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Abstract

Lithium-ion batteries (Li-ionBs) have been extensively deployed as the primary electrochemical
power source for many applications, and their demand has increased significantly over the past
decade, with the market projected to reach 116 billion United States dollars (USD) by 2030.
Consequently, a considerable amount of end-of-life Li-ionBs are disposed of as waste annually.
The current processes utilized for recycling spent Li-ionBs involve high-cost, energy-intensive,
and eco-hazardous processes and materials. This has resulted in only a mere 5% of the spent
Li-ionBs currently being recycled. Therefore, the development of an effective, low-cost, low-
energy-intensive, and eco-friendly recycling process route for recovering valuable metals (i.e.,

lithium [Li], cobalt [Co], nickel [Ni], and manganese [Mn]) is imperative and imminent.

The cathode, in this study composed of Lithium Nickel Manganese Cobalt Oxide
(LiNixMnyCo,0,, or NMC) material, is a key determinant of a NMC Li-ionB's cost and
performance. While NMC is one of the predominant cathode chemistries used in Li-ionBs due
to its favourable balance of performance, stability, and cost, other types of cathode materials
are also widely employed in various applications. NMC cathode combines the valuable metals
Ni, Co, and Mn in varying ratios (x, y, z in LiNixMn,Co,0,) for optimal performance, stability,
and cost. For example, NMC 532, used in this study, has a NiMn:Co ratio of 5:3:2,
corresponding to the formulation LiNiosMno3C00202. Conventional pure metal recovery, from
Li-ionB waste, processes include solvent extraction, ion exchange, and selective precipitation,
followed by galvanostatic electrowinning to obtain solid metal deposits. In this work, valuable
Ni-Co alloys from spent Li-ionBs were selectively recovered from multi-ion (Ni**, Co?*, Mn?*,
and Li") NMC 532 leachate solutions through potentiostatic electrowinning. Since the post-
electrowinning spent liquor still contains traces of Ni and Co and significant amounts of Li and
Mn, an additional sodium (Na)-based chemical precipitation unit operation was added to
recover the nickel hydroxide (Ni(OH),) , manganese hydroxide (Mn(OH),) and cobalt hydroxide
(Co(OH),) composite mixture (0.6[Ni(OH).].0.3[Mn(OH),].0.1[Co(OH)2]), Mn(OH), and lithium

carbonate (Li.COs) materials.

The rationale of this research was based on the elimination of cost and energy-intensive
hydrometallurgical intermediate processes like solvent extraction, ion exchange, and selective
precipitation (to extract Ni and Co selectively), utilization of potentiostatic techniques (instead

of conventional galvanostatic techniques) to selectively extract specific metals and enhance



purity, integration of rotating cathodes to increase the deposition rate, and utilization of
Platinum (Pt)-coated Titanium (Ti) dimensionally stable anodes (DSA) to reduce deposit
contamination and consequently levelize the cost of operation. It is believed that by applying
a constant potential suitable for Co and Ni reduction reactions (potentiostatic electrowinning),
valuable Ni and Co can be selectively deposited and separated from less valuable Li and Mn.
Recovered Ni-Co alloys can be used as feedstock for Lithium Nickel Manganese Cobalt Oxide
(NMC) cathode production processes. Ni-Co alloys can also be used in the production of

magnetic films, electrocatalysis materials, and other various technological applications.

In the first experimental phase, this research demonstrated the applicability of inorganic acid-
reductant leachant-based leaching of NMC 532 to effectively leach and recover all valuable
metals in the cathode material. This approach provides quantitative recovery data for each
element of the entire particle population at different operational parameters: reductant and
inorganic acid concentration, solid-to-liquid (S/L) ratio, reaction time, and temperature. The
quantification of elemental recovery data was done through Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) and Energy Dispersive Spectroscopy (EDS). Phase
composition was assessed through X-ray Diffraction (XRD) analysis. Morphology and particle
size were analysed using High-Resolution Scanning Electron Microscopy (HR-SEM). By utilising
optimised leaching parameters, aluminium (Al) foil and carbon (C) flakes were freed from the
cathode matrix and peak leaching recovery efficiencies of 98.9% for Li, 97.1% for Co, 96.9% for

Ni, and 95.7% for Mn were attained.

In the second experimental phase, the effects of key electrowinning parameters were
quantified and studied, and alternative electrodes were tested to suppress the extent of scaling,
electrode resistivity, operational and capital costs, and life cycle duration limitations. This
optimisation study was conducted using synthetic Ni, Co, Mn, and Li sulphate solutions
mimicking the NMC 532 ratio of elements. The optimised electrowinning parameters such as
applied potential, temperature, pH, Co-Ni, Na,SO, and buffer dosage, and electrode distance
and active area were then utilised to recover NigssCoo3s alloy from real NMC leachate at a
minimum rate of 0.06 g/cm?hr with 88% current efficiency. 90% of the Co and 77% of the Ni

in the leachate were recovered in a 3-hour electrowinning run.

In the last phase of the experiments, the metals remaining in the post-electrowinning
electrolyte from the electrowinning were recovered through multi-stage precipitation to

recover Mn(OH), and Li,COs, and a hydroxide composite formulation of Ni, Mn, and Co



(0.6[Ni(OH).].0.3[Mn(OH).].0.1[Co(OH)]) at over 99% precipitation efficiency. Approximately
19% of Ni, 7.5% of Co, and 95% of Li were recovered during multi-stage precipitation. The
varied and optimized key parameters for pH-based precipitation were temperature, reactants
ratio, and pH. The semi-closed loop recycling cost (R/kg) of the cathode was calculated to be
R 153/kg, which is at least 50% lower than R 360/kg, R 308/kg, and R 258/kg recycling costs

for direct recycling, pyrometallurgical, and hydrometallurgical processes, respectively.

A significant fraction of the process resultant solution from the whole process can be recycled
for use in the leachate pH adjustment stage, while the minority portion will need further
treatment (to remove sulphate (SO*4) and sodium (Na*) before being discarded per National
Environmental Protection Agency (NEPA) regulations since it contains negligible and
environmentally tolerant metal concentrations of Mn, Li, Ni and Co. The obtained results
demonstrate the feasibility of a semi-closed loop spent Li-ionB cathode recycling process
comprising battery pre-treatment, single-stage leaching, single-compartment electrowinning
cell, and Na-based precipitation. The main objective of this work, high purity NigesCoo35 alloy
recovery, was successfully achieved. The recovered NiopgsCooss alloy, Li»COs, Mn(OH),, and
0.6[Ni(OH)2].0.3[Mn(OH)2].0.1[Co(OH).] are versatile compounds with applications ranging

from the production of Li-ionBs to medicine and material production, among other

applications.

Keywords: Spent Li-ion batteries, Leaching, Metal Recovery, Electrowinning, Cobalt, Nickel, Open
and Closed Loop Recycling
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Tendai Tawonezvi Introduction and Background

Chapter 1: Introduction and Background

1.1 Background
1.1.1  Li-ion Battery Application Trends

In the last decade, the world has initiated a global trend focused on environmental
conservation to achieve sustainability across ecological, economic, and social dimensions. Due
to their non-renewable nature, fossil fuels, which have long met our society's energy needs,
are gradually exhibiting various detrimental effects on the environment and energy security.
As a result, many organizations and countries worldwide are actively devoting resources that
could replace traditional internal combustion engines with electric cars and equipment
powered by renewable energy storage sources. Ultimately, this shift aims to overcome the
challenges associated with the utilization of fossil fuels. Consequently, the demand for portable
electronic devices, such as smartphones, tablets, notebooks, radios, laptops, and other devices
powered by electric storage systems (i.e., batteries), has experienced a significant surge in
recent years. These trends have spurred the development and widespread application of
portable electrochemical energy storage technologies, including nickel-metal hydride batteries
(NiMH), lithium-ion batteries (Li-ionB), conventional lead-acid batteries (Pb-acid), and nickel-

cadmium batteries (NiCd) (AL Shagsi et al. 2020).

Li-ionBs stand as the most widely adopted and utilized battery technology within the realm of
renewable energy storage devices. This dominance is attributed to their exceptional
electrochemical performance, boasting superior power density, energy density, and enduring
stability. Government initiatives and policies advocating for clean energy and electric mobility
have significantly contributed to the escalating market demand for these batteries.
Furthermore, the increased global focus on sustainability, coupled with advancements in
battery technology that amplify the efficiency and performance of Li-ionBs, has spurred a
notable surge in their demand. As industries and consumers prioritize environmentally friendly
solutions, the Li-ionB market is expected to continue its upward trajectory, fostering innovation
and economies of scale in producing and deploying these energy storage devices. Moreover,
there is an anticipation that the use of Li-ionBs in the automotive industry will continue to

expand, further increasing their demands.
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1.1.2 Li-ion Battery Economic, Production and Disposal Trends

The demand-led market growth of Li-ionBs and the rechargeable Li-ionB market size are shown
in Figure 1-1 and Figure 1-2, respectively. The global demand for Li-ionBs is projected to reach
nearly 700 GWh by 2030, with prices expected to drop to as low as USD $100/kWh (Phuc Anh
LE 2019). The Energy Sector Management Assistance Program (ESMAP) (2022) reported that
the Li-ionB market grew from 5 billion US $ in 2005 to approximately 35 billion US $ in 2020,
with a significant proportion of applications in electronic devices. The Li-ionB market is
projected to reach over 75 billion US dollars in 2025, accounting for 70% of the market for
rechargeable batteries, as indicated in Figure 1-2 (Phuc Anh LE 2019; ESMAP 2022). Figure 1-2
illustrates the shift in the electrochemical battery energy storage market from 2015 to 2025,
highlighting the transition from Pb-acid batteries dominated market to a Li-ionBs dominated
market. As highlighted, the market is shifting from fully recyclable Pb-acid battery technology
to Li-ionB technology, which is currently not being recycled as effectively. The shift underscores
the growing need for recycling of Li-ionBs to manage the increasing volume of spent batteries

generated by the expanding user market.
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Figure 1-1: The demand-led market growth of Li-ion batteries (Data derived from (ESMAP 2022)).

The upsurge of Li-ionB production and deployment is currently hampered by a lack of sufficient
raw materials and environmental pollution accumulated from spent Li-ionBs. Landfilling is the
traditional method of disposing of spent Li-ionBs; however, the heavy metals and organic

electrolytes present in spent Li-ionBs will possibly leak and spill into the surrounding
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environment, ultimately posing a severe threat to the environment and human health. The
anticipated substantial increase in the consumption of Li-ionBs to meet rising demand in the
future is poised to create challenges that demand prompt and effective resolutions. This is
particularly crucial due to the significant accumulation of spent Li-ionBs in landfills,
necessitating immediate attention to address potential environmental and waste management

concerns.

2015 ($50B Total Market Value)

33% Li-ion

65% Pb-Acid

2025E ($110B Total Market Value)

6,6% Flow 0,2% Ni-Based
19,2% Pb-Acid

4% Na-Based

70% (Li-ion)

Figure 1-2: Rechargeable Li-ionB market size (data derived from (Phuc Anh LE 2019)).

In an attempt to avoid the apparent inevitable consequences associated with disposing of
batteries in landfills, countries and economic unions are introducing bills and laws aimed at
reducing e-waste in landfills. In particular, the EU introduced Directive 2006/66/Ec of The
European Parliament to address the waste of old electric and electronic devices and batteries.
The measures aim to curb the presence of spent batteries in landfill sites (European Union
2006). This means end-user consumers and companies must submit e-waste for recycling by

taking it to a licensed electric and electronic waste equipment recycler.
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In the South African context, the Consumer Protection Act (CPA) 68 of 2008 regulates the
recycling of lithium-ion batteries by enforcing safe disposal obligations, mandating take-back
programs, and promoting extended producer responsibility, in alignment with the National
Environmental Management: Waste Act 107 of 1998 (South African Government 1999, 2009).
Suppliers must accept returns of Li-ionBs from consumers without charge, ensuring responsible
disposal and preventing environmental harm. Additionally, manufacturers, importers, and
distributors are required to manage the recycling of these batteries, while the CPA also
prohibits misleading claims about recyclability and encourages consumer education on proper

disposal practices.

