (Zide et al., 2020b). Ni?* was partially substituted with Mn?* as Ni1.xMnx(OH).
and with Mg?* as Ni1.«Mgx(OH).. Where “x” is the molar composition of Mn?* and Mg?* i.e., 0.05; 0.1;
0.25; and 0.5. The different feeding mole ratios of Ni?* and Mn?* is expressed as NioosMno.os(OH)z,
Nio.sMno.1(OH)2, Nio75sMng25(OH)2, and NigsMnos(OH), for the partially substituted manganese; and
Nio.ssMgo.0s(OH)2, Nig.sMgo.1(OH)z2, Nig.7sMgo.25(OH)2, and NiosMgo.s(OH)-, for the partially substituted
magnesium. The typical process flow diagram for the synthesis of the active materials is shown in
Figure 5-1. The un-dope Ni(OH), was prepared as described in our early published article (Zide et al.,
20204, b).

Overhead mixer
i 2 Il = Mn‘_. r'v']!'!‘-
MaOH + NazCOs NI~ + M
Solution 1 }—_ Solution 2

Wiy M (OH) ;. + supernatant

Filtration

[[1

3
Rl
[ S}
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Lab oven Final product
hydrothermal Niy M.IOH); sample
treatment process Lah oven

drying process

Figure 5-1: Process flow diagram of the active production.

Briefly, two solutions were prepared where solution 1 contained NaOH and Na,COs, and solution 2 had
Ni?* as Ni(NOs).-6H.0 salt, and Mn?* as MnSQO4-H,0 salt for the Ni-Mn composite hydroxides
preparation. The two solutions were mixed dropwise under vigorous stirring at room temperature. The
slurry was further agitated at room temperature for 30 min and thereafter subjected to hydrothermal
treatment at 65 °C for 18 h. The resulting precipitates were cooled at room temperature then filtered
and washed with Milli-Q water. The precipitated samples were dried at 110 °C for 12 h. The exact
procedure was used to prepare the Ni-Mg composite hydroxides, and the Mg(NOs),-6H.0 salt was used

to prepare solution 2 as a source of Mg?*.

5.3.3 Structural and morphological characterization of the materials
The diffraction patterns were collected using a multi-purpose X-ray Diffractometer D8-Advance from
BRUKER AXS (Germany). Bragg’s law (Equation 5-1) was used to calculate the cell parameters of the
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materials where n is the order number, A is the wavelength (1.54098 1&), d is the basal spacing (z&) and

0 is the maximum diffraction angle (°).
Equation 5-1: Bragg’s law
nA = 2dsin®

The functional groups present in the materials were identified using a Fourier Transform Infra-Red
Spectrum Il spectrometer (UATR-FTIR, Llantrisant UK). The thermal analysis was studied using a
Perkin-Elmer (8000 instrument) thermal gravimetric analysis coupled with differential thermal analysis
(TGA-DTA). Surface areas were analyzed using Brunauer-Emmett-Teller (BET) nitrogen adsorption
isotherms and adsorption pore size using Barrett-Joyner-Halenda (BHJ). The morphologies of the
synthesized materials were confirmed using scanning electron microscopy (SEM). The elemental
compositions were determined using inductively coupled plasma equipped with optical emission
spectroscopy (ICP-OES). To further confirm the elemental composition, SEM equipped with energy
dispersive spectroscopy (SEM/EDS) was used.

5.3.4 Fabrication of electrodes

The nickel electrodes were prepared for specific capacities analysis by mixing 85 wt.% active material,
5 wt.% carbon black, and 10 wt.% cocaethylene binder thoroughly. The mixture was transferred onto a
pre-cut nickel mesh and hot-pressed at 80°C at 61 kg/cm? (~6 MPa). A custom-designed hydraulic press
with integrated heated press plates (HyJack, Cape Town) was used to hot pressed the desired electrode
for 5 min to ensure good electrical contact between the nickel mesh and the active material. Electrode

dimensions were kept at 1cm x 1cm for all the samples.

The nickel electrodes were also prepared for cyclic voltammetry (CV) analysis using a pine rotating
disc electrode (RDE) with a 0.196 cm? working area. The electrode was cleaned and polished using
0.05 pm deagglomerated alumina paste (Buehler) before and after each use. It was then ultrasonicated
in ultrapure water for 15 min. The electrode was dried for 15 min at 2,500 rotations per minute (rpm)
at ambient conditions. The catalyst ink was prepared by combining 13 mg active material with 50 pL
(5 wt. %) Nafion® solution (Alfa Aesar) and 1,950 pL ultrapure water. The mixture was ultrasonicated
for 20 min. A micropipette was used to drop 30 L of the catalyst ink onto the RDE. The working
electrode was covered and dried overnight at ambient conditions. A catalyst loading of 1 mg per cm?

was obtained.

5.3.5 Electrochemical characterization
The electrochemical properties of the un-doped Ni(OH)2, Ni1.xMgx(OH),, and NiixMnx(OH), materials
were first tested using a three-electrode configuration. A three-electrode system consisting of the as-

prepared un-doped Ni(OH)2, NiixMgx(OH),, and Nii-xMnyx(OH), materials were used as the working
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electrodes, a graphite sheet (3cm x 4cm) as the counter electrode, Hg/HgO/4M KOH as the reference
electrode and a KOH solution (4M) as the electrolyte. All tests were carried out at room temperature.
Cyclic voltammetry (CV) was used to identify redox couples’ active materials. The chrono-charge
discharge galvanostatic (CCDG) was used for the capacities and cycling stability of the functional
materials. Electrochemical characterization was performed using the Metrohm Auto Lab
PGSTAT302N. The specific discharge capacities were calculated using Equation 5-2

Equation 5-2: Specific discharge capacity formula

Applied current (mA)x Discharge time (h)

Specific discharge capacity = Loading mass (g) of the active material

Ni(OH).and the best performing doped electrodes were further cycled on a NEWARE BTS-400 battery-
tester using a two-electrode system to evaluate the material's performance further. A two-electrode
system consisting of the as-prepared un-doped Ni(OH)2, Nio9sMgoos(OH)2 and NigsMng1(OH)2
materials were used as the cathode electrodes, an inhouse FeCug.2s electrode previously prepared as
reported (Tawonezvi et al., 2020) was used as the anode and a 6M KOH/1M LiOH solution as the
electrolyte. All tests were carried out at room temperature. The anode was used as an excess in a ratio
of 5:1 (FeCuos anode: nickel-based cathode). The cycling stability and discharge rate capability were
performed. Current-limiting charge-discharge of 150mA/g - 100mA/g and a voltage window of 1.75V
- 0.7V was used.

The addition of lithium to the electrolyte is vital but not fully understood. According to literature reports
(Subbaraman et al., 2011; Hill and Choi, 2012; Kenney et al., 2013; Ding et al., 2015; Han et al., 2019),
lithium hydroxide improves cell capacity, cyclic stability and facilitates nickel electrode kinetics. It also
inflates the working plateau on charge and delays oxygen evolution. The electrolyte remains essentially
invariant and plays no part in the overall reaction of the Ni-Fe battery during charge-discharge.
However, the individual electrode reactions do involve an intimate reaction with the electrolyte (Tsais
and Chan, 2013).

5.4 Results and Discussion

5.4.1 Structural characterization of the un-doped Ni(OH)2, Ni1-xMnyx(OH), and Ni;xMgx(OH)
active material

Figure 5-2 shows the diffractograms of the Nii«Mgx(OH). powders compared with the un-doped

Ni(OH). material. Figure 5-2 also provides the standard peaks of $-phase Ni(OH). (JCPDS No. 00-014-

0117) and B-Mg(OH). (JCPDS No. 01-075-1527). Both the un-doped Ni(OH). (Figure 5-2a) and Nis-

xMgx(OH). (Figure 5-2b-e) materials were indexed to B-Ni(OH). (JCPSD No 00-014-0117) and f-
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Mg(OH), (JCPSD No0-01-075-1527). This may be because the 3-Ni(OH). is isostructural to the brucites
B-Mg(OH): structure, and both have a hexagonal lattice structure (Hall et al., 2015).

Overlapping peaks were noticed for the Ni;xMgx(OH). (Figure 5-2b-e) materials; this may be
illustrating that the partial substituted Mg?* may be incorporated into the lattice of B-Ni(OH)., resulting
in a slight shift of the peak position (Hall et al., 2015; Miao et al., 2015; Yin et al., 2019) as perceived
at the diffraction angle at around 19.8°. Yin et al. (Yin et al., 2019) reported the peak shift at the
diffraction angle at approximately 19.8° due to water molecules and anions in the interlayer space or

magnesium doping.
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Figure 5-2: Diffractograms of (a) un-doped Ni(OH)2, (b) Nio.9sMgo.0s(OH)2, (€) Nig.oMgo.1(OH)2, (d)
Nio,75Mgo,25(OH)2 and (e) Nio,sMgo,s(OH)z

The standard peaks of $-phase Ni(OH). (JCPDS No. 00-014-0117), a-phase Ni(OH). (JCPDS No. 00-
038-7215) and Mn(OH) (JCPDS No. 01-073-1604) along with the XRD spectra of the Ni1.xMnx(OH).

materials compared with un-doped Ni(OH), are presented in Figure 5-3.
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Figure 5-3: Diffractograms of (a) Ni(OH)2, (b) NioesMnoos(OH)2, () NigsMnoe1(OH)2, (d)
Nio,75|\/|no,25(OH)2 and (e) Nio,5Mno,5(OH)2

Interestingly, from the obtained spectra, the partial substitution of Mn?* for Ni?* was the main factor
that affected the phase formation of the prepared composite materials. The XRD pattern for the un-
doped B-Ni(OH): in Figure 5-3a reveals a clear presence of the B-Ni(OH), phase (JCPDS No. 00-014-
0117) with all main peaks present and no sign of any a-Ni(OH), phase.

The partial substitution of Mn?* for Ni?* at relatively small molar ratios appears to cause a shift of the
peaks at the diffraction angle around 19.8° and 38° to a higher diffraction angle NiixMny(OH)
composite materials (Figure 5-3b-c). This may be owing to water molecules, anions or Mn?* doping in
the interlayer space or an indication of the presence of a mixed-phase, in this case, it may be a mixture
of B-phase Ni(OH), (JCPDS No. 00-014-0117) and a-phase Ni(OH), (JCPDS No. 00-038-7215).

When the molar ratio of Mn?" was increased (Figure 5-3d), the formation of a-phase Ni(OH). based
material (JCPDS No. 00-038-7215) gained preference over the -phase Ni(OH). (JCPDS No. 00-014-
0117). Further increase of the molar ratio of Mn?* (Figure 5-3e) resulted in a more amorphous structure,
which may be due to impurities in the sample or the non-uniform composition of the product. For
example, while the diffraction peak at around 19.8° shows the presence of a $-Ni(OH). (JCPDS No.
00-014-0117). The evident absence of a f-Ni(OH), (JCPDS No. 00-014-0117) at a diffraction peak at
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about 38° confirms that the product sample may not be purely a B-Ni(OH), (JCPDS No. 00-014-0117).
This diffraction peak at about 38° is a close fit for Mn(OH), (JCPDS No. 01-073-1604). A typical a-
phase of partially substituted manganese for nickel-based oxide/hydroxide is commonly reported in the
literature (Chen, Hao et al., 2014; Guo et al., 2016; Liu, Hao et al., 2020).

Table 3-2 summarizes the XRD lattice parameters a, ¢, and the interlayer distance (d-spacing) for the
respective powders. The unit cell parameters a and ¢ were calculated using the formulae a = 2d110, and
¢ = doo1; Where doo1 and di10 are the basal spacing at a miller index (hkl) of (001) and (110). The basal
spacing/ the interlayer distance, “d,” was obtained using Bragg’s law equation (Equation 5-1), assuming
hexagonal stacking (Wiston and Ashok, 2019).