The widespread and continuously escalating consumption levels of Li-ionBs result in
substantial quantities of spent batteries that need to be recycled using eco-friendly and
economically viable process routes. Closed and open loop recycling process routes should
ideally provide sufficient materials for manufacturing new Li-ionBs. It is evident that recycling,
recovering, and reusing Li-ionBs will be a crucial initiative in assisting countries (both
developed and developing) to make a rapid and sustainable transition to clean energy
generation. If recycling and reuse practices are implemented effectively on a large scale,

greenhouse gas (i.e., CO, CH4, NOy) emissions and environmental damage should be curtailed.

Li-ionBs constitute significant amounts of valuable metals such as copper (Cu) aluminium (Al),
lithium (Li), cobalt (Co), manganese (Mn), and nickel (Ni), with Co being the most valuable
(Zheng et al. 2018). Assuming that the valuable metal content in Li-ionB cathodes can be
effectively recovered in its pure metallic form, approximately a combined US$ 20 000 monetary
value of Co and Ni present in 1 metric ton of spent Li-ionBs (de Oliveira Demarco et al. 2019;
Bloomberg 2022). The market value of Li is significantly lower, on average US$ 6500 per ton,
but has increased steadily since 2010, reaching US$ 40000 a ton in Jan 2022 (Bloomberg 2022).
As a result, the recovery of these valuable metals has a significant economic influence on the
development of the Li-ionB recycling process (de Oliveira Demarco et al. 2019; Bloomberg

2022).
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1.1.3 Li-ion Battery Conventional Recycling and Future Technologies

In light of the environmental and economic concerns, it is necessary and imperative to separate,
reuse, and recycle all components of Li-ionBs to circumvent problems accrued from spent Li-
ionB disposal (Zheng et al., 2018; Halli et al., 2020). Considering the complexity of raw materials,
it is challenging to design and successfully run a single-stage recycling process that is both
economical and environmentally friendly. Therefore, recycling spent Li-ionBs using a multistage
combination of physical and chemical methods is standard practice. Physical dismantling,
crushing, sieving, heating, and mechanochemical treatment are traditional physical techniques
that enhance recycling efficiency (Werner et al. 2020; Chandran et al. 2021). Pyrometallurgy
and hydrometallurgy are two major subsets of the chemical recycling process routes.
Hydrometallurgical processes edge pyrometallurgical processes, which are often carried out at
high temperatures due to more environmentally friendly process pathways, milder reaction
conditions, and higher valuable metals recovery efficiency, especially Li (Georgi-Maschler et al.
2012; Zheng et al. 2018; Chandran et al. 2021). These advantages mark hydrometallurgical

processes as preferable and ideally promising for processing and recycling spent Li-ionBs.

Conventionally, In order to recover valuable metals (Co, Ni, and Li) from spent Li-ionB waste,
the process often starts with acid-based leaching. The leaching solution typically constitutes
an acid plus added reducing agent additive. This process oxidizes the metals to more soluble
states (ions) (Georgi-Maschler et al. 2012; Kim et al. 2021). More than 99% (by mass) of Co, Ni,
and Li metals can be leached when a sufficiently strong acidic solution is utilized. The metals
in leachate solution of battery metals are selectively separated using either ion exchange
membranes, selective precipitation or solvent extraction (Georgi-Maschler et al. 2012; Zheng
et al. 2018; Chandran et al. 2021). The pure metal solutions can undergo chemical or
electrochemical (electrochemical reduction to produce pure metal forms such as metal salts,

oxides or electrolytic metal.

To date, many technologies based on pyrometallurgical, hydrometallurgical, and
electrometallurgical processes have been developed commercially for the recycling of spent
Li-ionBs. Pyrometallurgical processes have been commercialized and exploited by some
companies (Umicore, SONY, OnTo, Accurec, Inmetco, Xstrata, etc.) (Tawonezvi et al. 2023). The

pyrometallurgical processes are often coordinated with hydrometallurgical processes to
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recycle the valuable metals. In pyrometallurgical processes, the acetylene black, organic
electrolyte, and binder in the spent Li-ionBs are usually burnt off, which causes high energy

consumption and emission of hazardous gases (Makuza et al. 2021a).

Consequently, these elements are prone to oxidation during the smelting process, leading
them to enter the slag in the form of their respective oxides. Electrometallurgy uses electrical
current to extract metals from their ore solutions (Zeng et al. 2014; Chandran et al. 2021). It is
usually the last stage in valuable metal extraction and is, therefore, preceded conventionally
by pyrometallurgical or hydrometallurgical operations (Tawonezvi et al. 2023). The
electrometallurgy process entails low energy consumption, minimal emissions, and high
product purity (Tawonezvi et al. 2023). By contrast, hydrometallurgical and electrometallurgy
processes entail some attractive advantages, such as high metal recovery rates, high product
purity, moderate energy consumption, and minimal gas emission. Therefore,
hydrometallurgical processes are considered more suitable for recycling spent Li-ionBs, and

many studies based on hydrometallurgical processes have been reported in recent years.

Closed-loop recycling has been demonstrated to effectively reduce cost and energy
consumption; however, since recovered materials are of low elemental purity, they cannot be
repurposed, unlike open-loop recycling, which allows for materials repurposing after recovery
although the recycling route entails high cost and high energy consumption (Chen, Zheng, et
al. 2019; Yang et al. 2023). In addition to the above, it is worth noting that most recycling work
up to date is open-loop recycling since most of the valuable metals will be repurposed for
multiple and broad applications. As highlighted previously, owing to the great increase in spent
Li-ionBs waste generation, the recovery and recycling of the valuable metals constituted in Li-
ionBs should be investigated to avoid the disposal of tons of dangerous waste (Zeng et al.
2014). The goal of waste minimization, combined with the economic value of metals such as
Ni and Co, requires the development of cost and energy-efficient recycling processes.
Therefore, recycling spent battery waste, besides the apparent anti-environmental pollution

benefit, can also accrue economic benefits.
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1.1.4 Rationale of This Work

The cathode of Li-ionBs is the most determinant component for the battery's electrochemical
performance. The NMC cathode is also the most valuable component in a typical NMC Li-ionB
because it typically contains significant amounts of precious metals such as Li, Co, Ni, and Mn.
Notably, Ni and Co are significantly more valuable than Li and Mn. Conventionally, battery
metals (Ni, Co, Li and Mn) are selectively recovered as their pure metal solutions from complex
multi-ion leachate solutions by using solvent extraction, ion exchange, and selective
precipitation (to extract Li, Mn Ni and Co selectively). The produced pure metal ion rich
solutions still need to go through reduction stage to reduce the metal ions to their metallic

state or metallic oxides using galvanostatic electrowinning (electrochemical reduction).

Although there are many types of cathode materials, such as NMC, LFP, and NCA, NMC is
currently the most dominant chemistry, accounting for 60% of the Li-ion battery market
(Kamran 2023). In light of the expanding Li-ion battery market, NMC is expected to be the
most prevalent chemistry in typical Li-ion battery waste (Kim et al. 2021; Islam and lyer-Raniga
2022). Therefore, NMC has been selected as the focus of this research. In this work, Ni-Co alloys
from spent Li-ionBs were selectively recovered from NMC leachate solutions that contain Li,
Mn, Co and Ni ions through potentiostatic electrowinning since, besides application in cathode
production, Ni-Co composites and alloys can also be used in production of magnetic films,
electrocatalysis, electronic chips, anti-corrosion systems, micro and nanogears among other
various technological applications (Tian et al. 2011; Karimzadeh et al. 2019). Since the post
electrowinning spent liquor still constitute low traces of Ni and Co and significant amounts of
Li and Mn, additional Na-based multi-stage chemical precipitation unit operation was added
to selectively recover pure 0.6[Ni(OH);].0.3[Mn(OH),].0.1[Co(OH)2], Mn(OH), and Li.COs

materials.

The rationale of this research is hinged on the elimination of cost and energy-intensive
hydrometallurgy intermediate processes like solvent extraction, ion exchange, and selective
precipitation (to extract Ni and Co selectively), utilization of potentiostatic techniques (instead
of conventional galvanostatic method) to selectively extract specific valuable metals (Ni and
Co) from less valuable metals (Mn and Li) and enhance the purity, integration of rotating

cathodes to increase deposition rate and utilization of Pt coated Ti dimensionally stable anodes

11
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(DSA) to reduce deposit contamination and consequently levelized cost of operation. The
selective separation of valuable Ni and Co from less valuable Li and Mn can be achieved by
applying constant potential (-0.24 to -0.30 V vs SHE) suitable for Co and Ni reduction reactions,
specifically through potentiostatic electrowinning. The reduction potentials of the metals

present in the cathode leachates are listed as follows:

Co?* +2e~ - Co E = —0.28 (V vs SHE) 1-1
Ni?* + 2e~ > Ni E =—-0.25V (V vs SHE). 1-2
Li3* + 2e” - Li E = -3.04 (Vvs SHE). 1-3
Mn2* + 2e~ > Mn E = —1.2 (V vs SHE). 1-4

The elimination of intermediate purification stages is based on the fact that the Co and Ni salts
or pure Ni and Co compounds are introduced to the cathode synthesis or production process
as a mixture; therefore, there is no need to separate them beforehand. The Ni-Co alloys
recovered from spent Li-ionBs was targeted for closed and open loop recycling since besides
Li-ionB cathode production, they can also be used in magnetic films, electrocatalysis, electronic
chips, anti-corrosion systems, micro, and nanogears among other various technological
applications. The recovered Li.COs is a versatile compound with applications ranging from
producing Li-ionBs and stabilizing mood in pharmaceuticals to enhancing properties in glass
and ceramics, aluminium production, metallurgical processes, chemical synthesis, and
absorption refrigeration systems for air conditioning. The recovered Mn(OH), can be employed
as a coagulant in water treatment, a cathode material in alkaline batteries, and a micronutrient
supplement in agriculture, showcasing its versatility across applications. Lastly, the recovered
hydroxide composite formulation of Ni, Mn, and Co (0.6[Ni(OH).].0.3[Mn(OH).].0.1[Co(OH)2])
ought to be used solely for Li-ionB cathode production. The integrated hydro-
electrometallurgy process route of extracting Ni-Co alloys was explored and thoroughly
assessed. This work demonstrates the technical viability of recovering Ni-Co alloys and metallic

by-products through the optimized hydro-electrometallurgy process.

12
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1.2 Research Problem Statement

Battery recycling emerges as a critical facilitator for achieving the “Net Zero Scenario” owing
to the cumulative demand for Co and Ni that are projected to surpass current known reserves
by 2050 (Zheng et al. 2018). A 'Net Zero Scenario’, in the context of battery waste, refers to a
situation where the amount of critical elements (Ni and Co) disposed of as Li-ion battery waste
is balanced by the amount recovered through recycling, resulting in no net increase in the
levels of these elements in the environment. With universal battery recycling, primary Co and
Ni demand will remain below known reserves, and there is also the prospect of a fully functional
circular battery industry. In addition, battery waste poses an environmental and safety hazard,
which makes it more complex and expensive to sort and reprocess. Spent batteries contain
toxic and flammable components, and negligent disposal of batteries in landfills carries a high
risk of soil and groundwater contamination and explosions (Werner et al. 2020; Zhao et al.

2021a). The cost and energy consumption of conventional recycling processes is enormous.

Based on the exploration of the literature, it is clear galvanostatic electrowinning has been
conventionally used to reduce metals at the latter stages of recycling processes that include
costly and energy intensive methods like solvent extraction, ion exchange and selective
precipitation (Wang 2006; Zeng et al. 2014; Lv et al. 2018; Zhou et al. 2020; Ali et al. 2022; Baum
et al. 2022; Du et al. 2022). It is also clear and evident that potentiostatic electrowinning, a
different mode of electrowinning, was never explored to selectively recover metals from multi
metal specie battery metal solutions. In this work, a cost and energy-optimised potentiostatic
electrowinning recovery process is explored thoroughly. Solvent extraction, ion exchange,
selective precipitation and any other Co and Ni selective purification process are eliminated
from a conventional electrometallurgy recycling process to reduce capital and operating costs.
Selective recovery of Ni and Co from solutions containing Li, Mn, Mn and Co is attained using

potentiostatic electrowinning after leaching.

1.3 Research Aim and Objectives

The aim of this study is to recover Ni-Co alloys at industrial-grade purity using an optimised

hydro-electrometallurgy process.