Table 5-1: XRD lattice parameter a, ¢ and d-spacing of the Ni(OH)_, Ni1xMgx(OH)2 and Ni1-xMny(OH),

materials

Sample name (001) doo1 (A) (110) di10 (A) a(A) c(A)
20 () 20 ()
Ni(OH). 19.21 4.62 59.11 1.56 3.12 4.62
Nio9sMgoos(OH)2 19 37 4,58 59.11 1.56 3.12 458
NiosMgoi(OH): 1937 4,58 59.02 1.56 3.12 458
Nio7sMo2s(OH)2 19 37 4.58 58.99 1.56 3.12 458
NiosMgos(OH)2 1937 4.58 59.11 1.56 3.12 4.58
NioosMnoos(OH)2 50 46 4.34 59.46 1.55 3.11 4.34
NiosMnoi(OH): 5974 4.28 59.77 1.55 3.11 4.28
Nio7sMno2s(OH)2 27 73 3.91 60.39 1.53 3.06 391
NiosMnos(OH)2 19 12 4.64 60.01 1.54 3.08 4.64

The a-parameter was not affected by the partial substitution of Mg compared to a slight decrease
observed in the partially substituted Mn?* composites when equated to an un-doped Ni(OH),. The lattice
c-parameter was 4.62 A for the un-doped Ni(OH).. A slight reduction was observed for all the
Ni1xMgx(OH), compositions, resulting in a constant value of 4.58 A (Figure 5-2b-e). Contrary to
Ni1xMnx(OH), compositions, the obtained lattice parameter “c” was 4.34 A, 4.28 A, 3.91 A and 4.64
A for NiogsMno.os(OH)2, NiooMng1(OH)z, Nio7sMno2s(OH)2, and NiosMnos(OH)., respectively. The
intersheet distance, d, is equal to the lattice parameter, ¢ (¢ = doo1) by definition (Hall et al., 2015).
Furthermore, the c-parameter is more significant (larger or smaller) if the interlayer space contains
anionic impurities (Hall et al., 2015). In this study, the value of interlayer distance, d, decreases slightly
for the composition with partial Mg?* (Figure 5-2b-€) and Mn?* (Figure 5-3b-d). A significant increase

was observed in the partially substituted Mn?* composition (Figure 5-3e) compared to un-doped
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Ni(OH). presented in Figure 5-3a, which may be owed to the presence of remained anions, such as NOz’
during the synthesis of the material (Hall et al., 2015).

Figure 5-4 and Figure 5-5 show the FTIR spectra of Ni;xMgx(OH; and Ni;xMny(OH, compared with
un-doped Ni(OH),, respectively. The findings are in agreement with the obtained XRD results; the
presence of the peaks at around 3600 cm™ (Figure 5-4a-e) and (Figure 5-5a-c) is the confirmation of
Ni(OH), formation (Motlagh et al., 2011; Shanaj and John, 2016), and these absorption bands are
assigned to O-H stretching vibrations (Begum et al., 2009; Su et al., 2014; Hall et al., 2015; Shanaj and
John, 2016). It could be noted that the O-H stretching vibrations (Figure 5-5d-e) disappeared, which
could be owing to a difference in structure, as also confirmed in the XRD spectra (Figure 5-3d-e). The
peaks at around 1600 cm™ are attributed to the bending vibration mode of H,O molecules. The
absorption bands at about 1300 cm™, 500 cm™, and 400 cm™ are ascribed to the existence of interlayer
nitrate anions (NOs), Ni-O stretching vibrations, and an in-plane Ni-O-H bending vibration,
respectively (Begum et al., 2009; Su et al., 2014; Hall et al., 2015; Shanaj and John, 2016).
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Figure 5-4: FTIR spectra of (a) Ni(OH)2, (b) NioesMgoos(OH)2, (€) NiosMgo1(OH)2, (d)
Nio_75|\/|go_25(OH)2 and (e) Nio,sMgo,s(OH)z
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Figure 5-5: FTIR spectra of (a) Ni(OH)z, (b) Nio_gsMno_os(OH)z, (C) Nio_gMno,1(OH)2, (d)
Nio_75Mno_25(OH)2 and (6) Nio,sMno,s(OH)z

The thermal gravimetric analysis (TGA) and the corresponding inset of the differential thermal analysis
(DTA) curves of Ni1-xMgx(OH), and Ni1.xMnx(OH), compared with un-doped Ni(OH). are presented in
Figure 5-6a,b respectively. All the Nii.xMgx(OH), materials (Figure 5-6a) demonstrate two distinct
weight losses similar to the un-doped Ni(OH), sample. The calculated initial weight losses were 5.19
wt.% (73°C), 4.89 wt.% (61°C), 4.56 wt.% (61°C), 6.78 wt.% (65°C), and 5.87 wt.% (61°C) for the un-
doped Ni(OH)2, NioesMgoos(OH)2, NigsMgo.1(OH)2, Nio7sMgo2s(OH)2, and  NigsMgos(OH)2,
respectively (Table 5-2). A second weight loss of 14.24 wt.% (285°C), 14.35 wt.% (291°C), 14.05 wt.%
(298°C), 14.87 wt.% (291°C), and 17.26 wt.% (317°C) for the un-doped Ni(OH),, Nig.9sMgo.0s(OH)2,
Nio.osMgo.1(OH)2, Nio7sMgo25(OH)2, and NigsMgos(OH),, respectively (Table 5-2). The small
endothermic peaks at a temperature ranged between 61°C — 75°C are associated with the removal of
surface water in the samples. The sharp endothermic peaks at around 285°C — 317°C are due to the
Ni(OH), decomposition to NiO (Shanaj and John, 2016; Kovalenko et al., 2017).
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Figure 5-6: TGA-DTA curves of (a) NiixMgx(OH). compared to the un-doped Ni(OH),, (b)
Ni1xMnx(OH). compared to the un-doped Ni(OH)

These results agree with the presented XRD diffractograms (Figure 5-2) and the FTIR spectra (Figure

5-4), which further confirms the formation of anhydrous B-Ni(OH).. The dehydration process of
Ni(OH), may be demonstrated as follows (Equation 5-3 to Equation 5-5) (Hall et al., 2015; Shanaj and
John, 2016; Kovalenko et al., 2017).

Equation 5-3: Removal of adsorbed water molecules in Ni(OH).

50°C-90°C
NI(OH)Z. (Xad + Yst)Hzo — Ni(OH)Z.YStHzo + XHzo
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Equation 5-4: Removal of incorporated water molecules in Ni(OH).

90°C—-180°C
Ni(OH),.Ys;H,0 —— Ni(OH), + YH,0

Equation 5-5: Structural decomposition of Ni(OH).

Ni(OH), Lo NiO + H,0
The TG-DTA curves for the Ni;xMgx(OH)2 and B-Ni(OH), materials illustrated the removal of adsorbed
water molecules from Ni(OH); at temperatures between 61°C and 73°C (Equation 5-3), followed by
Ni(OH), decomposition to NiO as represented by Equation 5-5 (Hall et al., 2015; Shanaj and John,
2016). As established by the observed two distinct weight losses (Figure 5-6a), Equation 5-4 did not
play any role. This may be because the removal of incorporated water molecules from Ni(OH)

(Equation 5-4) usually is observed on the structure of a-Ni(OH), formation(Hall et al., 2015).
Similar decompositions were obtained for the Nii.xMn,(OH). (Figure 5-6b). All the Mn?" partial

substituted Ni(OH). samples demonstrate two distinct weight losses, and the calculated weight losses
corresponding to their respective endothermic peaks are presented in Table 5-2.

Table 5-2: TG-DTA analysis of the un-doped Ni(OH),, Ni1.xMgx(OH), and NiixMnx(OH). materials

Removal of adsorbed (61.24 °C - | Decomposition of Ni(OH)2 based-composites
87.53 °C) and incorporated | to NiO based-composites

(123.27 °C - 144.66 °C) water
molecules in the Ni(OH). based

composites
Sample name DTA: temp. TGA: weight DTA: temp. TGA: weight loss (%)
(°C) loss (%0) (°C)

Ni(OH). 73 5.19 285 14.24
Nio.ssMgo.0s(OH)2 61.2 4.89 291.1 14.35
Nio.sMgo1(OH); 61.2 4.56 298.5 14.05
Nio7sMgoos(OH),  65.8 6.78 291.1 14.87
Nio.sMgos(OH), 61.2 5.84 317.6 17.26
Nio.e5sMng.05(OH) 70.2 5.63 274.8 12.41
Nio.sMno1(OH); 87.5 6.57 269.7 11.99
Nio7sMnoas(OH), 1447 9.25 262.0 10.61
NigsMnos(OH)2 1233 5.62 251.8 6.86

118



The nitrogen adsorption-desorption isotherms of the of Ni1.xMgx(OH). and NiixMny(OH). materials
compared with un-doped Ni(OH), are presented in Figure 5-7a,b, respectively.
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Figure 5-7: Nitrogen adsorption-desorption isotherm of (a) Ni.xMgx(OH). compared to un-doped
Ni(OH)2, (b) Ni1xMny(OH), compared to un-doped Ni(OH)

The Ni1xMgx(OH), compared with un-doped Ni(OH), (Figure 5-7a) may be classified as type IV
isotherm with H3-type hysteresis loop at the relative pressure (P/P°) ranges between 0.7 and 1.0,

reflecting the presence of mesoporous structure (Luan et al., 2018). These findings were in agreement
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with the results reported in the literature (Coudun et al., 2006; Zheng et al., 2017; Luan et al., 2018; Yu
etal., 2019).

The nitrogen adsorption-desorption isotherms of the Nii.xMnx(OH), compared with un-doped Ni(OH):
are presented in Figure 5-7b, also reflecting the presence of mesoporous structure at the relative pressure
(P/P°) range between 0.6 and 1.0. The N, adsorption-desorption isotherms of the materials may also be
classified as type IV isotherm with H3-type hysteresis loop. Similar isotherms of the Ni/Mn composite
were reported in the literature (Xia et al., 2015; Liu, Hao et al., 2020).

As presented in Table 5-3, the BET surface areas ranged between 115.90 m?/g to 142.06 m?/g and from
80.67 m?/g to 109.08 m?/g for Mg?*, and Mn?* partially substituted Ni(OH)., respectively. Their BHJ
average pore size adsorption ranged from 10.22 nm to 11.42 nm and 6.85 nm to 14.64 nm, respectively.
The BET surface area of the unmodified Ni(OH). is 361.92 m?/g, and the BHJ average pore size is 6.29
nm. This shows that the partial substitution of the Ni?* with either Mg?* or Mn?* decreases the BET
surface area of the Ni(OH).. The confirmed elemental compositions using ICP/OES and SEM/EDS

(Table 3) agreed with the intended compositions of the partially substituted materials.

Table 5-3: BET surface areas and elemental compositions of the un-doped Ni(OH),, Ni1xMgx(OH),
and Niz.xMn,(OH), materials

Sample name BET Surface Pore size Expected ICP-OES SEM-EDS
area (m?/g) (nm) Niz*:M** Nizt:M** NiZ*:Mx*
Ni(OH). 361.92 6.29 * * *
Nio.9sMgo.os(OH)2 126.07 10.66 0.95: 0.05 0.95: 0.05 0.95: 0.05
Nio.sMgo1(OH)2 124.07 11.22 0.90: 0.10 0.90: 0.10 0.90: 0.10
Nio2sMgo.2s(OH): 115.90 10.22 0.75: 0.25 0.75: 0.25 0.74:0.26
NiosMgo.s(OH): 142.06 11.42 0.50: 0.50 0.50: 0.50 0.51: 0.49
Nio.95sMno 0s(OH)2 109.08 6.85 0.95: 0.05 0.95: 0.05 0.95: 0.05
Nio.sMno.1(OH), 80.67 7.76 0.90: 0.10 0.90: 0.10 0.91: 0.09
Nio.7sMno.2s(OH)2 102.91 11.74 0.75:0.25 0.76: 0.24 0.77:0.23
NiosMno.s(OH). 91.26 14.64 0.50: 0.50 0.55: 0.45 0.52: 0.48

The SEM images of the Nii.xMgx(OH), and Ni;xMny(OH), materials and the un-doped Ni(OH) are
presented in Figure 5-8. The morphologies of as-prepared Ni-based hydroxide materials were formed

as an accumulation of aggregates particles. However, the observed crystallinities were not clear, which
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may be due to the aggregation of the particles. For future studies, transmission electron microscopy

(TEM) will be used to access the structural morphology of these materials.

Figure 5-8: SEM images of (a) Nio.osMgo.os(OH)2, (b) NiooMgo1(OH)2, (€) Nio.7sMgo.2s(OH)2, (d)
NiosMgo.s(OH)2, (€) Nio.ssMng.os(OH)2, (f) Nio.sMng1(OH)2, (g) Nio.7sMng.2s (OH)2, (h) NigsMngs(OH)2,
and (i) un-doped Ni(OH).

5.4.2 Electrochemical properties of the un-doped Ni(OH),, Ni1-xMgx(OH)., and NiixMnx(OH).
materials
5.4.2.1 Performance evaluation of the un-doped Ni(OH)2, NiixMg«(OH: and NiixMny(OH.
using a three-electrode test
The electrochemical properties of the un-doped Ni(OH)2, NiixMgx(OH),, and NiixMnx(OH). active
materials were first investigated in a three-electrode configuration. The chrono-charge discharge
galvanostatic (CCDG) curves of as-prepared composites are presented in Figure 5-9. The electrodes
were cycled 20 times at 250 mA/g.

The discharge capacities were calculated using Equation 5-2; as presented in Figure 5-9a and Figure
5-9b, respectively, the materials Nio.9sMgo.0s(OH)2 and NigsMno.1(OH). showed optimal compositions
with promising electrochemical properties over the 20" cycles. The charge state and discharge state at

the 20" cycles are shown in Figure 5-9c-d.
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Figure 5-9: CCDG discharge capacities curves of (a) Nii-xMgx(OH). compositions, (b) Ni1-xMny(OH)
compositions, and the (c) charge curve (d) discharge curve at the 20" cycle of the un-doped Ni(OH)2,
Nio.9sMgo.0s(OH)2 and Nio.sMno.1(OH)2

Both curves illustrate a single flat-charge (Figure 5-9¢) and single flat-discharge (Figure 5-9d) plateau
for both Nig.9sMgo.05(OH)2 and NiosMno1(OH), electrode indicating that a single redox couple may be
involved in electrochemical reactions. Two flat-discharge (Figure 5-9d) plateaus for the un-doped
Ni(OH), electrode were observed, indicating that a two redox couple may be involved in the
electrochemical reactions. These findings may be the confirmation of the proposed chemical redox
reactions (Equation 5-9 and Equation 5-10) for the un-doped Ni(OH), and Equation 5-9 for both 5 wt.%
Mg?* and 10 wt.% Mn?*doped Ni(OH); electrodes.

Figure 5-10 presents the specific discharge capacities of the un-doped Ni(OH)., Nig.esMgo.0s(OH)2, and
Nio.sMno.1(OH); electrodes over 100 cycles.
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Figure 5-10: CCDG discharge capacities curves over 100 cycles for un-doped Ni(OH)a,
Nio.9sMgo.0s(OH)2, and NiosMno1(OH), using the three-electrode test

The un-doped Ni(OH); electrode showed a 76% reduction in discharge capacity at the 100" cycle when
compared to the Nig.gsMgo.os(OH)2 and NigsMng.1(OH) electrodes, which demonstrated a 15% and 12%
decrease in discharge capacity at the 100™ cycle, respectively. BothNiogsMgoos(OH)2 and
Nio.sMno.1(OH), electrodes demonstrated drastically improved discharge capacities of 85% and 88%
higher than of the un-doped Ni(OH), electrode at the 100" cycle, respectively. The specific discharge
capacities of the un-doped Ni(OH)2, Nio.gsMgo.0s(OH),, and Nio9Mng 1(OH), electrode were 36 mAh/g,
154 mAh/g, and 157 mAh/g at the 100" cycle, respectively, which equates to coulombic efficiencies of
18%, 75%, and 77%, respectively.

5.4.2.2 Performance evaluation of the wun-doped Ni(OH);, NiogsMgoos(OH),, and

Nio.sMno 1(OH). based-electrodes using two-electrode test

The discharge capacity curves of the un-doped Ni(OH)2, NiogsMgoos(OH)2, and NigsMno1(OH)2
electrodes measured over the 100" cycles using two-electrode configurations are shown in Figure 5-11.
An-house FeCug s electrode (Tawonezvi et al., 2020) was used as the anode, current-limiting charge-
discharge of 150 mA/g and 100 mA/g was used within a voltage window of 1.75V -0.7 V. As presented
in Figure 5-11, the partial substitution of both 5% Mg?* and 10% Mn?* for Ni?* improves the utilization
of Ni(OH).. The obtained discharge capacities were 40 mAh/g for the un-doped Ni(OH); electrode, 120
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mAh/g for the Nio.ssMdo.0s(OH): electrode, and 159 mAh/g for the NipsMno 1(OH), electrode at the 100"
cycle. The electrode cycle life was 43.49%, 88.24%, 88.54% for the un-doped Ni(OH),,
Nio.5sMgo.0s(OH)., and NiosMno1(OH)., respectively. It may also be noted that the stability of the un-
doped Ni(OH); electrode was improved.
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Figure 5-11: Specific discharge capacity curves over 100 cycles for un-doped Ni(OH)a,
Nio.sMgo.0s(OH)2, and Nio.sMno.1(OH)2 using a two-electrode test

In addition, the time-voltage-current charge-discharge curves of the materials at the 100" cycle is shown
in Figure 5-12. It has been reported that the overall reaction of the NiFe battery electrode results in the
transfer of oxygen from one electrode to the other (Wang, Hailiang et al., 2012; Tsais and Chan, 2013).
Although the exact details of the reaction may be complex and include many species of transitory
existence, the plateaus observed in Figure 5-12 may be the representation of Equation 5-6 and Equation

5-7, resulting in the overall reaction presented in Equation 5-8 (Tsais and Chan, 2013).

Equation 5-6: First plateau of charge-discharge reaction of NiFe battery electrode

Discharge
Fe + 2NiOOH + 2H,0 =  2Ni(OH), + Fe(OH)3 ... ... ces ves vev et v ve oo First plateau
Charge

Equation 5-7: Second plateau of charge-discharge reaction of NiFe battery electrode

Discharge
3Fe(OH), + 2NiOOH =  2Ni(OH), + Fe304 + 2H,0 .....................Second plateau
Charge
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Equation 5-8: Overall charge-discharge reaction of NiFe battery electrode

Discharge
3Fe + 8NiOOH + 4H,0 =  8Ni(OH), + Fe304 ... .o ce e vt vev vee e oo . Overall reaction
Charge

__ 180 — -
< 160 f—
v \
& 140
32 N\
2 120
(<)) \
oo 1.00 \
S 080 ) —
Al
© 060
<)
B0 0.40
£
o 0.20

0.00

0 0.5 1 1.5 2 2.5

Charge-discharge time (h)

Figure 5-12: Time-voltage charge-discharge curves of Ni(OH)2, NiossMgoos(OH),, and
Nio.9sMno 1(OH); at the 100t cycle

5.4.2.3 Effect of Mg?* and Mn?* on the potential sweep of Ni(OH), electrode using three-

electrode test

Figure 5-13 presents the cyclic voltammograms of un-doped Ni(OH)2, NiggsMgo.os(OH),, and
Nio.sMno.1(OH),. Cyclic voltammograms were obtained at room temperature, a potential sweep rate of
20 mVs?, and a potential window of 0.0 V to 0.7 V (vs Hg/HgO/ 4M KOH).

The oxidation peaks and the corresponding reduction peaks appeared at around 0.591 V and 0.339 V
for the un-doped Ni(OH), 0.569 V and 0.366 V for the Nio.ssMgo.0s(OH)- attributing to the Ni (11)/Ni
(1) redox reactions were observed. The reduction peak at 0.278 V was obtained for the
Nio.oMno.1(OH),, and the “oxidation peak” could not be defined. The AE (the potential difference
between the cathodic and anodic peak) of un-doped Ni(OH), (Figure 5-13a) was found to be 0.252 V,
which is greater than the Mg?* partial substituted Ni(OH). electrodes (AE = 0.203 V) presented in Figure
5-13b, indicating poor reversibility compared to the Mg?*doped material (Yang, LJ et al., 2007).

125



(a)

Oxidation //"

0.7 0.8

Current density (A/g)

& " Reduction

2 (b)

/ .
1.5 / /
1 Oxidation /‘/ o

0.5 0 04 0.2 0.3 0.4 0.5 0.6 0.7 0.8

A
“/

/

1 \ _
-1.5 . * Reduction

\

Current density (A/g)

1.5 (c)

Oxidatioy

0.2 0.3 - 0.5 0.6 0.7 0.8

-1 “" Reduction

Current density (A/g)

Potential (V) vs Hg/HgO vs 4M KOH

Figure 5-13: Cyclic voltammograms of (a) Ni(OH)2, (b) Nio.gsMgo.0s(OH)2 (¢) NigsMng.1(OH)-

The observed broader redox peaks for the un-doped Ni(OH), (Figure 5-13a) and NigsMno1(OH)2
(Figure 5-13c) may be an indication that the oxygen evolution reaction (OER) is overlapping with the
oxidation potential of NiOOH to Ni(OH),. Typical broader redox peaks of NiOOH/Ni(OH), were
reported in the literature (Begum et al., 2009; Wang, Hailiang et al., 2012). The redox mechanism of
the observed un-doped Ni(OH), and Nio9Mng1(OH), may be expressed by Equation 5-9 and Equation
5-10. According to Zimmerman and Effa (Zimmerman and Effa, 1984), Equation 5-10, it may be rate-

limiting and appears to be more consistent with diffusion of OH" between the bulk electrolyte and the
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active material surface as the rate-liming step for high rate electrode operation, particularly at reduced
concentrations of OH".

Equation 5-9: Charge transfer process involving reduction of NiOOH active material in the lattice
Ni(OH), = NiOOH + H* + e~
Equation 5-10: Formation of protons at the electrode/electrolyte interface
H* + OH™ = H,0

The partial substitution of Mg?* (Nio.ssMgo.os(OH)2) for Ni?* (Figure 5-13b) allowed the separation of
anodic/cathodic peaks and oxygen evolution. For example, the anodic and cathodic peaks are easier to
identify because their potential shifted to more negative potentials. This could be due to faster electrode
kinetics as indicated by the smaller AE (the potential difference between the cathodic and anodic peak).

The redox mechanism of the Nio.gsMgo.0s(OH). may be attributed to Equation 5-9.