To achieve the aim as stipulated above, the objectives of this research are as follows:

13
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a)

b)

o)

d)

e)

9)

h)

Introduction and Background

To optimise leaching by varying solid-to-liquid (S/L) ratio, leaching reaction time,
leachant concentration, and the additive H.O. concentration.

Perform cyclic voltammetry using simulated solutions to establish Co and Ni deposition
potential.

Establish a comparison of the selectivity for Ni-Co deposition in a Li, Mn, Co, and Ni
electrolyte solution between potentiostatic and galvanostatic electrowinning methods.
Optimise electrowinning of Co-Ni alloys using simulated solutions and modified
electrodes (electroless platinum-plated titanium and aluminium alloy electrodes) by
varying metal concentration, deposition potential, temperature, pH, anode rotation
speed, electrode distance, and area.

Recover Co-Ni alloy from a leachate solution, obtained from NMC cathode material,
using an optimized electrowinning process.

Optimise the Na-based chemical precipitation using the electrowinning spent liquor by
varying reactants ratio, pH, and temperature.

Recover Mn(OH);, LiCOs;, and 0.6[Ni(OH)2].0.3[Mn(OH);].0.1[Co(OH),] from the
electrowinning spent liquor (post electrowinning liquor) using Na-based chemical
precipitation.

Perform a cost evaluation of the Ni-Co production at pilot scale using the optimized

electrowinning and Na-based chemical precipitation processes.

1.4 Research Questions

What is the optimum solid-to-liquid ratio (S/L), leaching reaction time, leachant
concentration, and reductant H,O, concentration to effectively leach valuable metals
from NMC 532 cathode?

What is the Co and Ni deposition potential in a simulated Co-Ni solution using
potentiostatic electrowinning?

Is the potentiostatic electrowinning selective towards Ni-Co in a Li, Mn, Co and Ni
electrolyte solution than galvanostatic electrowinning?

What is the optimum metal concentration, deposition potential, temperature, pH,
Na»SO. concentration, NaH,PO4 buffer dosage, cathode rotation speed, and, cathode
formulation, electrode distance and area to effectively recover valuable Ni-Co alloys

from simulated NMC 532 cathode solutions?

14
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What is the deposition rate and purity of the recovered Ni-Co composite metals from

the leachate solution when recovered using an optimised electrowinning process?

e What is the optimal pH, temperature, and reactants ratio to efficiently recover and
extract Mn(OH),, Li.COs, and 0.6[Ni(OH).].0.3[Mn(OH),].0.1[Co(OH),] selectively from
electrowinning spent liquor (post electrowinning liquor)?

e What is the production cost of the Ni-Co alloy production at pilot scale and recycling
cost of the NMC cathode using the optimised hydro-electrometallurgy process from
this work?

e How does the optimised hydro-electrometallurgy process compare to other

conventional processes used to extract valuable metals?

1.5 Delineation

This research will mainly focus on the recovery of Ni-Co alloys from spent Lithium-ion battery
cathode (NMC 532) leachates through an electrowinning process that utilises Pt-plated
titanium and aluminium electrodes without the need for pre-purification processes.
Additionally, the research will touch upon the recovery of Mn(OH), Li.COs, and
0.6[Ni(OH)].0.3[Mn(OH).].0.1[Co(OH)] from the electrowinning liquor through an optimised

Na-based chemical precipitation process.

1.6 Novelty of Study

« The presented valuable metal recovery process of NMC 532 Li-ionB cathode.

+ The utilisation of rotating plate batch potentiostatic electrowinning to selectively recover
pure (98 % pure) Ni-Co alloys from Mn?*, Li*, Co** and Ni?* multi-ion solution.

« The utilisation of Pt-plated titanium plate and aluminium plate electrodes and rotating
anode mechanism.

« The elimination of conventional pre-purification separation stages (e.g., solvent extraction,

ion exchange, and selective precipitation).

1.7 Significance of Research

The retrieval of valuable materials during the recycling process is pivotal for producing new

batteries and, consequently, reducing the overall manufacturing costs. Approximately half of a
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battery's cost is attributed to cathode materials (United States Geological Survey 2020; ESMAP
2022). The prices of two common cathode metals, cobalt, and nickel, the most expensive
components, have fluctuated substantially in recent years. Notably, the prices of crucial
cathode metals, particularly cobalt, and nickel, have experienced significant fluctuations in
recent years, with current market prices at roughly $27,500 per metric ton for Co and $12,600
per ton for Ni (Unites States Geological Survey, 2020). The concentrations of these metals,
along with those of lithium and manganese, in many Li-ionBs exceed the concentrations in
natural ores, making spent batteries akin to highly enriched ore. If more economical than
extracting from natural ore, successful large-scale recovery of these metals from used batteries

holds the potential to drive down the price of batteries and electric vehicles.

In addition to potential economic benefits, recycling could reduce the material going into
landfills. Cobalt, nickel, manganese, and other metals found in batteries can readily leak from
the casing of buried batteries and contaminate soil and groundwater, threatening ecosystems
and human health. The same is true of lithium fluoride salts (LiPFs is common) in organic
solvents used in a battery’s electrolyte. Batteries can have adverse environmental effects at the
end of their lives and long before they are manufactured. As Gaines (2012) pointed out, more
recycling means less mining of virgin material and less of the associated environmental harm.
For example, mining for some battery metals requires processing metal-sulphide ore, which is
energy-intensive and emits SO, that can lead to acid rain (Gaines 2012). Less reliance on mining
for battery materials could also slow the depletion of these raw materials. Xu et al. (2020) used
computational methods to model how growing battery production could affect the geological
reserves of several metals through 2050. Acknowledging that these predictions are
“complicated and uncertain,” the researchers found that world reserves of lithium and nickel
are adequate to sustain the rapid growth of battery production. However, battery

manufacturing could decrease global cobalt reserves by more than 10% (Xu et al. 2020).

There are also political costs and downsides that recycling Li-ionBs could help address.
According to a CSIRO (2022) report 50% of the world's production of cobalt comes from the
Democratic Republic of the Congo and is tied to armed conflict, illegal mining, human rights
abuses, and harmful environmental practices (CSIRO 2022). Recycling batteries and formulating
cathodes with a reduced concentration of cobalt could help lower the dependence on such

problematic foreign sources and raise the security of the supply chain.
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The Ni-Co composite recovered from spent Li-ionBs will be targeted for closed and open loop
recycling since besides Li-ionB cathode production, which is the main target use for the Ni-Co
composite, Ni-Co alloys and alloys can be used in magnetic films, electrocatalysis, electronic
chips, anti-corrosion systems, micro and nanogears among other various technological
applications. The recovered Li.COs is a versatile compound with applications ranging from
production of Li-ionBs, stabilizing mood in pharmaceuticals to enhancing properties in glass
and ceramics, aluminium production, metallurgical processes, chemical synthesis, and
absorption refrigeration systems for air conditioning. The recovered Mn(OH), can be
employed as a coagulant in water treatment, a cathode material in alkaline batteries, and a
micronutrient supplement in agriculture, showcasing its versatility across applications. Lastly,
the recovered hydroxide composite formulation of Ni, Mn, and Co
(0.6[Ni(OH).].0.3[Mn(OH).].0.1[Co(OH).]) is to be used solely for Li-ionB cathode production.
The integrated hydro-electrometallurgy process route of extracting Ni-Co alloys was explored
and thoroughly assessed. This work demonstrate the technical viability of recovering Ni-Co

and metallic by-products through the optimised hydro-electrometallurgy process.

1.8 Thesis Layout

The outline structure of this thesis is briefly described under each of the chapter headings that

follow:

Chapter 1 - Introduction:

This introductory chapter provides insight into the research with background information on
Lithium-ion battery recycling and an overview of the potential and current functional recycling
technologies that are currently under investigation. A brief background into the hub of the
research in Lithium-ion batteries is also provided. The application, justification and value of this
research for recycling Li-ionBs using leaching-electrowinning-chemical precipitation process
are discussed. The overall aim and research objectives are also identified and explained in this

chapter.

17



Tendai Tawonezvi Introduction and Background

Chapter 2 - Literature Review:

The literature review shelters all the theoretical background required to gain an in-depth
understanding of the fundamental engineering principles that are applied in this research. The
review is extensive and covers most of the theory, directly and indirectly, related to the research
to ensure that the review is sufficiently holistic for a range of engineers, regardless of discipline,
to comprehend the theories and implicated practical work presented here. Recovery of
valuable metals from spent Li-ionBs using hydrometallurgical and electrometallurgical
processes is the primary focus of the literature review; however, other sections related to Li-
ionB recycling have also been featured briefly to facilitate easy connections to the overarching
concept. Fundamental understandings of Li-ionB design, deliberations and theories and
conventional recycling methods have also been included as the foundation of the research
topic. The testing standards required to validate this study have also been covered and

presented.

Chapter 3 - Experimental Methods:

This chapter describes the materials and experimental methodologies used in this research. All
the techniques, programs and equipment are well-detailed and presented to elucidate how the

literature information was employed in practice to solve the research problem.

Chapter 4: Results and Discussion- Results and Discussion-Leaching of Valuable Metals

from NMC 532 Cathodes:

This chapter focuses on the leaching of the NMC 532 cathode material and subsequently, the
results presented in this chapter are the outcomes of numerous experiments that were
conducted within the scope of the laid objectives. Several investigations were carried out, in
order, involving NMC cathode composition analysis and acid leaching. The leaching
parameters such as solid/liquid ratio, temperature, acid and reductant concentration and
leaching time were successfully optimized to recover effectively the valuable metals (Ni, Co,
Mn, Li) from LiNosMng3C00202 (NMC 532) cathode material. The examinations and discussions
of the results also cover the comparisons of the various numerical and empirical datasets. Based
on these discussions and examinations, concluding statements are connected to the primary

objectives of the research set out in Chapter 1.

18



Tendai Tawonezvi Introduction and Background

Chapter 5: Results and Discussion-Electrowinning Optimization Using Synthetic Quasi

NMC 532 Solutions

This chapter focuses on research that is centred on the recovery of Ni and Co from synthetic Ni, Co,
Mn and Li sulphate solutions mimicking the NMC 532 ratio of elements using a hydro-
electrometallurgy process route that integrates hydrometallurgy and potentiostatic
electrometallurgy techniques. This quasi-model is done to elucidate the effect of multiple
influencing parameters, through isolation and varying, on the selective electrodeposition of Co-Ni
from multi-ion (Li, Ni, Mn and Co) complex solutions before applying it using real cathode leachates.
The selective potentiostatic electrowinning metal recovery process route is a cost-effective
alternative to the energy, cost and material-intensive hydrometallurgy intermediate purification
processes such as solvent extraction, selective precipitation, and ion-exchange, processes that
produces metal rich solutions still requires integration of additional reduction process like
galvanostatic electrowinning. The study delves into the effects of various electrowinning
parameters, including applied potential, temperature, pH, Co, Ni, Na,SOs4, NaHPOs buffer
concentration, and cathode rotational speed. These parameters were thoroughly investigated and
effectively optimised to achieve the high recovery efficiency and rate of NipesCoo3s5 at optimal
current efficiency. The examinations and discussions also cover the comparisons of the various
numerical and empirical datasets. Based on these discussions and examinations, concluding

statements are connected to the primary objectives of the research set out in Chapter 1.

Chapter 6: Results and Discussion- Electrowinning Cell Voltage Optimization

This chapter focuses on the optimisation of electrowinning cell voltage. The energy-associated
cost is of paramount importance, as it exerts a substantial impact on the economic feasibility
of the overall production process. This chapter delves into a rigorous exploration of the
intricate network of factors influencing the energy-associated cost dynamics inherent to Co
and Ni production. This chapter focuses on reducing the overall voltage consequently reducing
the overall energy consumption. The examinations and discussions also cover the comparisons
of the various numerical and empirical datasets. Based on these discussions and examinations,
concluding statements are connected to the primary objectives of the research set out in

Chapter 1.
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Chapter 7: Results and Discussion-Cobalt/Nickel Electrowinning Using NMC Leachate
Electrolyte

This chapter is centred on the recovery of Ni and Co from real NMC 532 leachate solutions using a
hydro-electrometallurgy process route that integrates hydrometallurgy and potentiostatic
electrometallurgy techniques. This real model utilises the optimised leaching and electrowinning
parameters from the previous chapters. The study delves into the deposit composition, impurities
composition and reaction kinetics. The composition of the electrowon deposit was meticulously
quantified using Inductively Coupled Plasma (ICP). The examinations and discussions also cover
the comparisons of the various numerical and empirical datasets. Based on these discussions
and examinations, concluding statements are connected to the primary objectives of the

research set out in Chapter 1.