55 Conclusion

Un-doped Ni(OH),, nickel-manganese (NiixMnyx(OH),), and nickel-magnesium (Ni1xMgx(OH)2)
composite hydroxide active material were prepared using a co-precipitation method followed by
hydrothermal treatment. Physical characterizations were performed using XRD, FTIR, TG-DTA, BET,
BHJ, SEM/EDS, and ICP-OES. XRD, FTIR, TG-DTA confirmed the formation of the f-phase of the
un-doped Ni(OH); and the B-phase of the partially substituted Mg?* for Ni?* in Ni(OH), material.

Interestingly, from the obtained spectra, the partial substitution of Mn?* for Ni?* was the main factor
that affected the phase formation of the prepared composite materials. The BET surface areas ranged
from 115.90 m?/g to 142.06 m?g and from 80.67 m?/g to 109.08 m?/g for the Mg?*, and Mn?* partially
substituted Ni(OH), respectively compared to a larger BET surface area (361.92 m?/g) of the
unmodified Ni(OH).. The confirmed elemental composition using ICP/OES and SEM/EDS was in
agreement with the intended compositions of the partially substituted Mg?* and Mn?* Ni(OH). materials.

Although the relationship between structural and electrochemical properties of the material is not well
understood (Falahati et al., 2015); according to Huang et al. (Huang, Jichun et al., 2013), the physical
properties of Ni(OH)., such as specific surface area and chemical compositions, are strongly influencing
the performance of the positive Ni(OH); electrodes. In this study, the Nio.9sMgo.0s(OH). composition
demonstrated a slightly higher BET surface area compared to NiggMgo1(OH)2, Nig75Mgo.25(OH)2,
NiosMgos(OH), compositions. Also, NigsMng1(OH). has a lower BET surface area as compared to
Nio.9sMng.os(OH)2, Nig.75Mng25(OH)2, and NigsMnos(OH), compositions.

Additionally, according to the demonstrated XRD diffractograms, both Nio.ssMgo.05(OH)2 (Figure 5-2b)
and Nio.sMng.1(OH) (Figure 5-3c) compositions could be indexed to the B-form of Ni(OH).. According

127



to the literature (Hall et al., 2015; Posada and Hall, 2016; Zide et al., 2020b, a), the p-Ni(OH); is stable
in strong alkaline electrolyte and has good reversibility when charged to B-NiOOH. Moreover, the [3-
NiOOH has a similar structure with a lattice constant of inter-sheet (4.85A) thus the volume expansion
associated with cycling is less than any other forms.

Moreover, in this study, the CV analysis showed that the partial substitution of Mg?* for Ni?* improves
the reversibility of the Ni(OH). based electrode, the separation of anodic/cathodic peaks, and the oxygen
evolution. The NiggsMgoos(OH), electrode and NigsMno1(OH): electrode demonstrated an improved
specific discharge capacities performance compared to the un-doped Ni(OH).. The specific discharge
capacities were 36 mAh/g, 154 mAh/g, and 157 mAh/g at the 100" cycles for the un-doped Ni(OH),,
Nio.gsMgo.0s(OH)2, and Nio.sMng1(OH) electrode, respectively. The un-doped Ni(OH). based electrode
had a 76 % reduction in specific discharge capacity after the 100" cycle when compared to the
electrodes of the Nig.g5sMgo.0s(OH). and Nig9Mng1(OH),, which demonstrated a reduction in specific
discharge capacities of only 15% and 12% after 100" cycles, respectively.

When two-electrode configuration was used, the obtained discharge capacities were 40 mAh/g for un-
doped Ni(OH), electrode, 120 mAh/g for NioesMgoos(OH). electrode, and 159 mAh/g for
Nio.sMno.1(OH); electrode with an electrode cycle life of 43.49 %, 88.24 %, 88.54 %, respectively.
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CHAPTER 6

6 Towards the development of a novel bipolar-based battery in aqueous electrolyte: Evaluation
of the electrochemical properties of NiCu based hydroxide electrodes fabricated on Ni-mesh

and graphite composite current collectors
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6.1 Abstract

The use of bipolar electrodes in rechargeable batteries can improve specific power, simplify cell design,
and reduce manufacturing costs. However, bipolar-based batteries still suffer from many drawbacks.
Therefore, developing high-performance active materials and developing improvement strategies
encompassing the entire cell's design is essential. The current collector significantly impacts the
viability of mass production; however, it is the most neglected feature of electrochemical energy storage
devices. The current collector serves a dual purpose; it allows the movement of electrons among active
electrode material and provides mechanical support. It can also act as transportation of current to
terminals of the battery. This study constructed a novel bipolar battery cell utilizing graphite as a current
collector, and its discharge capacities for Ni-Fe battery applications were evaluated. Monopolar NiFe
cells, one using a graphite substrate current collector and the other using a Ni-mesh current collector,
were used for comparison. The monopolar-based electrode coated onto a graphite substrate
demonstrated a 29% (199 mAh/g) higher discharge capacity than the Ni-mesh-based electrode
(142mAh/qg) after the 100th cycle. In contrast, the bipolar-based NiFe battery cell resulted in a discharge
capacity of 158 mAh/g after the 100th cycle, corresponding to a coulombic efficiency of 72%.

Key Words: Bipolar NiFe battery; monopolar electrode; graphite substrate; Ni-mesh substrate; current
collector; B-nickel copper hydroxide cathode; Iron-copper anode.

6.2 Introduction

The assembling of bipolar batteries' knowledge originates at the initiation of electrochemical science
from the voltaic pile battery (Bruce, 1997). The initial Pb-acid-based bipolar battery that utilized a pile
of hallow-shaped electrodes dived by glass balls was patented by Tribelhorn in 1897 (Bruce, 1997). A
maximum power density of 35 kW/kg was obtained by Kapitza in 1923 when he immersed a Pb plate
in an electrolyte solution made of H,SO4 to contract a bipolar Pb-acid battery (Bruce, 1997; Liu, Tiefeng
et al., 2020). However, due to short-circuiting bipolar Pb-acid that employed liquid electrolytes went in
vain. Since then, bipolar electrode designs have been introduced into the design of various battery
chemistry technologies such as nickel-metal hydrides (Chang et al., 2016), Li-ion batteries and post-L.i
ion batteries, Li-S batteries (Kim, Se-Hee et al., 2019), and Na-ion batteries (Alamgir and Abraham,
1995; Peled et al., 1995; Liu, Tiefeng et al., 2019; Liu, Tiefeng et al., 2020). Some researchers
incorporate the bipolar plate design into alkaline batteries of Al and Zn metals as active electrode
materials for high-power operation (Mdiller et al., 1995; Rota et al., 1995; Ullah et al., 2011).
Golodnitsky and co-workers donated to the essential understanding and archetypal design utilizing the
Li/CPE/FeS; batteries (Livshits et al., 2001).

Currently, research scientists are investigating the technological drawbacks that hinder the advances of

the bipolar construction (Gambe et al., 2015; Janek and Zeier, 2016; Jung et al., 2019; Liu, Tiefeng et
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al., 2020), which include (i) possible inner short-circuiting among cell units caused by the electrolyte,
(i) the possible bipolar plates decomposition vulnerability and (iii) complex cell stacking production
progressions. Thus, developing high-performance active materials and developing strategies
encompassing the entire cell's design is essential. The current collector is a commonly ignored
constituent of electrochemical-based energy storage devices, which significantly impacts the viability
of upscaling. The current collector serves a dual purpose; it allows the movement of electrons among
active electrode material and provides mechanical support. It can also act as transportation of current to
terminals of the battery. The current collector should have a relatively low-cost, high electrical
conductivity, high mechanical strength, and good (electro) chemical stability in the electrolyte under
various operating potentials to be suitable for profitable high-powered aqueous devices. Additionally,
thin and lightweight current collectors are essential for the typical capacity and weight (Ng et al., 2009;
Zhou et al., 2012; Yan, Jun et al., 2014; Gheytani et al., 2016; Yamada et al., 2016). It is, however,
challenging to design or select current collectors that simultaneously satisfy all or most of these critical

requirements.

Carbon-based current collectors are firm over a broader scope of electrolytes and have many advantages
over metals as current collectors (Zuo et al., 2017). The carbon current collector/electrode interface
typically has lower contact resistance because of the passivating oxide film (Wu et al., 2009). Due to
large kinetic overpotentials, carbon can suppress hydrogen and oxygen evolution, improving
electrochemical stability over a wider potential window in aqueous electrolytes (Lukatskaya et al.,
2017). Therefore, various carbon materials have been studied as current collectors. Although the use of
carbon fibre, carbon nanotube papers, and mats have been explored as current collectors, these current
collectors are porous, fragile, and not suitable for practical applications (Yan, Jun et al., 2014; Liu,
Tiefeng et al., 2020). Various researchers have studied expanded graphite foils and have shown that it
is ideal as current collectors for aqueous electrochemical energy storage (Whitacre et al., 2012; Dyatkin
etal., 2013; Ziv et al., 2013; Blomquist et al., 2017).

In monopolar design, current collectors, also called monopolar plates, act as negative (anode) or positive
(cathode) electrodes (Shen and Halpert, 1993; Karami et al., 2003; Gambe et al., 2015; Yoshima et al.,
2016; Jung et al., 2019). These monopolar configurations are typically composed of a number of cells
linked in a series by external wire, resulting in reduced gravimetric or volumetric energy density of a
battery unit. Nevertheless, this increases the cost of material and intricacy of the battery. The advantages
of a typical monopolar configuration include easy construction of unit cells in the presents of liquid-
based electrolytes. The limitations are high power and high voltage applications owing to the external
electrical connections causing increased resistance due to long electron pathways (Jung et al., 2019).

For example, on discharge, the electrons that move from the anode of one cell travels through the in-
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plane of the monopolar plate towards a negative terminal. Then, it moves via the outer wire towards the
positive terminal of the next cell. Lastly, from the in-plain of the monopolar plate to enter the cathode.

The downsides of monopolar-based batteries encourage the development and evaluation of the bipolar-
based electrode for Ni-Fe application. Contrary to monopolar design, external wiring is evaded in
bipolar design, where the bipolar plate connects several cells in series. The exclusion of external wiring
does not only gives an operative manner to mount and join the cells, but it also diminishes the electrical
resistance, volume, weight, and cost of a typical bipolar-based battery (Jung et al., 2019; Kim, Se-Hee
et al., 2019). Moreover, in a bipolar battery, anode and cathode materials are placed on opposite sides
of a conductive substrate, which allows the through-plane movements of electrons to the next cell. The
through-plane movement of electrons provides a quicker electrical pathway and a minimized power
loss owing to the Ohmic drop in the circuit. Additionally, eradicating external circuit constituents like
terminals, straps, and poles can reduce the volume of the battery (Lukatskaya et al., 2017; Jung et al.,
2019).

This study prepared and evaluated a novel bipolar battery cell using a Nig.7sCuo.2s(OH). cathode and a
FeCuo.2s anode with graphite composite as the current collector for Ni-Fe battery devices. Though the
compactness of a bipolar battery configuration offers interesting advantages, it also poses some
challenges. Charging and discharging parameters are applied over the entire stack without individual
cell control and balancing, typically performed by a battery management system. This limitation
requires robust electrode chemistry that is not sensitive to undercharge and overcharge conditions,
rendering Li-ion battery chemistries less suitable in bipolar battery configuration. Ni-Fe batteries show
some renewed interest in renewable energy applications due to their potentially long life, robust and
durable qualities (Abdalla et al., 2016; Posada and Hall, 2016; Chen, Wei et al., 2018). However, the
Ni-Fe battery suffers from drawbacks such as low efficiency (50% - 60%) and low specific energy. Ni-
Fe batteries are typically confined to stationary applications due to its heavy and bulky design; however,
with the bipolar design and the use of a thermoplastic graphite composite bipolar plate, weight and size

reductions may be achieved, extending the possible applications of Ni-Fe batteries.

In an attempt to mitigate the aforementioned downsides of Ni-Fe batteries, in our previous studies, the
active materials for both the anode (Tawonezvi et al., 2020) and cathode (Zide et al., 20203, b, 2021)
were optimized. A summary of our findings are as follows: Among different metal dopants (Mn?* (Zide
et al., 2021), Mg?* (Zide et al., 2021), Co?* (Zide et al., 2020a), AI** (Zide et al., 2020a) and Cu?* (Zide
et al., 2020b) at different ratios (0.95:0.05; 0.9:0.1; 0.75:0.25 and 0.5:0.5) of Ni: metal dopants (Mn?*,
Mg?*, Co?*, AI** and Cu?*) 0.75:0.25 Ni:Cu was found to be the optimal ratio and the best composition
in terms of electrochemical performance as reported in our publications (Zide et al., 2020a, b, 2021). In
one of our in-house studies (Tawonezvi et al., 2020), Fe electrode material was synthesized and

evaluated for its electrochemical performance. The study utilized a combination of both Cu and FeS
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additives plus graphite particles. Briefly, FeS/C substituted Fe-Cu composite material was synthesized
as anode material to be utilized in Fe-based alkaline batteries. The rationale behind this was that Cu
should circumvent Fe particle agglomeration during cycling, graphite should formulate a good
conductive network, subsequently improving the reversibility of the active material, and FeS should
impede the parasitic hydrogen evolution reaction and the passivation process. The
FeCu0.25/15%FeS/5%C electrode exhibited stable performances marked by high specific capacity
coupled with negligible capacity decay and high efficiency.

In this work, we attempted to further improve the performance and practicality of the Ni-Fe battery by
using a bipolar configuration. In this study, the polypropylene graphite sheets were developed and
supplied by Fraunhofer UMSICHT, Germany. By using a heated multi-roll rolling mill and a compound
of graphite, carbon black, and a thermoplastic elastomer, Fraunhofer UMSICHT has successfully
manufactured a conductive and highly flexible bipolar plate in a continuous one-stage process (Kopietz
etal., 2018). When the roll size or welding of several sheets was used, the polypropylene graphite sheets
could be manufactured in any size up to several square meters and current thicknesses down to 0.4 mm
(Kopietz et al.,, 2018). The manufactured polypropylene graphite sheets are gas-tight, chemical
resistant, mechanically stable, and allow for a subsequent reshaping. The specification of as-prepared
polypropylene graphite sheets by Fraunhofer UMSICHT (Kopietz et al., 2018) are summarized in Table
4,

Table 4: Bipolar plate specifications (Sourced (Kopietz et al., 2018))

Norm Elastic ~ Tensile Filling grade In-plane conductivity Through-plane conductivity

modulus strength

DIN EN 1100 7.4 80% 20% 250 S/m - 500 S/m In-plane conductivity
ISO527-3  N/mmz  N/mm? Graphite PP (Depending on the exceeds the through-plane
carbon content, particle conductivity consistently by

size, and morphology)  a factor of 10 to 100

DIN EN ISO 527-3 tensile tests have shown an elastic modulus of 1100 N/mm?2 as well as a tensile
strength of 7.4 N/mmz2 at a strain of 1.6% and filling grade of 80% graphite and carbon black (Kopietz
et al., 2018). Depending on the carbon content, particle size, and morphology, the in-plane conductivity
of the polypropylene graphite sheets ranges from 250 S/m up to 5000 S/m and exceeds the through-
plane conductivity consistently by a factor ranging from 10 to 100 (Kopietz et al., 2018).

Currently, the authors could not find any literature reporting on a bipolar Ni-Fe battery. The results of
this study are presented systematically. First, the electrochemical discharge capacities of two battery

cells consisting of monopolar electrodes prepared with graphite composite film and Ni-mesh substrates
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as the current collectors, respectively, are evaluated and compared. In addition, a bipolar-based battery
cell consisting of a bipolar electrode prepared with a graphite substrate as the current collector is
assessed as a novel bipolar Ni-Fe battery. Advantages of using a standard bipolar-based electrode
include but are not limited to improved specific power, simplify cell mechanisms, and reduce
engineering costs aimed at secondary batteries.

6.3 Material and methods

6.3.1 Materials

The Nio75Cuo.25(OH), material was synthesized using analytical grade materials, the in-house FeCuog.2s
was used as the anode electrode material (Tawonezvi et al., 2020). Ni-mesh was obtained from Q-Lite
Batteries in China, and the modified graphite substrate was obtained from Fraunhofer Umsicht
(Germany). Lithium monohydrate and potassium hydroxide were purchased from KIMIX (South
Africa).

6.3.2  Synthesis of Nig75Cuo.2s5(OH)2

The Nio.75Cuo.25(OH). material was prepared as explained by Zide and co-workers (Zide et al., 2020b).
Briefly, a solution composed of NaOH and Na.COgs, and the second solution contained Ni?* as
Ni(NOs).:6H,0 salt and Cu?* as Cu(NOs),-3H,0 salt were prepared. These solutions were titrated
dropwise while continuously stirred at room temperature. The resulting slurry was aged further for 30
min, then hydrothermally treated at 65°C for 18h, cooled at room temperature, then sieved and splashed
with Milli Q water. The final residues were then dried at 110°C for 12h.

6.3.3 Electrode Preparation
The Nio.7sCuo25(OH), electrodes were fabricated by thoroughly mixing 85 wt.% active material, 10
wt.% Coathylene binder and 5 wt.% carbon black. The schematic diagram for the electrode production

is shown in Figure 6-1.
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Figure 6-1: Schematic illustration of the construction process flow of the Ni-based electrode production

Briefly, the composite materials were hot-pressed onto a substrate (nickel mesh and graphite) using a
custom-built hydraulic press with integrated hot plates (HyJack, Cape Town). The pressure of the
hydraulic system was set at 6 MPa, which corresponds to 61.18 kgf/cm?2. The pressing process was
started after the pressure plates reached 80°C. The compaction pressure on the sample was maintained

for 5 min to ensure good electrical contact between the substrate and active material.

6.3.4 Galvanostatic capacity measurements

Galvanostatic capacity measurements were conducted in a two-electrode setup consisting of the in-
house FeCuo .25 anode and Nig.7sCuo 25(OH) cathode electrodes in a 6M KOH/1M LiOH electrolyte. The
monopolar electrodes using Ni-mesh and graphite composite substrates were evaluated first for their
discharge capacities. Subsequently, a bipolar cell consisted of a bipolar graphite composite electrode

coupled with two Ni-mesh monopolar electrodes.
6.4 Results and Discussion

6.4.1 Structural characterization of Nig75Cug25(OH):

Figure 6-2 provides the structural characterization of Nio.75Cuo.25(OH)2 (Figure 6-2a) compared to the
unmodified Ni(OH). (Figure 6-2b). The diffraction patterns were obtained using a multi-purpose X-ray
Diffractometer D8-Advance from BRUKER AXS (Germany).
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Figure 6-2: Diffractogram of (a) Nio.75Cuo.25(OH)2 and (b) unmodified Ni(OH).

Diffraction angles of 20.024°, 32.964°, 38.43°, 51.769°, and 59.106° were observed for the
Nio.7sCuo.25(OH).. While the diffraction pattern shows a close fit of the Joint Committee on Powder
Diffraction Standards (JCPDS) of B-Ni(OH), (JCPDS No 00-014-0117), there is no evidence for the
presence of crystalline Cu(OH), (JCPDS No 00-013-0420). A clear shift to the right is observed for the
diffraction angle at about 20°. The shift to the left at this diffraction angle (~20°) may be explained by
the fact that the Cu?* has an ionic radius of 0.73 A [11] which is slightly higher than Ni?* (0.72 A). In
addition, the elemental composition from ICP (0.75:0.25) and SEM/EDS (0.74: 0.26) were in agreement
with the intended composition of Nig75Cuo.25(OH)..

6.4.2 Electrochemical characterization of Nio.75Cug.25(OH).

6.4.2.1 Comparison of NiFe battery cells consisting of monopolar electrodes prepared with
graphite composite and Ni-mesh substrates as current collectors

Figure 6-3 shows the charge-discharge curves of the battery cells prepared with the two monopolar

electrode types after the 100" cycle. Two plateaus are observed, which may be represented by the

reactions in Equation 5-6 and Equation 6-2 (Hariprakash et al., 2005; Wang, Hailiang et al., 2012; Tsais

and Chan, 2013).
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Figure 6-3: Evaluation of the NiFe battery cells with monopolar- electrodes: time-voltage-current

charge-discharge curves of Nig7sCuo2s(OH) at the 100" cycle

The reaction in Equation 5-6 is typically formed during the discharge of a NiFe battery cell with a
negative limited configuration (Hariprakash et al., 2005; Wang, Hailiang et al., 2012; Tsais and Chan,
2013). The discharge reaction (Equation 5-6) can further proceed in a second step (Equation 6-2) at a

potential lower than the first step (Equation 5-6) (Hariprakash et al., 2005).
Equation 6-1: First plateau of charge-discharge reaction of NiFe battery electrode

Discharge
Fe + 2NiOOH + 2H,0 =  2Ni(OH), + Fe(OH), First plateu (Ecell = 1.37V)
Charge

Equation 6-2: Second plateau of charge-discharge reaction of NiFe battery electrode

Discharge
3Fe(OH), + 2NiOOH =  2Ni(OH), + Fe;0, + 2H,0 Second plateau (Ecell = 1.05V)
Charge
During charge-discharge, the electrolyte remains fundamentally invariant and plays no part in the NiFe
battery's overall reaction (Equation 3) although, the individual electrode reactions involve an intimate

reaction with the electrolyte (Tsais and Chan, 2013).

Equation 6-3: Overall charge-discharge reaction of NiFe battery electrode

Discharge
3Fe + 8NiOOH + 4H,0 =  8Ni(OH), + Fe;z0, Overall reaction
Charge
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As shown in Figure 6-4, constant discharge capacities were observed over the 100 cycles with no
noticeable drop in discharge capacities.
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Figure 6-4: Evaluation of the NiFe battery cells with monopolar- electrodes: specific discharge

capacity curves over 100 cycles for Nio.75Cug 25(OH)2.

The electrodes demonstrated a discharge capacity of 144 mAh/g and 199 mAh/g after the 100" cycles,
corresponding to a coloumbic efficiency of 87% and 84% for monopolar electrodes with Ni-mesh and
graphite substrates, respectively.

Graphite is more chemically stable compared to metals during potential cycling. Metals are known to
corrode, which may lead to morphology changes that can increase interfacial contact resistance between
the active material and the substrate. Additionally, metals are known to form surface oxides that lead to
increased interfacial contact resistance between the active material and the substrate (Yeetsorn et al.,
2011; Zhong et al., 2020; Fatima et al., 2021). It appears that such side reactions may have contributed
to the lower performances of the Ni-mesh substrate-based electrodes; however, additional experiments
are required to evaluate such a claim. Thermoplastic composite bipolar plates have the advantage over
metallic plates of being more resistant to chemical attack, flexible and lightweight (Yeetsorn et al.,
2011; Zhong et al., 2020; Fatima et al., 2021); however, in this study, the chemical stability is probably

the main factor in improving the graphite-based cell's performance.

Table 6-5 summarises the test parameters and the discharge capacities obtained for the battery cells

consisting of the two monopolar electrodes types after various charge-discharge cycles. The discharge
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capacities (over 1% cycle, 10" cycle, 50" cycle and 100™ cycle) provided in Table 6-5 are the obtained
specific discharge capacities after the activation step (30 cycles). As evident in Table 6-5, the electrode
fabricated on Ni-mesh showed a lower discharge capacity after the 100" cycle compared to the electrode
fabricated on graphite substrate as the current collector.