Chapter 8: Results and Discussion-Recovery of Mn(OH);, Li:CO: and
0.6[Ni(OH)2].0.3[Mn(OH).].0.1[Co(OH):] Precipitates

Following the successful recovery of Ni-Co from spent NMC 532 battery leachates, the valuable
by-products such as Li»CO3; and Mn(OH), and 0.6[Ni(OH),].0.3[Mn(OH)].0.1[Co(OH),] composite
were recovered from spent electrolytes through chemical precipitation This chapter focuses on
the recovery of valuable metals from the electrowinning resultant leachate. The resultant
leachate was treated with NaOH to specific pH levels to selectively recover mixed Ni, Mn and
Co hydroxides (0.6[Ni(OH).].0.3[Mn(OH),].0.1[Co(OH)]) and Mn(OH).. The resultant electrolyte
is followed up by Na,COs chemical-based precipitation to recover LiCOsthrough filtration. The
combination of pH-based and chemical precipitation was utilised to analyse the separation and
recovery performance of Ni, Co Mn Li in metal sulphate solutions as NMC hydroxides and
Mn(OH)2 respectively. The recovered NMC hydroxides and Li.COs are synthesised to be used
as precursors in the NMC cathode production facilities. The examinations and discussions also
cover the comparisons of the various numerical and empirical datasets. Based on these
discussions and examinations, concluding statements are connected to the primary objectives

of the research set out in Chapter 1.
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Chapter 9: Material Balance

The primary purpose of this chapter is to examine and discuss the collated material and
component balance data. The material balance examinations and discussions also cover the
comparisons of the various numerical and empirical datasets. Based on these discussions and
examinations, concluding statements are connected to the primary objectives of the research

set out in Chapter 1.

Chapter 10: Conclusion and Recommendations:

Following chapters 4-10, chapter 11 summarises all the key points in relation to the addressing
of the research problem and objectives. Key points are meticulously investigated and
evaluated. Furthermore, the consequences and implications of the study are discussed.
Following the conclusion, a summary of various changes and alterations that could be
implemented should a research budget or any other limitations allow for it is presented. Over
and above research limitations, various recommendations for concerns discovered during the
research, are deliberated in terms of future research work in this area of Lithium-ion battery
recycling. This proposes new insights and creative approaches for framing and contextualizing

the research problem based on the results garnered in this study.

Appendix A: Process Cost Evaluation

While the contents of this chapter are self-explanatory, the primary purpose of this chapter is
to estimate, examine and discuss the collated process cost evaluation data. The examinations
and discussions also cover the comparisons of the various numerical and empirical datasets.
Based on these discussions and examinations, concluding statements are connected to the

primary objectives of the research set out in Chapter 1.
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Chapter 2: Literature Review

2.1 Overview

Before initiating a laboratory scheme for recycling the spent Li-ionBs, a comprehensive review
of the Li-ionB landscape is necessary to highlight the historical development, the current
chemistries of battery components as well as market trends of the Li-ionBs. In addition, a brief
overview in terms of laboratory and industrial spent Li-ionBs recycling is also crucial to provide
a basic understanding, and direction for forming step-by-step treatment and recycling of spent
Li-ionBs in this thesis. Last but not least, comprehensive literature regarding analytical
techniques, which are used in this spent Li-ionBs recycling study, are also briefly introduced.
These contents are all covered in this Literature Review as providing initial understandings and
basis for the subsequent engineering aspects and contents with regard to recycling spent Li-

ionBs.

2.2 Lithium lon Battery

2.2.1 Historic Review

In the 1970s, Michael Stanley Whittingham pioneered the construction of the first lithium
batteries, utilizing lithium and titanium sulphide as battery electrodes (Whittingham, 2004).
While this initial chemistry discovery was not immediately practical, it laid the foundation for
subsequent advancements. The next generation of reversible intercalation electrode batteries
was pioneered by Jirgen Otto Besenhard (Ramanan 2019; Manthiram 2020).. Following this,
Samar Basu identified lithium electrochemical intercalation in graphite (Manthiram 2020).
Rachid Yazami then addressed the challenge of the rapid deterioration of battery cells
assembled at that time through his research on the reversible intercalation of lithium-ion in

graphite in the early 1980s (Ramanan 2019; Manthiram 2020).

Subsequently, various academic groups initiated extensive research efforts to advance Li-ionBs,
with a particular focus on cathode materials (Georgi-Maschler et al. 2012; Zheng et al. 2018;
Kim et al. 2019). In 1991, Li-ionBs achieved their first commercial breakthrough spearheaded

by the Sony Corporation, initially used to power handheld video cameras. This milestone
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marked the onset of rapid development and the expansive application of this battery type up

to recent times (Ramanan 2019).

2.2.2 Lithium-ion Battery Components

A standard Li-ionB comprises four primary components: cathode, anode, electrolyte, and
separator. The variation or alteration of materials in these components significantly influences
essential characteristics affecting the performance of a Li-ion battery, including energy density,

durability, cycle life, and safety. The basic Li-ion cell schematic structure is depicted below in

Figure 2-1.
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Figure 2-1: Li-ionB schematic structure.

2.2.3 Working Mechanism

The electrochemical charging and discharging processes of a standard Li-ionB are driven by
the intercalation and deintercalation reactions of lithium ions between the anode and the
cathode electrodes (de Oliveira Demarco et al. 2019; Phuc Anh LE 2019).
The intercalation reaction occurs when an ion or molecule is included or inserted into a crystal
lattice or layered structure. In a Li-ionB system, two electrodes (cathode and anode) function
as solid host networks capable of storing and releasing lithium ions and electrons during
battery discharging and charging processes. During the discharging phase, lithium ions are de-

intercalated, moving the electrons from the anode electrode to the cathode electrode. The flow
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of electrons through an external circuit generates electric current and ultimately electrical
power. Subsequently, these transferred particles — lithium ions and electrons — are intercalated
into the layered structure of the cathode material. These electrochemical reactions are
reversible, allowing for a reverse process to occur when applying an external electric current to
a Li-ionB. Figure 2-2 schematically depicts the electrochemical reactions of an LCO-graphite Li-

ionB during its operation.
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Figure 2-2: Working mechanism of a Li-ionB (Tycorun 2021).

Overcharging a Li-ionB can lead to battery destruction (disintegration of active material) due
to the saturation of the active cathode material with electrons. The chemical reaction of this

phenomenon is shown below (Nitta et al. 2015; Kim et al. 2019; Phuc Anh LE 2019).

LiCoO, + Li+ e~ = Li,0 + CoO 2-1

The release, absorption, and arrangement of charged sub particles in the electrode structures
is greatly influenced by the charging and discharging voltage. Consequently, the charging and
discharging voltage significantly influence the capacity and charging duration of a Li-ionB.
Charging at a lower rate yields a higher capacity but necessitates an extended charging time,
whereas a higher charging rate reduces the charging time at the expense of diminished battery
capacity. Additionally, charging the battery at an elevated cut-off voltage may diminish its cycle

life and compromise safety. This is attributed to the destabilization of the cathode crystal
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structure and the occurrence of adverse side reactions involving the cathode and electrolyte

solution (Whittingham 2004; Nitta et al. 2015).

2.2.4 Anode Material

The manufacturing process for the anode mirrors that of its counterpart, the cathode, with the
anode material, typically carbon based, being applied to a copper current collector foil. Since
the commencement of commercial Li-ionB production in the 1990s, both graphite and hard
carbon have been employed as anode materials. Despite the existence of hard carbon, graphite
continues to dominate the anode market over time, owing to its superior discharge profile (Yu
et al. 2014; Ma, Chen, et al. 2019). Firstly, it essentially attains its near-optimal theoretical
specific capacity, approximately 375 mAh/g, equivalent to roughly 150 Wh/kg energy density.
However, this falls short of meeting the energy density demand for electric vehicles, which is

set at 200 Wh/kg (Lee et al.,, 2014).

Moreover, graphite anode material exhibits an inherent irreversibility that contributes to the
growth of lithium dendrites when Li-ionBs undergo cycling at high C-rates (Liu et al. 2014). For
the abovementioned reasons, numerous manufacturers of Li-ionBs have initiated research into
alternative non-graphite anodes, such as tin, silicon, or spinel lithium titanate (LisTisO1> — LTO)
(Lee et al. 2014; Liu et al. 2014; Nitta et al. 2015). The electrochemical properties of LTO anode
material can be easily enhanced and adjusted by fine-tuning its nanostructure (Song, Kim, et

al. 2014; Nasara et al. 2021).

2.2.4.1 Graphitic and Hard Carbons

Over two decades ago, the utilization of carbon anodes played a pivotal role in making Li-ionBs
economically feasible, and to this day, they continue to be the preferred and optimal choice
for anodes (Asenbauer et al. 2020). The electrochemical activity in carbon stems from the
intercalation of Li between the graphene planes, providing excellent two-dimensional
mechanical stability, electrical conductivity, and Li transport (Figure 2-3). This mechanism

allows for the storage of up to 1 Li atom per 6 C units (Nitta et al. 2015; Asenbauer et al. 2020).

Carbon possesses a combination of advantageous properties, including low cost, widespread

availability, a low delithiation potential vs Li, high Li diffusivity, excellent electrical conductivity,
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and relatively low volumetric expansion during lithiation/delithiation (Figure 2-3).
Consequently, carbon exhibits an appealing balance of relatively low cost, abundance,
moderate energy density, power density, and cycle life compared to other intercalation-type
anode materials. While carbon's gravimetric energy density surpasses that of most cathode
materials (Figure 2-4), the volumetric capacity of commercial graphite electrodes remains

limited (320-440 mAh/cm?).

Graphite LigTisO4,

1000 2000 3000 4000
Specific Capacity (mAh g")

Figure 2-3: Crystal structures of (a) lithiated graphite anode material, (b) lithium titanate anode material
(LTO), (c) silicon anode material during lithiation and d) charge-discharge profiles at low C-rates,
showing voltage hysteresis (reproduced by Nitta et al. (2015) with Permission Copyright (2014) American
Chemical Society) (Figure Adapted from (Nitta et al,, 2015)).
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Figure 2-4: Approximate range of average specific capacity and discharge potentials for some of the

most prevalent conversion-type anode materials (Figure Adapted from (Nitta et al., 2015)).

Commercial carbon anodes can be broadly categorized into two types. Graphitic carbons,
characterized by large graphite grains, can approach the theoretical charge capacity. However,
these carbons face challenges when paired with propylene carbonate (PC)-based electrolytes,
preferred for their low melting point and rapid Li transport. The issue arises from PC
intercalating alongside Li* between the graphitic planes, leading to graphite exfoliation and
capacity loss (Aurbach et al. 1999). Even in the absence of solvent intercalation, Li intercalation
takes place at the basal planes, resulting in the preferential formation of the solid electrolyte
interphase (SEI) on these planes (Nitta et al. 2015). The process of Li intercalation induces a
significant uniaxial 10% strain along the edge planes of single crystalline graphitic particles,
potentially causing SEI damage and reducing the cell's cycle life (Qi et al. 2010). To address
these issues, a recent approach involves coating graphitic carbons with a thin layer of
amorphous carbon, serving as a protective barrier for the susceptible edge planes against

electrolytes and enhancing coulombic efficiency.

Hard carbons possess diminutive graphitic grains characterized by disordered orientation,
making them significantly less prone to exfoliation. These grains feature nanovoids in between,
leading to diminished and isotropic volume expansion. Additionally, the nanovoids and defects
contribute to excess gravimetric energy density, enabling a capacity surpassing the theoretical
limit of 372 mAh/g (Nitta et al. 2015). Collectively, these characteristics establish hard carbons

as an electrode material with high capacity and extended cycle life. Nevertheless, the elevated
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fraction of exposed edge planes leads to the formation of a higher quantity of solid electrolyte
interface (SEl), thereby diminishing coulombic efficiency in the initial cycles. Considering the
limited lithium inventory in a full Li-ion cell, this poses a notable drawback in terms of attainable
capacity. Additionally, the presence of void spaces substantially lowers the particle density,

further reducing the volumetric capacity.