Table 6-5: Electrochemical test specifications for the NiFe battery cells with the two monopolar

electrode types.

Electrochemical test specifications A B

2 ¢cm x 2 cm graphite

composite (80%
Cathode and anode substrate 2 cm x 2 cm Ni-mesh sheet Graphite, 20% Poly
propylene, Fraunhofer
Umsicht

Cathode active mass loading (limited) 0.2 g Nig.75Cuo.25(0OH); 0.29 Nio.75Cuo.25(OH)2
Anode active mass loading 0.9 g FeCuo.zs 0.9 g FeCup.2s
Electrolyte 6M KOH/1M LIiOH 6M KOH/1M LiOH
The charge cut off voltage (V) 175V 175V
Discharge cut off voltage (V) 0.7V 0.7V
Specific CC charge and discharge current 100 mA/g 100 mA/g
Numbers of cycles 1 10 50 100 1 10 50 100
Electrode capacity (mAh) 28.8 | 29.6 | 28.3 | 283 | 39.9 | 39.9 | 40.0 | 39.7
Specific capacity (mAh/g) 144 | 146 142 | 142 | 199 | 200 | 200 | 199
Coulombic efficiency 87% 84%

6.4.3 Bipolar-based NiFe battery cell with bipolar electrode prepared with graphite substrate
as the current collector

In order to develop the bipolar-based Ni-Fe battery cell, a bipolar electrode was prepared by depositing

the anode material (FeCuo2s) on one side of the graphite substrate and the cathode material (85%

Nio.7sCuo.25(OH)2, 10% Coathylene binder and 5% carbon black) on the other side. The bipolar-based

NiFe battery cell was evaluated using a two-chamber cell (Figure 6-5).

The configuration used demonstrates the design that an up-scaled bipolar Ni-Fe battery would follow.
The thermoplastic graphite composite material has a much lower weight and better corrosion resistance
than the Ni-mesh. Therefore, it will be utilized as the bipolar plate, which is a constituent of every cell
of the bipolar battery. This will be a key factor in reducing the overall stack complexity, weight, and
size of the Ni-Fe battery. The electronic conductivity of a Ni-Mesh is almost 20 times higher than the
electronic conductivity of the graphite bipolar plate. In a bipolar electrode, the current only flows in the

through-plane direction over a distance of 50 microns. In the endplate, the current needs to flow in the
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in-plane direction towards the external terminals. The ohmic resistance observed in an endplate is

therefore far greater than for a central bipolar electrode.

Silicon Gasket

Grey Polyethylene Piastic

Figure 6-5: Drawings and pictures of the two-chamber test cell.

The bipolar electrode (Figure 6-6) was placed at the chamber's centre (Figure 6-5), and the anodic and

cathodic monopolar current collectors were positioned inside each chamber, as demonstrated in Figure

6-7.
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Figure 6-6: Schematic representation of the construct of the bipolar based NiFe Cell.
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Figure 6-7: Schematic diagram of a typical bipolar galvanostatic cell

The charge-discharge cut-off voltage-limiting was kept at 3.5 V - 0.7 V, and the cut-off current-limiting

was set at 500 mA/g for both electrodes. The time-voltage charge-discharge curves of the bipolar based

Ni-Fe cell at the 1t ,10" , 50", and 100" cycle is shown in Figure 6-8. The presence of two plateaus

may denote the reactions in Equation 5-6 and Equation 6-2 (Hariprakash et al., 2005; Wang, Hailiang

et al., 2012; Tsais and Chan, 2013).
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Figure 6-8: Evaluation of the bipolar-based NiFe battery cell: time-voltage charge-discharge curves at
the 1st, 10th, 50th, and the 100th cycle.

It is noteworthy that the activation process is a fundamental step in secondary alkaline battery
technology. The electrode exhibited superlative cycling stability as it retained 88% (158 mAhg™) of the
initial discharge capacity (180 mAhg™). This is attributed to the ability of Cu to lower the particle
surface energy through its highly conductive network embedded in the electrode (Huang, Lanxiang et
al., 2018; Tawonezvi et al., 2020). There were no noticeable changes in terms of plateau voltages
observed between the 1%, 10™, 50" and the 100" cycle charge-discharge profiles. However, the long-
distance observed between the cycle charge-discharge profiles could be due to the differences in
coulombic efficiencies, which are 51% (180 mAhg?), 63% (169 mAhg?), 70% (156 mAhg™), and 72%
(158 mAhg™) for the 1%, 10", 50" and the 100" cycle charge-discharge profiles. Therefore, 49% of the
energy stored during the 1% charge cycle was wasted as only 51% was released on the 1% discharge

cycle.

Figure 6-9 shows the specific discharge capacity curves of the bipolar-based Ni-Fe cell after 100 cycles.
Discharge capacities were observed over 100 cycles with no noticeable drop in discharge capacity after
the 20" cycle (activation). The electrode demonstrated a discharge capacity of 158 mAh/g after the 100"

cycle, corresponding to a coloumbic efficiency of 72% and 87% cell capacity remaining.
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Figure 6-9: Evaluation of the bipolar-based NiFe battery cell: specific discharge capacity curve over
100 cycles.

A summary of the test parameters and the discharge capacities obtained for the bipolar-based Ni-Fe
electrode is shown in Table 6-6. The discharge capacities over the 1%, 10", 50", and 100" cycles

presented in Table 6-6 were attained after the activation step (30 cycles).

Table 6-6: Electrochemical test specifications for the bipolar-based NiFe cell.

Electrochemical test specifications Bipolar cell
Monopolar cathode / anode substrate 5 cm x 5 cm Ni-mesh sheet
Cathode active mass loading on a monopolar electrode 1.0 g Nig.75Cuo.25(OH)2
Anode active mass loading on a monopolar electrode 2.5 g FeCuozs

10mm diameter graphite composite (80%
Bipolar substrate Graphite, 20% Poly propylene, Fraunhofer

Umsicht)

The active area of the bipolar substrate 0.8cm?
Cathode active mass loading on a bipolar electrode 0.04 g Nig.7sCuUo.25(0OH)z
Anode active mass loading on a bipolar electrode 0.08 g Feo.7sCug .25
Electrolyte 6M KOH/1M LIiOH
The charge cut off voltage (over 2 cells effectively) 35V
Discharge cut off voltage (over 2 cells effectively) 0.7V
Specific CC charge and discharge current (mA/g) 500
Numbers of cycles 1 10 50 100
Electrode capacity (mAh) 7.2 6.7 6.3 6.3
Specific capacity (mAh/g) 180 169 156 158
Coulombic efficiency - - - 2%
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6.5 Conclusion

In order to move to even thinner bipolar plates and prevent unacceptable mechanical strain in the
electrodes, the technological challenges related to the production of reproducible bipolar electrodes
need to be improved. A thermoplastic graphite composite bipolar plate consisting of graphite and
polypropylene was developed and utilized in this study, which aids with the mechanical properties of
the bipolar plate by increasing the flexibility and reducing the required thickness cell (Yeetsorn et al.,
2011; Zhong et al., 2018; Zhong et al., 2020; Fatima et al., 2021).

A novel bipolar design for the Ni-Fe battery was successfully prepared, and the preliminary results for
cell discharge capacities are presented. Three NiFe battery cell types were prepared and gauged for their
charge-discharge capacities. The first two cell types consisted of monopolar electrodes. One cell used
the graphite composite as the current collector, and the other cell used the Ni-mesh substrates as the
current collector. The third cell type consisted of a bipolar electrode prepared with a graphite substrate
as the current collector coupled to two monopolar electrodes composed with Ni-mesh substrates as

current collectors.

The two cells with monopolar electrodes demonstrated discharge capacities of 144 mAh/g and 199
mAh/g after the 100" cycles, corresponding to coloumbic efficiencies of 87% and 84% for the
monopolar-based electrodes fabricated on Ni-mesh and graphite substrate, respectively. The bipolar-
based NiFe battery two-cell demonstrated a discharge capacity of 158 mAh/g after the 100" cycle,
corresponding to a coloumbic efficiency of 72%. Physical characterization such as scanning electron
microscopy (SEM) and additional electrochemical characterizations such as electrochemical impedance
spectroscopy and conductivity measurements of the electrodes are needed to understand the reasons for
the improved discharged capacity observed when the graphite composite was used as compared to the
Ni-mesh used as the current collector. The discharge capacities for bipolar NiFe cells were notably
lower than the monopolar electrode using the graphite composite as the current collector. Thus, these
characterizations will form part of future research to enable improvements to the bipolar NiFe battery

design.
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CHAPTER 7

7 General Discussion and Conclusion

Ni-Fe batteries are experiencing a rebirth for renewable energy applications due to their incredibly long
life and robust and durable qualities (Abdalla et al., 2016; Posada and Hall, 2016; Chen, Wei et al.,
2018).

I.  However, the Ni-Fe battery suffers from severe drawbacks, induced mainly by the nickel-
electrode, impels low efficiency (50% - 60%) and low specific energy.

Il.  Furthermore, the nickel-electrode exhibits poor performance, which results from the
competitive reaction between the oxidation of the active material and the evolution of oxygen
(Wang, Xianyou et al., 2004; Begum et al., 2009).

1. In addition, the reduced charge acceptance of nickel-electrode is suspected to be related to a
relatively long distance between Ni(OH), particles and the nearest portion of the
substrate(Begum et al., 2009).

IV.  The practical capacity of nickel-electrode is said to depend on how well the Ni(OH)- particles
are embedded within a conductive electron network allowing electrons to move between

particles and the current collector (Begum et al., 2009).

These current limitations of the nickel-electrode (I — IV) generated the opportunity and potential of the
present study. Accordingly, this study focused on improving the performance of the nickel-electrode,
which could contribute to an overall cost reduction of the Ni-Fe battery. This was achieved by
modifying the Ni(OH). cathode active material with cost-effective divalent and trivalent elements. The
fundamental interest was to develop a composite nickel-electrode suitable for a bipolar-based Ni-Fe

battery in response to the global demand for a cost-effective energy storage system.

During the proposal stage of this study, the following five objectives were proposed and have been

achieved. There has been no additions or subtractions from the proposed objectives.

VI.  Synthesization of Ni(OH), active material using the modified existing chemical precipitation
method followed by hydrothermal treatment.
VII.  To chemically modified the Ni(OH) using the selected divalent and trivalent modifiers (Cu,
Co, Mg, Mn, and All) following the existing modified method (I).
VIIl.  To physically characterized the synthesized Ni(OH).-based materials (1) and (I1) using XRD,
FTIR, ICP/OES, and SEM/EDS.
IX.  To screen the synthesized materials (1) and (1) by assessing their electrochemical properties.
X.  To evaluate the best synthesized Ni(OH),-based material (V) towards developing a bi-polar
Ni-electrode for a bipolar Ni-Fe battery.
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The experimental results achieved in this thesis are presented in CHAPTER 3 to CHAPTER 6. All the
results chapters are offered in an article form according to the journal's specific writing style.
CHAPTER 3 (Zide et al., 2020b), CHAPTER 4 (Zide et al., 2020a), CHAPTER 5 (Zide et al., 2021),
respectively, generally responding to objectives (1) to (IVV) and CHAPTER 6 responds to objective (V).