Ultimately, impurities like hydrogen atoms can yield additional capacity in anodes based on
carbon (Kicinski and Dyjak 2020). Nevertheless, these electrodes experience greater voltage
hysteresis, increased irreversible capacity loss, and even diminished volumetric capacity.

Consequently, their commercial viability is near unlikely (Borah et al. 2020).

2.2.4.2 Lithium Titanium Oxide (Li4Tis012/LTO)

Lithium titanium oxide (LTO) has attained successful commercialization due to its ability to
combine superior thermal stability, high rate capability, relatively high volumetric capacity, and
extended cycle life. Despite the higher cost associated with titanium, as well as a reduced cell
voltage and lower specific capacity (175 mAh/g & 600 mAh/cm? theoretical) (Peter E Roth and
Doughty Dan 2012), LTO demonstrates high rate and stability, stemming from a "zero strain”
intercalation mechanism and a high lithiation potential. The term "zero strain" is attributed to
the minimal volume change (0.2%) during the phase change caused by lithiation/delithiation

(Wagemaker et al. 2006; Colin et al. 2010).

Electrochemically, this characteristic is reflected in a small voltage hysteresis in the charge-
discharge profile (Figure 2-7). Moreover, the high equilibrium potential (~1.55 V vs. Li/Li+)
allows LTO to operate in a potential window above 1V, effectively avoiding the formation and
growth of the anode solid electrolyte interface (SEl). This circumvention is crucial, as it prevents
delays in Li insertion and mitigates Li losses in graphite anodes. Even if an SEl is formed, the
minimal volume change enhances its stability. The absence of SEl impedance concerns enables
the use of LTO nanoparticles, similar to intercalation cathode material, enhancing rate
performance at the expense of slightly lower volumetric capacity (Jung et al. 2011; Wu et al.
2012). Additionally, LTO is deemed extremely safe due to its high potential, preventing Li
dendrite formation, even at high rates. While LTO may not exhibit particularly high Li diffusivity
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or electrical conductivity compared to other anode materials, it remains an ideal choice for

lower energy, high-power, and high-cycle-life Li-ion batteries (Goutam et al. 2017).

Regrettably, surface reactions remain unavoidable with LTO anodes. Severe gassing occurs due
to a reaction between the organic electrolyte and the LTO active material (Nitta et al. 2015).
Although carbon coating can suppress this reaction, it also has the potential to catalyse and
expedite electrolyte decomposition during SElI formation, particularly at temperatures
exceeding 45 °C (He et al. 2013; Song, Kim, et al. 2014). Nevertheless, LTO anodes exhibit
impressive longevity, lasting for tens of thousands of cycles, providing a distinct advantage

over most other anode materials for high-power applications (Miao et al. 2019).

2.2.4.3 Conversion Materials — Alloying Materials (Type B)

In this context, the term 'alloying materials' pertains to elements that undergo electrochemical
alloying, forming compound phases with Li, specifically falling into the category of Type B
conversion materials at low potential (preferably below 1 V). While alloying materials can
exhibit exceptionally high volumetric and gravimetric energy density, they are known for their
substantial volume expansion, increasing to several times the original volume during lithiation.
(Figure 2-3c illustrates how this occurs for Si). This can lead to particle fracturing and the loss
of electrical contact (Wang et al. 2014). In the case of anodes, volume change has the potential
to disrupt the protective layer of the solid electrolyte interface (SEl), leading to continuous
electrolyte decomposition, depletion of lithium inventory, and an increase in cell impedance.
Consequently, alloying anodes often experience a shortened cycle life due to active material
loss and escalating cell impedance, particularly at high mass loadings (Chan et al. 2008;

Oumellal et al. 2008).

As a general approach, successful strategies involve the creation of a carbon composite
wherein the alloying material particles have sufficiently small dimensions to ensure mechanical
stability, electron transport, and lithium transport, while maintaining Li diffusion paths within
the electrode. Achieving this often necessitates a hierarchical structure, as depicted in Figure
2-3. To enhance SEI stability, the active material can be enclosed in a carbon shell with ample

void space to accommodate volume expansion (Figure 2-3) (Park et al. 2013). This
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encapsulation, in principle, can stabilize the SEI, prevent particle sintering into larger particles,

and enable a high cycle life even at high mass loadings (Chen et al. 2012).

Further stabilization of the SEI and extension of cycle life can be achieved through electrolyte
additives. Binders that bond to the active material, possess high stiffness, and exhibit minimal
swelling in electrolytes can provide additional mechanical stability, especially if a carbon shell
is not employed. Nevertheless, high mass loading electrodes with volumetric energy capacity
exceeding 400 mAh/cm? and reasonable cycle life (2x10°* cycles) in full Li-ionB cells have been
demonstrated (Ma, Sung, et al. 2019; Chen et al. 2021). Nanoparticles inherently present a
challenge due to their high surface area, leading to significant SEI formation and substantial

irreversible capacity loss during the initial cycles.

Si has garnered significant attention among alloying materials due to its relatively low average
delithiation potential, extremely high volumetric and gravimetric energy capacity, abundance,
low cost, chemical stability, and non-toxicity. Sn has also attracted interest, sharing similar
properties with Si but featuring lower gravimetric energy density, slightly lower cell voltage,
and higher electrical conductivity (Figure 2-3). However, Sn appears prone to delicate fracturing
even when reduced to the 10 nm range (Nitta et al. 2015). Ge maintains structural integrity
even at larger particle sizes, but its cost renders it impractical for most applications. Ga
possesses the intriguing characteristic of being in a liquid state near room temperature, yet its

expense limits widespread practical use (Nitta et al. 2015; Kitsche et al. 2020).

Among cost-effective lithium alloying metals, Zn, Cd, and Pb exhibit substantial volumetric
capacity; however, they contend with the limitation of low gravimetric energy density. Al,
another cost effective metal, metal also suffers from severe fracturing, even with nano
dimensions, as confirmed by in situ transmission electron microscopy (TEM) (Liu et al. 2011).
Elements like P and Sb have gained attention recently, with both displaying high capacity.
Electrodes with well-rounded electrochemical performance have been constructed by ball-
milling the P and Sb material with carbon. However, both elements are toxic, possess relatively
high delithiation potentials, and, additionally, Sb is not abundant (Darwiche et al. 2012; Qian et
al. 2012). Moreover, phosphorus is particularly dangerous due to its potential to form

phosphine (Nitta et al. 2015; Wei et al. 2023).
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2.2.4.4 Conversion Materials — other (Type A)

Historically, a prevalent strategy for developing conversion materials involved utilizing oxides
wherein Li,O is generated during the initial charging of the battery. Li>O serves as a bonding
agent, holding together particles of the alloying material (e.g., Si or Sn), while simultaneously
mitigating overall volume changes within the particles (Nitta et al. 2015). Nevertheless, Li.O
exhibits low electrical conductivity, leading to substantial irreversible capacity and a significant
voltage hysteresis, meaning a high discrepancy between the voltage at which the electrode
material charges versus discharges (Kim et al. 2022). Figure 2-5 shows the typical voltage

profiles of conversion-based anode materials after the first cycle, showing voltage hysteresis.
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Figure 2-5: Typical voltage profiles of conversion-based anode materials after the first cycle, showing

voltage hysteresis (Kim et al. 2022).

This issue persists even at extremely slow rates (Reddy et al. 2013). An alternative approach
involves utilizing Li;O itself as an active material, provided the voltage range is considerably
widened. This allows for the use of non-alloying transition metals (such as Manganese(ll)Oxide),
presenting the challenge of further reducing the potential difference with the cathode.
Additionally, if the Li,O phase is consumed, nanoparticles of active alloying materials may sinter
into larger particles, consequently increasing their ohmic and mass transfer resistance (Zheng,
Sun, et al. 2012). This process also typically results in significant volume changes, posing
challenges akin to those encountered with alloying anodes. Among various Type A conversion
anode materials, Li107V09302 and MgH, stand out due to their relatively moderate voltage
hysteresis and delithiation potentials, albeit at low current density operations (low C-rates)

(Oumellal et al. 2008; Armstrong et al. 2011). However, studies have yet to establish the viability
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of these cathode materials at higher C-rates (higher current density operations), and the
demonstrated electrochemical cycle life is also limited. Similarly, certain phosphide and nitride
electrodes have shown relatively low voltage hysteresis, but only at low C-rates (low

charge/discharge current densities) for several cycles (Cabana et al. 2010).

2.2.5 Cathode Material

The production of a cathode for a Li-ionB involves coating the aluminium current collector foll
with the active cathode material. The cathode holds significant importance in commercial Li-
ion batteries due to its inclusion of valuable metals (e.g., Co, Li, Mn) which play a decisive role
in determining battery properties and performance. Consequently, commercial lithium-ion
batteries are commonly identified by their active cathode material, serving as the lithium-ion

donor in the battery (Manthiram 2020).

This review compares and contrasts the electrochemical performance characteristics, existing
limitations, and recent advancements and breakthroughs in the development of commercial
intercalation cathode active materials, including lithium nickel cobalt manganese oxide (NMC),
lithium cobalt oxide (LCO), lithium nickel cobalt aluminium oxide (NCA), lithium titanium oxide
(LTO), lithium iron phosphate (LFP) and others, with that of conversion materials such as
alloying anodes (Sn, Ge, Si etc.), chalcogenides (S, Te, Se), and metal halides (Br, Cl, I) (Nitta et
al. 2015; Manthiram 2020). Notably, lithium nickel manganese cobalt (NMC) emerges as the
most widely deployed active material for cathodes, this trend is witnessed with a gradual
increase in market proportion over the years due to its higher energy and power density,
relatively higher safety rating, and lower cost compared to other competing electrodes (Kim et

al. 2019; Phuc Anh LE 2019; CSIRO 2022; Islam and lyer-Raniga 2022; Tawonezvi et al. 2023).

2.2.5.1 Intercalation Cathode Materials

An intercalation cathode serves as a solid host network capable of storing guest ions, allowing
for and facilitating their reversible insertion and removal from the host network. In the context
of Li-ion batteries (Li-ionBs), Li* acts as the guest ion, while the host network compounds
encompass polyanion compounds, metal chalcogenides and transition metal oxides. These
intercalation compounds exhibit various crystal structures, such as layered, spinel, olivine, and

tavorite (as depicted in Figure 2-6).
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The layered structure represents the earliest form of intercalation compound used in cathode
materials for Li-ion batteries. Metal chalcogenides like TiSs and NbSes were investigated more
than half a century ago as potential intercalating cathode materials (Murphy and Trumbore
1976; Nitta et al. 2015). While TiSs exhibited only partial reversibility due to an irreversible
structural shift from trigonal prismatic to octahedral coordination upon lithiation, NbSes
displayed reversible electrochemical behaviour. Among various chalcogenides, LiTiSz2 (LTS)
garnered significant attention due to its high specific energy density, extended cycle life
(surpassing 1200 cycles), and eventual commercialization by the company Exxon (Whittingham
2004). However, the bulk of current intercalation cathode research focuses on transition metal
oxides and polyanion compounds due to their higher operating voltage and consequent surge
in energy storage capacity (Murphy and Trumbore 1976). Typically, intercalation cathodes
demonstrate a specific capacity ranging from 100 to 200 mAh/g and an average operating
voltage of 3 to 5 V vs. Li/Li* (refer to Figure 2-6 and Figure 2-7) (Murphy and Trumbore 1976;
Nitta et al. 2015).

(e) | 301
LIN'O 33000,33Mnn 3302
S 451
g 4 0 ] Llcooz LINIO OCOO iﬁAlo 0602
5 a4
g
= 3.54
7
E 3.0
25 :
0 50 100 150 200 250

Specific Capacity (mAh g”)

Figure 2-6: Crystal structures of the most prevalent intercalation cathode materials: structure of (a)
layered (LiCo0Oy), (b) spinel (LiMn2Ou), (c) olivine (LiFePO4), and (d) tavorite (LiFeSO4F) (Figure Adapted
from Nitta et al, (2015)).
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Figure 2-7: Typical discharge profiles of the most prevalent intercalation cathode materials (Figure

adapted from (Liu et al. 2016)).