CHAPTER 3 reports on the synthesis of Ni(OH), using the co-precipitation method followed by
hydrothermal treatment. The chapter first addresses the effect of stirring, ageing and hydrothermal
treatment step during synthesis. Secondly, it assessed the impact of carbon black as a conductive
network for Ni(OH), active material. Lastly, the influence of copper as addictive material for Ni(OH).
active material was optimised and evaluated. The morphologies of the material were assessed using
XRD, FTIR, TG-DTA, and BET. ICP and SEM/EDS and were used to confirm the elemental
composition of the materials. Lastly, the electrochemical performance of the materials was performed
using a three-electrode test in a Metrohm Autolab Potentiostat/Galvanostat Instrument. Based on the
morphological and structural characterization demonstrated by XRD, FTIR and TG-DTA, it was
concluded that the hydrothermal treatment step was vital for this study to produce the expected
Ni(OH).-based materials. The addition 5 wt.% of carbon black powder improves the utilization of the
active material; however, it leads to a decrease in the stability of the electrode. The partial substitution
of Cu?* for B-Ni(OH). significantly improves the coulombic efficiency of the B-Ni(OH), active material.
It also increases the specific discharge capacity and enhances the stability of the electrode, for example,
the addition of 25 wt.% Cu?* to the Ni(OH). material resulted in improved stability and a specific
discharge capacity of 151 mAh/g compared to 51 mAh/g of un-modified Ni(OH).. Un-modified
Ni(OH); has a coulombic efficiency of 25 % compared to 76% for the modified Ni(OH); after 80 cycles
when a current of 25 mA was applied. It was then suggested that the Cu?* modified Ni(OH). active

material may be acknowledged as a promising material for Ni-Fe battery positive electrode applications.

CHAPTER 4 reports on the influence of cobalt and aluminium as additives materials for Ni(OH), active
material. Ni.xCox(OH), and Nii.xAlx(OH). were optimised and evaluated. The morphologies of the
material were assessed using XRD, FTIR, TG-DTA, and BET. ICP and SEM/EDS and were used to
confirm the elemental composition of the materials. Lastly, the electrochemical performance of the
materials was performed using a three-electrode test in a Metrohm Autolab Potentiostat/Galvanostat
Instrument. As presented in CHAPTER 4, the onset for oxidation of the active material is significantly
improved with partial substitution of Ni?* by Co?" metal. On the other hand, partial substitution of Ni%*
with APP* metal moves the onset of electrode oxidation to a higher potential. In addition, the partial
substitution of 10 wt.% AI®* metal improves both discharge capacity (from 128 mAh/g to 170mAh/g)
and the coulombic efficiency (from 87% to 93%) of the B-Ni(OH). electrode. Aluminium has a
significantly lower cost than nickel; therefore, gaining capacity by partial substitution of Ni?* for the

less expensive AI** may be a cost reduction for Ni(OH), Ni-Fe battery. It must also be noted that only
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the structural and morphological composition Nio.ssC00.05(OH)2 and Nio.sAlo.o:(OH)2 were presented in
CHAPTER 4 because they were the only composition found to be the optimal composition with
promising electrochemical activities. However, a complete comparison of the morphological and
structural characterizations of Nii.x<Cox(OH), and Nii.xAlx(OH) can be accessible in Appendix A 1 to
Appendix A 5 and Appendix B 1 to Appendix B 5, respectively.

CHAPTER 5 reports on the influence of magnesium and manganese as additives materials for Ni(OH).
active material. Ni;-xMgx(OH). and Ni;xMny(OH). were optimised and evaluated. The morphologies of
the material were assessed using XRD, FTIR, TG-DTA, and BET. ICP and SEM/EDS and were used
to confirm the elemental composition of the materials. The electrochemical performance of the
materials was performed using a three-electrode test in a Metrohm Autolab Potentiostat/Galvanostat
Instrument. The composition of Ni;xMgx(OH). and Nii.xMny(OH), that gave the best electrochemical

performance was further accessed using a two-electrode configuration system.

The partially substituted Mg?* for Ni?* in Ni(OH), material led to the formation of B-phase of the
Ni(OH), based material (CHAPTER 5). In contrast, the partial substitution of Mn?* for Ni?* was the
main factor that affected the phase formation of the prepared composite materials. Moreover, the CV
analysis showed that the partial substitution of Mg?* for Ni?* improves the reversibility of the Ni(OH).
based electrode, the separation of anodic/cathodic peaks, and the oxygen evolution. The
Nio.gsMgo.0s(OH); electrode and NigsMno 1(OH)2 electrode demonstrated an improved specific discharge
capacities performance compared to the un-doped Ni(OH).. When using three-electrode configurations,
the un-modified Ni(OH); electrode discharge capacity showed a reduction of 76 % after the 100" cycle.
In contrast, the Nio.gsMgo.0s(OH)2 and Nig.9sMng 1(OH); electrodes demonstrated a reduction of only 15%
and 12% in discharge capacities after 100" cycles, respectively. When using a two-electrode
configuration, the obtained discharge capacities were 40 mAh/g for the un-modified Ni(OH). electrode,
120 mAh/g for the Nio.9sMgo.os(OH): electrode, and 159 mAh/g for the NigsMno1(OH). electrode with
an electrode cycle life of 43.49 %, 88.24 %, 88.54 %, respectively.

CHAPTER 6 reports on a novel bipolar battery cell prepared using Nio7sCuo2s5(OH) as the active
cathode material and evaluated for Ni-Fe battery applications. The results of this Chapter are presented
systematically. First, the electrochemical discharge capacities of two battery cells consisting of
monopolar electrodes prepared with graphite composite film with Ni-mesh substrates as the current
collectors, respectively, are evaluated and compared. In addition, a bipolar-based battery cell consisting
of a bipolar electrode prepared with a graphite substrate as the current collector is assessed as a novel
bipolar Ni-Fe battery. The two cells with monopolar electrodes demonstrated discharge capacities of
144 mAh/g and 199 mAh/g after the 100" cycles, corresponding to coloumbic efficiencies of 87% and

84% for the monopolar-based electrodes fabricated on Ni-mesh and graphite substrate, respectively.
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The bipolar-based Ni-Fe battery two-cell demonstrated a discharge capacity of 158 mAh/g after the
100" cycle, corresponding to a coloumbic efficiency of 72%.

Furthermore, a cost evaluation (Appendix C) of the typical battery plant for a bipolar based Ni-Fe was
estimated. The bipolar design reduces the production cost by 33% (from R12/Wh to R8/Wh).

7.1  The novelty of the thesis

In this study, a novel bipolar battery cell is prepared using Nio7sCuo25(OH), as the active cathode
material and evaluated for Ni-Fe battery applications (see CHAPTER 6). There is currently no literature
reporting on a bipolar Ni-Fe battery. The bipolar-based battery cell prepared in this study was made of
a bipolar electrode prepared with a graphite substrate as the current collector is assessed as a novel
bipolar Ni-Fe battery. The graphite composite sheets are chemical resistant, mechanically stable, and

allows subsequent formatting and reshaping.

In addition, the improved coulombic efficiency of Ni(OH), material to 87% compared to 50 - 60%
coulombic efficiency commonly reported in the literature on a typical monopolar based Ni-Fe battery.

Contrary to the a-Ni(OH), commonly reported in the literature (Yuan et al., 2016), the material
composition (Nio7sCuo25(OH), (see  CHAPTER 3), NiogsC000s(OH), (see CHAPTER 4),
Nio.gsMgo.os(OH). (see CHAPTER 5), and NiggMno1(OH), (see CHAPTER 5) prepared in this study
could be indexed to the B-form of Ni(OH).. The B-Ni(OH)- is stable in strong alkaline electrolytes with
good reversibility when charged to B-NiOOH (Hall et al., 2015; Posada and Hall, 2016; Zide et al.,
2020Db, a). Furthermore, the B-NiOOH has a similar structure with a lattice constant of inter-sheet
(4.85A); thus, the volume expansion associated with cycling is less than any other form. The downside
of a-Ni(OH); it tends to convert to B-Ni(OH). in an alkaline solution or when subjected to charge-
discharge cycles (Lee, Jeong Woo et al., 2011).

7.2 Recommendations

In this study, for the screening of various materials (Ni(OH)2, NiixCux(OH)2, Nii.xCox(OH)2, Nii-
«Alx(OH)2, NiixMgx(OH)2, and NiixMny(OH),), the 100-cycle limit was considered sufficient to
provide a stability trend. However, to establish the long-term stability of the electrode, 100 cycles may
be regarded as insufficient. It is therefore recommended to conduct a cycling performance of at least
1000 cycles for future studies. In addition, electrochemical impedance spectroscopy (EIS) may play a
vital role to understand the reaction mechanism; however, EIS analysis was not within the scope of this
current study. For future studies, it is recommended that EIS supplemented with equivalent circuit

fitting be performed.
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In order to achieve a practical bipolar electrode, further optimisation for electrode production is
recommended. It is also recommended to increase the mass loading of the active material to at least 1g

per square centimetre.
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APPENDIX A: Physical characterizations of Co-doped Ni(OH):
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Appendix A 3: TG-DTA curves of (a) Nio.9sC00.05(OH)2, (b) Nig9C00.1(OH)2 (¢) Nig.75C00.25(0OH)2,
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Appendix A 5: SEM images of (a) Nio.s5C00.05(OH)2, (b) Nio.sC00.1(OH)2 (¢) Nio.7sC00.25(OH)2, and (d)
Nio_sCOo_s(OH)z.
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APPENDIX B: Physical characterizations of Al doped Ni(OH)-
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Appendix B 5: SEM images of (a) Nio.ssAloos(OH)2, (b) NioeAlo1(OH)2 (¢) Nio.7zsAlo2s(OH)2, and (d)
NiosAlos(OH)..
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APPENDIX C-1: Cost Evaluation

Cost Evaluation

Since the study aimed to develop a composite nickel-electrode suitable for a bipolar-based nickel-iron
battery in response to the global demand for a cost-effective energy storage system, it was important to
assess the cost involved in the bipolar Ni-Fe battery constructed using electrode formulation
Nio.75Cuo.25(OH) as cathode material, and FeCuo 2s as anode material was investigated. The calculations
embodied included the cost of raw materials, utilities, labour costs, the cost of Ni-Fe batteries per
watthour (Wh) and cash flow statement for a plant with a capacity of 2600 batteries/year.

All the calculations and estimation provided in this Appendix for cost evaluation were sourced from a
published Master’s thesis of my colleague Tawonezvi (Tawonezvi, 2019) who produced the FeCuo.2s
anode materials contributing towards developing a bipolar based Ni-Fe battery in our lab. Calculations
in this study were updated were needed. The estimates of the Material and Energy Balance needed to
produce a typical bipolar Ni-Fe battery can also be accessed from Tawonezvi (Tawonezvi, 2019), they

are excluded in this study.
Energy Production Cost of a Plant Capacity of 2600 Batteries/Year

The production cost of a plant capacity of 2600 Ni-Fe batteries/year was determined. The calculations
included the cost of raw materials, energy consumption (by the oven, hydraulic press and oven),
operating labour and the cost of Ni-Fe batteries per kilowatt-hour during the battery production process.

Appendix C 1 depicts the cost of raw materials utilised to construct a 25 Wh typical NiFe battery.