A comprehensive review of the characteristics of the prevalently employed intercalation
cathode compounds; crystal structure, theoretical/experimental/commercial specific and
volumetric capacities, average operational voltages, and level of development is tabulated in

Table 2-1.

34



Tendai Tawonezvi Literature Review

Table 2-1: Characteristics of the prevalently employed intercalation cathode compounds; crystal structure, theoretical/experimental/commercial specific and

volumetric capacities, average operation voltages, and level of development.

Crystal Compound Specific capacity; Vol. capacity =~ Average  Status of Reference
structure Theoretical/ Exp./  Theoretical/ voltage development
Typical commercial typical V)
cells (mAh/g) commercial
cells
(mAh/cm?3)
Layered LiCoO; 274/190 /180 1363/550 39 Commercialized  (Lyu et al. 2021)
LiNiO, 278/160 1280 3.8 Research (Mesnier and Manthiram 2020)
LiMnO, 285/140 1148 3.3 Research (Zhu et al. 2021)
LiNio.33Mno33C003302 280/165/170 1333/600 37 Commercialized  (Cheng et al. 2017)
LiNio.8C00.15Al0.0502 279/205/200 1284/700 3.7 Commercialized  (Martha et al. 2011; Chen, Zhu, et al. 2019)
LizMnOs 458/180 1708 3.8 Research (Wang et al. 2013; Guerrini et al. 2020)
Spinel LiMn,04 148/110 596 4.1 Commercialized  (Thackeray and Amine 2021)
LiCo,04 142/84 704 4.0 Research (Choi and Manthiram 2012)
Olivine LiFePO4 170/164 589 34 Commercialized  (Wang et al. 2018; Li and Ma 2019)
LiMnPO4 171/168 567 3.8 Research (Wang et al., 2018)
LiCoPO4 167/125 510 4.2 Research (Kim et al. 2015; Zhang et al. 2018)
Tavorite LiFeSO4F 151/120 487 3.7 Research (Kim et al. 2015)
LiVPO4F 156/129 484 4.2 Research (Xue et al. 2020)

35



Tendai Tawonezvi Literature Review

2.2.5.2 Transition Metal Oxide

LiCoO, (LCO), pioneered by Goodenough, stands as the first and most commercially
prosperous form of layered transition metal oxide cathodes (Ramanan 2019; Lyu et al. 2021).
Initially brought into commercial space by SONY, this electrode material continues to be
employed in the majority of commercial Li-ionBs. Co and Li, situated in octahedral sites, occupy
alternating layers, creating a hexagonal symmetry (Figure 2-6 a). LCO stands out as a highly
commercially viable cathode material, attributed to its relatively high theoretical specific
capacity of 276 mAh/g, substantial theoretical volumetric capacity of 1365 mAh/cm? minimal
self-discharge, elevated discharge voltage, and commendable cycling performance (Nitta et al.

2015; Lyu et al. 2021).

The primary challenges associated with LCO include its high cost, limited thermal stability, and
rapid capacity degradation, particularly at high current rates or during extended cycling. The
elevated cost of LCO cathodes is mainly due to the substantial cost of Co (Nitta et al., 2015).
Low material thermal stability denotes the exothermic liberation of oxygen when a lithium
metal oxide cathode is heated beyond a specific threshold, potentially triggering a runaway
reaction leading to the ignition of the cell (Dahn et al. 1994; Du Pasquier et al. 2003).
The occurrence of thermal runaway poses a significant concern in the utilization of Li-ionBs,
exemplified by the grounding of all Boeing 787 airplanes in 2013 (Williard et al. 2013).
Although this problem is common among transition metal oxide intercalation cathodes, LCO
exhibits the lowest thermal stability compared to any other commercially available cathode
material (Nitta et al. 2015). While thermal stability is also influenced by non-material factors
such as cell design and size, LCO batteries typically undergoes thermal runaway beyond
approximately 200°C. This is a consequence of an exothermic reaction between the liberated

oxygen and organic materials. (Choi and Manthiram 2012; Lyu et al. 2021).

Subjecting the battery to deep cycling (delithiation beyond 4.2 V, equivalent to around 50% or
more lithium extraction) leads to lattice distortion, shifting from hexagonal to monoclinic
symmetry. This transformation adversely affects cycling performance. Various metals, including

Mn, Al, Fe, and Cr, have been investigated as dopants or partial substitutes for Co, showing
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promise but with performance limitations (Nitta et al., 2015). The utilization of coatings
containing diverse metal oxides (Al,Os, B,Os;, TiO, ZrO;) has proven more effective in
enhancing the stability and performance characteristics of LCO, particularly during deep
cycling. This efficacy is attributed to the mechanically and chemically stable nature of oxide
materials, which can alleviate structural changes in LCO and minimize side reactions with the

electrolyte (Lyu et al., 2021; Scott et al., 2011).

LiNiO, (LNO) shares an identical crystal structure with LiCoO, and exhibits a comparable
theoretical specific capacity of 280 mAh/g (Ohzuku et al. 1993; Mesnier and Manthiram 2020).
The ongoing extensive research on LNO cathode compounds is primarily driven by its relatively
high energy density and lower cost compared to Co-based materials (Mesnier and Manthiram
2020). Pure LNO cathodes are unfavourable due to Ni** ions tendency of clogging the Li* sites
during synthesis and delithiation, ultimately impeding the Li* diffusion and transfer (Rougier
et al,, 1996). Thermal instability of LNO surpasses that of LCO as Ni** in LNO is more readily
reduced than Co®** in LCO (Mesnier and Manthiram 2020). Effective reduction of cationic

disorder involves partial substitution of Ni with Co (Hebert and McCalla 2021).

Insufficient thermal stability during high SOC prompted improvements through Mg doping,
while adding a minute amount of Al enhanced both the thermal stability and electrochemical
performance (Cormier et al. 2019). Consequently, the LiNipsCoo.15Al0.0s02 (NCA) cathode has
achieved widespread commercial deployment, notably in Panasonic Li-ionBs for Tesla electric
vehicles (EVs) (Nitta et al., 2015). NCA exhibits a high usable discharge capacity (approximately
220 mAh/g) and prolonged storage calendar life compared to conventional Co-based oxide
cathode compounds. However, reports indicate potential severe capacity fade at elevated
temperatures (50-80°C) due to solid electrolyte interface (SEI) growth and micro-crack

development at grain boundaries (Bloom et al. 2003; Chen et al. 2004).

Despite advancements in anhydrous and stoichiometric layered LMO cathode compounds
almost two decades ago, enhancing prior aqueous methods with induced impurities, varied
stoichiometries, poor crystallinity, and undesirable structural changes during cycling (Bruce et
al. 1999; Zheng et al. 2012; Gowda et al. 2014; Vu et al. 2021; Zhu et al. 2021), the cycling

performance of LMO remains unsatisfactory. This is attributed to the tendency of the layered
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structure to shift into a spinel structure during Li* ion extraction and the leaching of Mn during

charge/discharge electrochemical cycling (Zhu et al. 2021).

Dissolution of Mn during leaching occurs when Mn** ions undergo a disproportionation
reaction, forming Mn** and Mn**, observed in all cathodes containing Mn (Knight et al. 2015).
Mn?* is believed to be soluble in the electrolyte, potentially destabilizing the anode SEI. The
increase in Mn concentration in the electrolyte and anode SEI with aging is noted for Mn-
containing cathodes. Additionally, anode impedance is observed to rise with Mn dissolution
on carbon anodes but not on LTO (which has a negligible SEI) (Bruce et al. 1999; Zheng et al.
2012; Gowda et al. 2014). Despite experimental and theoretical attempts at cationic doping to
stabilize LMO, poor cycle stability, especially at elevated temperatures, has hindered

widespread commercialization (Nitta et al. 2015).

Continuous research efforts to develop cathode active materials less costly than LCO led to the
formulation of (Li(NixMny)O,, where x=0.5 and y=0.5) (NMO) cathode compounds (Nitta et al.
2015; Manthiram 2020). NMO compounds offers great potential as cathode materials due to
their ability to exhibit similar energy density to mainstream LCO compounds while reducing
costs through utilisation of lower-cost transition metals. The presence of Ni in the NMO
structure allows for higher Li* extraction capacity. Nevertheless, the mixing of cations, during
synthesis of NMO cathode compounds, may limit and compromise Li* diffusivity, consequently
leading to a limited rate capability of the electrodes during cycling. Recent Ab Initio
computational modelling forecasts that low-valence transition metal cations (Ni**) offer high-
rate pathways and minimal strain, pivotal elements for attaining high-rate capability in layered
cathodes. Kang et al. (2006) synthesized NMO through an ion exchange method and the
material exhibited a remarkably low concentration of defects, exhibiting a specific capacity as
high as approximately 190 mAh/g, even under very high C-rates (discharge rates) of 6C (Kang
et al. 2006).

Incorporating the high cost transition metal Co into the NMO (Li(NixMny)O,, where x=0.5 and
y=0.5) cathode material structure further enhances structural stability and integrity (Yabuuchi
and Ohzuku 2003). LiNixCoy,Mn,O, (NMC, aka NCM) cathode material compounds exhibits

similar or higher usable specific capacity than LCO cathode material compounds, with
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comparable operating voltage and lower cost since the Co content is reduced.
LiNi033C0033Mno330,, once a prevalent form of the NMC cathode material family, is still widely
used in the Li-ion battery market. Recent advancements, such as the synthesis of macroporous
NMC compounds, have demonstrated reversible specific capacity as high as 270 mAh/g (at
4.65 cut-off voltage) and excellent cycle stability even at elevated temperatures of 50 °C

(Divakaran et al. 2021).

Li,MnO; stabilized LIMO, (where M = Ni, Co, Mn) can reach high specific energy capacity (>230
mAh/g) when cycled at high voltages (4.6-3.2 V) (Vu et al. 2021). Li-MnOs is activated at
operating voltages >4.6 V, releasing Li.O on the first discharge-charge cycle, providing extra
Li* ions. The remaining Li2MnOs facilitates Li diffusion and acts as a Li* ion reservoir. This active
cathode material phase is termed as Li*-rich layered oxide compound due to its surplus Li*-ion
compared to the conventional layered structure. Sun et al. (2009) synthesized a cathode
material with an average composition of LiNiossC00.18Mno.1802, which incorporates a bulk
material consisting of a nickel-rich layered oxide (LiNiosC00.1Mng.10z) to enhance energy/power
density, and an outer layer comprising Mn and Co substituted NMC (LiNig46C00.23Mno310;) to
improve cycle life and safety. It is suggested that the stability of this material may stem from
the presence of stable Mn** in the surface layer, thereby delaying gas evolution resulting from

the reaction between Ni®* ions and the electrolyte (Sun et al. 2009; Wang et al. 2013).

Spinel Li2Mn;QO4, also known as LMO, derives advantages from the plentiful availability, cost-
effectiveness, and environmentally friendly characteristics of Mn* (Wang et al. 2013; Nitta et al.
2015). Li* ions occupies tetrahedral 8a sites whilst Mn is located in octahedral 16d sites in a ccp
array of oxygen anions (Figure 2-6). Li* ions have the ability to permeate through unoccupied
tetrahedral and octahedral interstitial sites within the three-dimensional framework. The
inadequate long-term cyclability is thought to stem from irreversible side reactions with the
electrolyte, loss of oxygen from the de-lithiated LiMn,0O4, dissolution of Mn, and the creation
of tetragonal Li-Mn,04 on the surface, particularly under high C-rates (high charge-discharge

rates) (Thackeray and Amine 2021).

Through utilisation of active material nanoparticles, the rate performance can be enormously

improved due to shorter Li* diffusion lengths and improved electron kinetics. Numerous

39



Tendai Tawonezvi Literature Review

different researchers have synthesized LMO nanowires and mesoporous LMO, showing
promising results (Sun et al. 2003; Jiao and Bruce 2007; Kim et al. 2008; Hosono et al. 2009;
Thackeray and Amine 2021). While diminished diffusion lengths contribute to the aggravation
of the dissolution problem, it can be mitigated through various means, including the
application of a surface coating containing ZnO, the incorporation of a Mn-rich layered
structure, metal doping, adjustment of oxygen stoichiometry, blending with alternative
cathode materials, and the establishment of a stable cathode SEI layer (Sun et al. 2003; Jiao
and Bruce 2007; Lee et al. 2010; Thackeray and Amine 2021). Jiao et al. (2008) presented a novel
ordered mesoporous lithium-rich Li1.12Mn18s04 spinel which was demonstrated to exhibit

improved electrochemical performance compared to bulk spinel (Jiao et al. 2008).
2.2.5.3 Polyanion Compounds

In exploring new cathode active materials, researchers developed a new class of compounds
called polyanions. Large (XO4)>~ (X = W, S, P,As, Si, Mo, W) polyanions occupy lattice positions
and increase cathode redox potential while also stabilizing their structure (Nanjundaswamy et
al., 1996). LiFePO4 (LFP) stands as the archetypal material exhibiting the olivine structure,
renowned for its thermal stability and robust power capabilities (Li and Ma 2019). In the LFP
configuration, Li* and Fe** occupy octahedral sites, while P resides in tetrahedral sites within a
slightly distorted hexagonal close-packed (HCP) oxygen arrangement (Figure 2-6 c). Despite
its merits, the LiFePO4 cathode material grapples with certain electrochemical and
physicochemical weaknesses, including its relatively low average potential (Figure 2-7) and
diminished electrical and ionic conductivity. A decade of intensive research has yielded
noteworthy advancements in both the performance and mechanistic comprehension of the

LFP cathode formulation.

Efficient enhancement of rate performance was achieved through a combination of reducing
particle size, employing carbon coating, and incorporating cationic doping (Li and Ma 2019). It
is crucial to underscore that relatively high electrochemical performance can also be attained
without carbon coating when particles are uniformly nano-sized, and conductive nanocarbons
are integrated into the cathodes (Delacourt et al. 2006; Nitta et al. 2015). Notable examples,

such as the virus-templated amorphous anhydrous FP/CNT composite, have exhibited
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promising outcomes (Lee et al. 2009). Reports indicate that the facile redox reaction in non-
conductive LFP may be attributed to a curved one-dimensional lithium diffusion path through
the [0 1 0] direction (Nishimura et al. 2008). However, the inherent low density of
nanostructured LFP electrodes, coupled with their low average potential, imposes constraints
on the energy density of LFP cells. Notably, a recent introduction of a novel non-olivine
allaudite LFP has demonstrated fundamentally different electrochemical behaviour compared

to conventional olivine LFP (Kim et al. 2013).

Various olivine structures, including LiMnPO4 (LMP), offer an approximately 0.4 V higher
average voltage than olivine LFP (Figure 2-6), translating to higher specific energy but at the
expense of lower conductivity. Additionally, LiCOPOj, LiNiosC005PO4, and LiMng33Fe33C0033PO4
(LCP, NCP, MFCP) have shown promising results, yet further strides are required in power,
stability, and energy density (Nitta et al. 2015). The novel LisV2(PO.)3 (LVP) exhibits a relatively
high operating voltage (4.0 V) and commendable capacity (197 mAh/g) (Huang et al. 2002).
Remarkably, the LVP/C nanocomposite has demonstrated 95% theoretical capacity at a high
rate of 5 C, despite the low electronic conductivity of LVP (similar to LFP) (Delacourt et al. 2006).

LiFeSO4F (LFSF) emerges as another intriguing cathode material due to its elevated cell
operation voltage and reasonably moderate specific capacity (160 mAh/g) (Recham et al. 2010).
Fortunately, LFSF boasts better ionic/electronic conductivity, mitigating the imperative need
for carbon coating and/or nanoparticles. Moreover, LFSF presents economic viability as it can
be prepared with abundant resources. Structurally, LFSF consists of two slightly distorted
Fe?*O4F, oxyfluoride octahedra connected by F vertices in the trans position, forming chains
along the c-axis, and the Li* is situated along the (1 0 0), (0 1 0), and (1 0 1) directions (Figure
2-6d). Simulation-based evaluations of tavorite-structured cathode materials have indicated
the fluorosulphate and fluorophosphate families as the most promising, while the oxysulphate

family lags behind (Mueller et al. 2011).

Tavorite-structured materials, featuring one dimensional diffusion channels, are posited to
exhibit low activation energies, facilitating charge and discharge of Fe(SO.)F and V(PO)F at
remarkably high rates, akin to those observed in small olivine Fe(POs) particles. While the

vanadium-containing material, LiVPO4F, displays efficient cycling with high voltage and
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capacity, concerns persist regarding its toxicity and environmental impact (Barker et al. 2003;
Nitta et al. 2015). Interestingly, Li* intercalation at approximately 1.85 V showcases the
versatility of the material, rendering it suitable for utilisation in both the anode (Li1+xVPO4 where
x = 0-1) and cathode (Li1-x\VPO4 where x = 0-1) configurations. For comprehensive and in-
depth details on material synthesis methods, physicochemical properties, and structural and
reaction mechanisms, specialized reviews are available elsewhere (Masquelier and Croguennec

2013; Sergio and Stefania 2021).

2.2.5.4 Conversion Cathode Materials

Conversion electrode materials undergo a solid-state redox reaction during the processes of
lithiation and delithiation. This involves a transformation in the crystalline structure,
accompanied by the breaking and recombining of chemical bonds (Yu et al. 2018). The full

reversible electrochemical reaction for conversion electrode materials is generally as follows:

Type A
MX, +yLie M+ zLi(y/Z)X2 2-2
Type B
yLi+ X o Li X 2-3

Concerning cathodes, the Type A classification (Eq. 2-2) encompasses metal halides that involve
high-valence metal ions (2 or more) to achieve elevated theoretical capacities. The process is
exemplified in Figure 2-8 (a) using FeF, particles. F ions, exhibiting heightened mobility, diffuse
out of the FeF. structure, leading to the formation of LiF, while nanoscale phases of Fe
materialize subsequently (Wang, Robert, et al. 2011). Consequently, metal nanoparticles
become dispersed within a 'sea’ of LiF (expressed as Liy»X in Eq. (2-3)). It is noteworthy that
this mechanism is applicable, to varying degrees, across all Type A active materials, although

certain instances may involve the creation of an intermediate Li insertion phase.
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Figure 2-8: Transformations annotated in selected conversion-type cathode materials: (a) propagation
of lithiation reaction front through a single FeF; particle; (b) polysulphides shuttle accompanying charge
and discharge of a S particle and (c) typical discharge profiles of the most prevalent conversion type

cathode materials (Figure adapted from (Wang et al. (2011)).
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Figure 2-9: Approximate range of average specific capacity and discharge potentials for some of the

most prevalent conversion-type cathodes (Figure adapted from (Wu & Yushin, 2017)).
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S, Se, Te, and | adhere to the Type B reaction (Eg. 2-2,2-3). Among these elements, S has
garnered the most extensive attention due to its high theoretical specific capacity (1680
mAh/qg), cost-effectiveness, and abundance in the Earth's crust. It is crucial to note that oxygen
is also classified as a Type B cathode in lithium-air batteries; however, it introduces
fundamentally different technological challenges as it exists in a gaseous state. The inclusion
of ambient air in such systems further complicates the matter. Consequently, lithium-air

batteries are not within the scope of this review.

Figure 2-8 (b) illustrates the intermediate steps involved in the complete S conversion reaction,
featuring intermediate polysulphides that are soluble in organic electrolytes. Additionally,
Figure 2-9 (c) presents the typical discharge curves for conversion cathode materials. Notably,
CuF, and BiF; exhibit a well pronounced and promising discharge profiles characterized by
high-voltage plateaus. In contrast, Li,S, Se, and S display a notably flat and extended voltage
plateaus, indicating favourable kinetics in the reaction between two solid phases (Wang,

Robert, et al. 2011; Nitta et al. 2015; Yu et al. 2018).

2.2.5.5 Fluorine and Chlorine Compounds

Recent attention has been devoted to metal fluorides (MF) and chlorides (MCl) owing to their
relatively moderate operation potentials and high theoretical specific and volumetric
capacities. However, these cathode materials exhibit unfavourable characteristics such as poor
conductivity, substantial voltage hysteresis, high volume expansion, dissolution of active
material and unwanted side reactions (Nitta et al. 2015). Most MF, especially FeFs and FeF,, are
renowned for their limited electroconductivity attributable to their large band gap resulting
from the highly ionic nature of the metal-halogen bond. Despite this, their open spatial
structures can facilitate robust ionic movement and transfer therefore giving rise to high ionic
conductivity environment (Zheng et al. 2012; Yu et al. 2014). Similarly, metal chlorides also
suffer from inadequate electroconductivity for analogous reasons. Notably, all reported MF
and MCI materials exhibit pronounced voltage hysteresis, a consequence of factors such as
poor electronic mobility (poor electroconductivity) and ionic mobility (poor ionic conductivity)

(Yu et al. 2014).
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Moreover, Type A conversion materials lead to the formation of metal nanoparticles at their
fully lithiated state. BiFs and FeF. have been identified as catalysts for the decomposition of
cyclic carbonates at relatively high voltages, thereby compromising cycle life (Gmitter et al.
2010). On the other hand, Cu nanoparticles can undergo electrochemical conversion to Cu'*,
which subsequently dissolves into the electrolyte (Nitta et al. 2015). Even in the absence of such
undesired side reactions, the coalescence of metal nanoparticles over numerous cycles can

exacerbate voltage hysteresis (Liu et al. 2012).

Many ionic compounds, including certain fluorides, are soluble in polar solvents (Fu et al. 2005).
Metal chlorides, including LiCl, are even more prone to dissolution in various solvents, including
those commonly used in Li-ionB electrolytes (Wang, Robert, et al. 2011). Meanwhile, the
empirically calculated volume expansions of MCl and MF, based on room temperature densities
before and after lithiation, are relatively moderate (Wang, Robert, et al. 2011; Nitta et al. 2015).
The extensively studied MF and MCI materials generally exhibit volume expansions ranging
from 2% to 25%. Although not as substantial as observed in Type B conversion cathode
materials and conversion/alloying anode materials (discussed in subsequent sections), issues

such as fracturing, and loss of electrical contact remain possible.

To address their respective low electro and ionic conductivities, the synthesis of nanoparticles
for conversion cathode materials becomes crucial to shorten the transfer pathways for ions and
electrons. For MF and MCI, active materials are often dispersed onto or enveloped in
conductive matrix materials to create alloys with enhanced conductivity, exemplified by

FeFs/graphene, FeFs/CNT, BiF:/MoS,/CNT and AgCl/acetylene black (Nitta et al. 2015).
2.2.5.6 Sulphur and Lithium Sulphide

Sulphur boasts an exceptionally high theoretical specific capacity of 1675 mAh/g, coupled with
its cost-effectiveness and relative abundance in the Earth's crust. Nonetheless, cathodes based
on sulphur encounter challenges, including a low potential versus Li/Li*, poor electrical
conductivity, dissolution of intermediate reaction products (polysulphides) in the electrolyte,
and, in the case of pure sulphur, an exceedingly low vaporization temperature, leading to

sulphur loss during electrode drying under vacuum. Sulphur also undergoes an approximate
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80% volume change, posing a risk of disrupting electrical contact in standard carbon composite
electrodes (Du Pasquier et al. 2003; Yu et al. 2014). To address the effects of both dissolution
and volume expansion, sulphur can be encapsulated within a hollow structure with excess
internal void space. Various materials, such as polyvinyl pyrrolidone polymer, carbon, and TiO;
capsules, have been impregnated with sulphur through infiltration and chemical precipitation.
Tested in half cells with thin electrode configurations, these alloys demonstrate cycle life, at

times, approaching 1000 cycles (Du Pasquier et al. 2003; Yu et al. 2014).

To circumvent the adverse effects of volume expansion, prevent sulphur evaporation during
drying, and establish full cells with Li-free (and consequently safer) anodes, electrode materials
have also been devised in the form of Li,S (Du Pasquier et al. 2003; Nitta et al. 2015).
Unlike S, Li;S is less readily infiltrated into a host network because of its higher melting point.
However, the substantial solubility of Li,S in environmentally friendly solvents like glycerol,
acetic acid and ethanol presents an opportunity to fabricate various Li,S-based
nanocomposites, such as Li>S nanoparticles embedded within conductive carbon matrices (Su
et al. 2014). Given that fully lithiated Li,S does not undergo further volume expansion, the need
for void spaces is eliminated. In fact, carbon-coated Li:S exhibits little to no change in

morphology after 350 charge/discharge cycles (Nan et al. 2014).