Appendix C 1: Raw materials cost estimation of a single bipolar Ni-Fe battery

Raw materials Amount [Kg] Cost [R/Kg] Actual Cost [R]
NaOH 0.0200 16 0.32
Fe 0.0514 62 3.19
Bi2S3 0.0046 75 0.34
CuN20¢.3H20 0.0800 25 2.00
CB 0.0092 10 0.09
Coathelyne 0.0152 22 0.33
Minor Components 0.1150 50 5.75
KOH 0.0080 390 3.12
LiOH 0.0006 310 0.19
DI H0 4.3250 1.25 541
N2NiOs.6H20 0.1350 36 4.86
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CuSOq4 0.0680 50 3.40
Na,COs 0.0200 50 1.00

Total Mass [Kg] 4.8520 Total Cost [R] 30.00

The mass of the bipolar Ni-Fe battery was 563 g (determined by my colleague in our lab (Tawonezvi,
2019)), 10 batteries could be produced per batch or day) which was the rate of production of Ni-Fe
batteries in this study. In addition, all the calculations involved in this section (cost of production of Ni-
Fe batteries) were determined using formulas and procedures reported by Apostolakou et al.
(Apostolakou et al., 2009). Thus, the calculated cost of production of 10 Ni-Fe batteries per year or 5.36
kg per day (where 12 months are equivalent to 260 working days) was investigated in this section. This

implied that 2600 batteries/year was the plant capacity of the Ni-Fe batteries production.

It was relevant to determine how much money was spent per year using 10 Ni-Fe batteries/day
production rate. Thus, the cost estimation was carried out as shown next. The cost estimation was
initiated by determining the fixed capital investment at the plant capacity of 2600 batteries/year. Fixed
capital investment is a vital parameter in computing the production cost, as it estimates the cost of
acquisition and maintenance of major long-term equipment utilised in the bipolar Ni-Fe battery
production process. Appendix C 2 presents the sum of installed equipment cost (SIEC), total installed

equipment cost (TIEC) and fixed capital investment (FCI).

Appendix C 2: Cost of major equipment utilised in the production of Ni-Fe batteries (2600
batteries/year)

Equipment and Size Price [R] Supplier

Hydraulic Press (Pressing Plate 30cm X 30 cm) 76 000 Hyjack, Cape Town
Vacuum Oven (400L) 24 000 Labotec

Battery Management System (50 Channels) 44 000 NEWARE

Mould (9 cm x 6 cm) 500 WAKE Engineering
Overheard Mixer (40cm) 16 000 Labotec

Sum of installed equipment 160 500

Total installed equipment cost 192 600

Fixed Capital Investment 385 200

The calculations were carried out as follows:

TIEC = 1.2 x SIEC = 1.2 x 160500 = R192 600

FCl = 2 x SIEC = 2 x 192 600= R385 200
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The fixed capital investment of R385 200 was used to determine the production cost of Ni-Fe batteries.
The cost of raw materials/cells was estimated in Appendix C 1. The cost of raw materials per year was
calculated as R258 596 (R99.46/battery x 2600 batteries). Then, the cost of utilities was estimated as

shown below:

In the present study, the cost of utilities consisted of the cost of electricity. The energy consumed during
the electrode production process was estimated from the equipment’s specifications (mixer, hydraulic
press, BMS and vacuum dryer). The mixer consumed 0.2 kW, it was used for 1 hour, and the rate of
power was 0.2 kWh per day. The BMS consumed 10kW, it was used for 10 hours, and the rate of power
was 100 kWh per day. The oven consumed 0.705 kW, it was used for 24 hours, and the rate of power
was 16.9 kWh per day. The hydraulic press consumed 0.526 kW, it was used for 4 hours, and the rate
of power was 2.1 kWh per day. The rate of electricity in South Africa is 89.13c per kwh (R0.89)
(Tawonezvi, 2019). Appendix C 3 presents the estimation cost of utilities per year.

Appendix C 3: Estimation cost of the plant utilities per year (plant with capacity 2600 batteries/year)

Equipment & Size KWh/day KWh/Year Rand/Year

Hydraulic Press 2.1 546 485

Vacuum Dryer 16.9 4 400 3916

Overheard Mixer 0.2 52 47

Battery Management System 100 26 000 23 140
Total 27 588

Thereafter, the operating labour cost was estimated. Two operators were running the battery production
process. During this process, the operator was working for 5 hours per day which was equivalent to
1300 hours per year. Each operator was earning R43.05 per hour which was the PayScale for a
production operator in South Africa (Tawonezvi, 2019). Thus, Appendix C 4 shows the operating labour

cost.

Appendix C 4: Operating labour cost for 1300 hours per year using a plant capacity for Ni-Fe batteries
at a rate of 2600 batteries/year

Cost Item R/hr R/Year

Operator 1 43.05 55900

Operator 2 43.05 55900
Total cost 111 800
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Appendix C 4 showed that a production operator working on the manufacturing of Ni-Fe batteries
received R55 926 per year. Since two operators were working at the pilot plant; therefore, R 111 852
was the operating labour cost. Thus, the total production cost of Ni-Fe batteries was estimated in the
next section (Appendix C 5).

Appendix C 5: Manufacturing cost estimation for production of Ni-Fe batteries (2600 batteries/year)

Cost Item Calculations Rand (ZA) %
1. Raw Materials From Material Balance 258 596 41.0
2. Miscellaneous Material 1% of FCI 3852 0.6
3. Utilities From Energy Balance 27 588 4.4
(A) Variable Costs (1) +(2) +(3) 290 036 46.0
4. Maintenance 10% of FCI 38520 6.1
5. Operation labour Manning Estimates 111 800 17.7
6. Lab Costs 20% of (5) 22 360 3.5
7. Supervision 20% of (5) 22 360 3.5
8. Plant Overheads 50% of (5) 55 900 8.9
9. Capital Charges 15% of FCI 57 780 9.2
10. Insurance, Local Taxes and 4% of FCI
Royalties 15 408 2.4
(B)Fixed Costs (4) +(5) +(6) +(10) 324 128 51.4
Direct Production Costs (A)+(B) 614 164 97.4
(C) General Overheads + R&D 5% of FCI of the direct production

cost 19 260 3.1
Annual Production Cost Subtotal (A)+(B)+ (C) 633 424
Energy Production cost [R/Wh] 8

Appendix C 5 indicated that R 8 was the cost estimated for a kilowatt-hour in a Ni-Fe system. In
addition, R633 424 annual production cost and fixed costs of R324 128 were reported in Appendix C
5. This indicated that a significant amount of money was spent on raw materials and equipment. The
production cost of a bipolar Ni-Fe battery was computed to 8R/Wh, which is an enormous decrease
from the 12R/Wh reported for prismatic Ni-Fe batteries by Iron Edison Co. (2019). The levelized cost
of energy of a bipolar Ni-Fe battery is expected to be drastically low (enormous decrease from the
production cost) due to the long cycle life and low to no maintenance requirements. The Ni-Fe battery
production was performed at lab-scale, the production capacity of Ni-Fe batteries per day estimated
during the material balance was 10 batteries; this rate of production was projected to a capacity of 2600
batteries/year. The cost of production was inordinate because the process was performed on a small

scale. The factors that influenced the process to be costly at a small scale were the operating labour
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cost, raw materials cost and utility cost, which constituted the energy (per year) consumed by a mixer,
hydraulic press, BMS and vacuum dryer. These factors do not depend much on the production rate and
are often constant no matter the size of the plant. When a bigger plant is modelled, the cost of purchasing
the equipment (per unit of capacity) remains steady concurrently with a decrease in the price of raw
materials per kg. Thus, it is relevant to scale up the production capacity to reduce the cost of battery
production. Based on the production cost of Ni-Fe batteries obtained at the plant capacity of 2600

batteries/year, a scale-up is recommended up to a plant capacity of 26000 batteries/year.
Cash Flow of a Plant Capacity of 2600 Batteries/Year

Appendix C 6 illustrates the cumulative cash flow diagram of a plant with capacity 2600 batteries/year.
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Appendix C 6: Cash flow of a plant with capacity 2600 batteries/year

n=t
Total NPW of project = > NFW

= (1+7r

=R350 294

el

List of assumptions
» The process is run at steady-state conditions
» The plant operates 260 days a year

» The sales increase by 10% in the first 2 years after the project has been running for a year, by
30 and 40% in the 3" and 4" year, 10 % in the 5" year, and drop by 5% in the last 2 years of
the project
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» The operating expenses increased by 10% in the first 2 years after the project has been running
for a year, 30% in the 3 and 4™ year and by 5% until the end of the project life

» The salvage value of the project is negligible

» The cost associated with land is negligible

Different methods are used to analyse the profitability of projects and processes. From the given data,
the amount that needs to be invested in building the plant and starting it up is R460 200. The revenue
is attained from sales of 25 Wh Ni-Fe batteries at R300 /battery unit. The trend of both the sales and
operating costs throughout the project life was predicted based on sound judgement keeping in mind
that in the early years of the project, both operating costs and sales increase and towards the end of the
project, operating costs continue to increase due to wear and tear of equipment while sales decrease

since project completion will be looming.

The payback profitability analysis shows that it takes 3.5 years (Appendix C 6) from the inaugural year
of the project to recover the money invested and break even. Profit is only made for the last 4.5 years
of the project. Payback analysis does not take the time value of money into an account. A better method
for profitability analysis is the net present value (NPV) which represents the present value of money of
future cash flows. For the company’s required interest rate of return of 15%, the NPV is found to be
R350 293. A negative NPV indicates that the anticipated expenditure costs in the present rand surpass
the projected earnings generated by a project or investment, also in the present rand. In general, a
negative NPV means that the project will subtract value from the plant’s present value; it has to be
rejected. A positive NPV indicates that the projected earnings generated by a project or investment in
present rand exceed the anticipated costs, also in present rand. In general, a positive NPV is profitable.
In order to make the project more profitable, it is suggested that the company drops its required IRR.
Calculations done for an assumed IRR of 10%, for example, yields an NPV of R525 606. A lower rate
of return means recovering money at a lower rate but the probability of making a profit is higher. The
cash flow statement with values and methodology utilised in computing NPV and payback period is

embodied in Appendix D 1.

Appendix C-2: References
Apostolakou, A., Kookos, I., Marazioti, C. and Angelopoulos, K. (2009). Techno-economic analysis of

a biodiesel production process from vegetable oils. Fuel Processing Technology 90(7-8): 1023-1031.

Tawonezvi, T. (2019). Development of a composite iron-matrix electrode for nickel-iron battery energy

storage systems, Cape Peninsula University of Technology.
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Appendix D: Cash Flow Statement

Appendix D 1: Cash flow statement (in Rands)

Total operating costs 233 IRR 15%
Total Operating cost 2‘32 Taxation Rate  30%

Year -2 -1 0 1 2 3 4 5 6 7 8
Fixed Capital 382 200
Investment
Working Capital -78 000
Total Capital -382 200
Investment
Profit - Loss Statement

1226 1717
Revenue 7800000 8580000 9438000 g 160 18894876 17950132 17052626
Cash Operating 6334240 6966234 7662857 9961715 1200 14245252 14957515 1570539.0
Expenses 022.9
Depreciation 477750 477750 477750 477750 477750 477750 477750 477750
Total Operating 681069.0 7443984 8140607 10439465  —°%2 14723002 15435265 16183140
Expenses 797.9
Operating Income 1467060 1613766 1775143 2307685 4226931 464962.4 2992618 1347235
¥§;gg‘°°me Before 98931.0 113601.6 1297393 1829935 3749181 417187.4 2514868 869485
Federal Income Taxes 29679.3 340805 38921.8 548981 1124754 1251562 754460  26084.6
Net Income After Taxes 692517 795211 908175 1280955 2624427 2920312 1760407 60 864.0
After Tax Cash Flow 460200 1170267 1272961 1385925 1758705 3102177 3398062 2238157 108 639.0
Capital Recovery
Cumulative Cash Flow 0 -382 200 460200 -343173.3 -215877.2 -772847 985858 4088034 748609.6 9724254 1081 064.3
PV 460200 1017623 962542 911268 1005545 1542330 146907.6 841406  35514.3
NPV 350 293.3
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