Electrolyte modification stands as the conventional approach to alleviate polysulphide
dissolution, with additives like LINOs and P,Ss forming a robust solid electrolyte interface (SEI)
on the Li metal surface, thereby preventing the reduction and subsequent precipitation of
polysulphides (Lin et al. 2013a; Nitta et al. 2015). Additionally, the introduction of lithium
polysulphides can temporarily decrease cathode dissolution (Lin et al. 2013b). Several studies
have also employed higher molarity electrolytes, significantly reducing polysulphide solubility
(Lee et al, 2013; Suo et al, 2013). Lastly, solid-state electrolytes offer a means to prevent
polysulphide dissolution while concurrently enhancing cell safety by averting Li dendrite short-

circuiting (Hassoun and Scrosati 2010; Lin et al. 2013b; Nitta et al. 2015).
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2.2.5.7 Selenium and Tellurium

Recently, Se and Te have garnered attention due to their higher electroconductivities
compared to S and substantial theoretical volumetric capacities of 1700 mAh/cm? and 1300
mAh/cm?, respectively, in their fully lithiated state. Owing to their superior electroconductivity,
Se and Te often exhibit enhanced utilization of active materials and higher rate capability than
S. However, akin to S, Se-based cathodes face challenges related to the dissolution of high-
order polyselenides, leading to rapid capacity loss, suboptimal cycle performance, and reduced
coulombic efficiency (Luo et al. 2013). As of the recent date of publication, no reports have
surfaced regarding the dissolution of polytelluride. Elemental Se and Te are also susceptible to
considerable volume changes during cycling (Nitta et al. 2015). Fortunately, both Se and Te
share the characteristic of having low melting points. Researchers have successfully infiltrated
these materials into diverse porous carbon hosts and dispersed or enveloped them in
conductive matrices to enhance their performance. It is essential to note, however, that Te's
impractical cost prohibits its widespread use. Moreover, Se and Te, akin to Ag and Au, exhibit
limited abundance, making them unlikely candidates for mass production (Yang et al. 2013;

Nitta et al. 2015).

2.2.5.8 lodine

The lithium-iodine (Lil) primary battery technology employs Lil as a solid electrolyte (with a
conductivity of 107° S/cm), resulting in a low self-discharge rate and high energy density.
Consequently, this configuration serves as a crucial power source for implantable cardiac
pacemaker applications (Nitta et al. 2015). During discharge, the cathodic iodine undergoes a
reduction process, first forming the tri-iodide ion (I*”) and then further reducing to the iodide
ion (I7). While suitable for implantable cardiac pacemakers, this chemistry presents challenges
in other applications due to its low power capability. Additionally, in standard organic
electrolytes, iodine, triiodide, and lithium iodide exhibit solubility (Wang, Sun, et al. 2011). Given
the high solubility of Lil in organic solvents, iodine ions have been considered for utilization in
lithium-flow batteries. Recent advancements involve the infiltration of active iodine into the
pores of porous carbon, facilitated by its low melting point of 113°C (Kang et al. 2020). The

resulting iodine-conductive carbon black composite demonstrates a high discharge voltage
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plateau, commendable cycle performance, and excellent rate capability. These improvements
are attributed to enhanced electronic conductivity and the suppression of active material

dissolution (Wang et al.,, 2011; Nitta et al., 2015).

Moreover, electrolyte modifications play a crucial role in minimizing unfavourable reactions
between the electrolyte and active material during various stages of charge and discharge (Yu

et al. 2014; Nitta et al. 2015; Phuc Anh LE 2019).

2.2.6  Electrolyte Solution

The electrolyte solution plays a crucial role in the operation of any electrochemical cell, as it
enables the movement of ions (such as lithium ions in Li-ionBs) between electrodes, generating
electric current. In the case of Li-ionBs, the electrolyte consists of a blend of organic solvents
and lithium salts. Typical organic solvents include dimethyl carbonate, ethyl methyl carbonate,
propylene carbonate (PC), dimethyl sulphoxide (DMSO), and diethyl carbonate (DEC) (Younesi
et al. 2015). lithium-perchlorate (LiClOy4), Lithium-hexafluoroarsenate (LiAsFg), Lithium
tetrafluoroborate (LiBF4) and lithium-hexafluorophosphate (LiPFs) are popular lithium salts

(Younesi et al. 2015).

2.2.7 Separator

The separator in Li-ionBs, typically made from polyolefin, constitutes a microporous membrane
(Othman et al. 2020). The separator, immersed in the electrolyte solution, is positioned between
the anode and cathode, serving as a safety barrier to prevent short-circuiting in case of direct
contact between the two electrodes. The lithium-ion permeability of the membrane ensures
the exclusive flow of charged particles, specifically lithium ions, between the two electrodes,

thereby ensuring the battery's normal operation.

Separators in Li-ionBs can be either multi-layered or single-layered and are crafted from
materials such as polypropylene (PP) or polyethylene (PE) (Nitta et al. 2015; Phadke et al. 2018).
Collectively, each of these components plays a crucial role in influencing battery performance

and properties. Modifying any of these components has the potential to enhance
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electrochemical properties and overall operation of the Li-ionB. Notably, electrodes,
particularly the cathode, hold exceptional significance as they directly impact various
characteristics of Li-ionBs, including safety, charging time, depth of discharge, capacity, and
more. Consequently, efforts aimed at optimizing and recycling have been initiated to
comprehensively understand and develop the potential of Li-ionBs effectively and sustainably,

especially concerning their cycle life.

2.3 Summated Lithium-lon Battery Commercial Cathode Development over the

Years

The first commercial rechargeable Li-ionBs were prototyped by SONY in the early 1990s and
consisted of a LiCoO; (LCO) cathode and a carbonaceous anode (Nishi 2001; Reddy et al. 2020).
Since its commercial inception, Li-ionBs have been viewed as the most promising "green
battery" due to their high energy and power density, exceptional design flexibility, and
prolonged lifespan when compared to other battery technologies (Piatek et al. 2021). Lithium
manganese oxide (LMO), LMO-based rich layered materials (LMR, NMC), Lithium cobalt oxide
(LCO), lithium nitrate oxide (LNO), lithium iron phosphate (LFP), lithium nickel manganese
cobalt oxide (NMC), and lithium nickel cobalt aluminium (NCA) are some of the novel types of
Li-ionBs that have been intensively researched in recent years to meet the exponentially

growing need for creating battery-powered gadgets (Werner et al. 2020).

The market value, circulability (cm) and supply risk of several Li-ion cathode active materials
are quantified and evaluated using correlations from Bloomberg Precious and Industrial
Markets, as guided by Lv et al. (Lv et al. 2018). The data correlations demonstrate that recycling
LCO and NCM is slightly more imperative, feasible, and profitable than recycling other cathode
active material formulations due to the high Co content nature of their respective formulations.
In the last decade, low-circulability and high-cost metals (in cathode active materials) with high
supply risks have been gradually replaced by high-circulability and low-cost metals with lower
supply risks. It is consequently necessary to improve Co circulability and research new cathode

active materials in order to alleviate supply risk pressure.
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The McKensie battery manufacturing model (2020) predicts that the production of Li-ionBs will
continue to grow rapidly between 2010 and 2030. The model extrapolated the production to
reach 7500 GWh in 2030 (AL Shagsi et al. 2020; CSIRO 2022; ESMAP 2022). One driving factor
is the rapid development and production of electric vehicles, whose sales have remained
booming vastly in recent years. As NCM, NCA, and LiFePO, become more crucial cathode active
materials for power batteries, the amount of valuable metals like Li, Ni, and Co that must be
recycled through the recycling streams will increase proportionately (Werner et al. 2020;
Chandran et al. 2021; Pigtek et al. 2021). The spent Li-ionB waste stream will become
significantly complex if processed without effective classification and management (Werner et

al. 2020; Chandran et al. 2021; Pigtek et al. 2021).

Nevertheless, data from ESMAP (2022) indicated that less than 25 % of the spent batteries
available for recycling were recycled in 2020. Meanwhile, CSIRO (2022) reported that less than
2% of Li from spent Li-ionBs was recycled in the world in the same year despite the amount of
spent Li-ionBs surging from 180000 metric tonnes in 2014 to 600000 metric tonnes in
2020. Contrasting this trend to Figure 2-10, which depicts the global growth in the amount of
spent Li-ionBs and the market size of Li-ionBs in the global market from 2008 to 2030, it is
evident that there is a positive correlation between the amount of spent Li-ionBs and the
market size of Li-ionBs. Therefore, from the market revenue of Li-ionBs, the consumption and
demand trends of spent Li-ionBs could be extrapolated (Lv et al. 2018; Zhao et al. 2021b). The
recycling processes of spent Li-ionBs need to be studied and developed further urgently to
establish industrial process routes that are more cost-effective and environmentally friendly

than current processes.
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Figure 2-10: Global market size and total battery spent estimation of Li-ionBs over the years (Data

derived from (AL Shagsi et al. 2020; CSIRO 2022; ESMAP 2022)).

2.4 Why Recycle Lithium-lon Batteries?

Figure 2-11 depicts the rechargeable battery global demand surge by battery application over
the years (Global Battery Alliance 2020; Zhao et al. 2021b). Up to date, portable electronics like
cell phones and note PCs have accounted for the majority of the Li-ionB demand. It is
anticipated that demand for such tiny gadgets will exponentially rise over time. After a
succession of advancements, the market for Li-ionBs will prosper with the aid of various Li-ionB
applications, including solar panel systems, electrical power tools, smart grids, and especially
electric automobiles. According to extrapolations (Figure 2-11), the market for rechargeable
batteries for electric vehicles will surpass 7000 GWh in 2030, while the overall market for

batteries will top 10000 GWh.
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Figure 2-11: Global demand for battery technologies by application from 2015 to 2030 (Data from
(Global Battery Alliance 2020)).

The typical lifespan of Li-ionBs is 3-4 years. As deposits in the electrolyte created during
charging hinder ion transit over time, the capacity of the cell declines. Age and cycling both
result in an increase in internal resistance, which lowers the cell's capacity to conduct current.
Additionally, as internal resistance increases, the terminal voltage decreases. Older batteries,
therefore, don't charge as quickly as new ones (the charging time required decreases
proportionally). Li-ionBs will inevitably contribute significantly to solid waste, which must not

be disregarded (Zhao et al. 2021b; Du et al. 2022).

Since Li-ionBs don't contain any substances that are hazardous to the environment on their
own, they are harmless and deemed suitable for landfill disposal. However, if Li-ionB materials
in a landfill leak and eventually come into contact with water, hazardous materials will be
produced that will seep into the groundwater, making the landfill hazardous to the
environment. Poisonous HF can be emitted when LiPFs in the electrolyte decomposes and
reacts with water: LiPFe+H,O—POFs;+2HF+LiF (Werner et al. 2020; Zhao et al. 2021b).
Additionally, internal short circuits during decomposition can generate significant heat and
oxygen, potentially causing explosions. Li-ion batteries contain elements like cobalt, copper,
nickel, and iron, which can leach into the environment and present serious health risks to both
animals and humans. These toxic elements may lead to chronic diseases and can be fatal if

ingested or otherwise introduced into the body. Additionally, discarding the batteries
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necessitates the extraction or mining of new metals, which has a considerably greater negative
impact on the environment than simple recycling. Although Li-ionBs are partially recycled, a
substantial amount still ends up in landfills each year, taking up space that could otherwise be

conserved (ESMAP 2022).

While Li-ionBs are NOT extensively and effectively recycled, Pb-acid batteries are recycled to a
degree of 97%, and more than 50% of the lead supply originates from recycled batteries (Global
Battery Alliance 2020). Despite the enormous increase in Li demand, the study of the geological
resource base for Li reveals that not enough Li is present in the Earth's crust to support the
production of electric vehicles in the requisite quantities using only Li-ionBs (CSIRO 2022).
Recycling can significantly lower the amount of Li needed. Having a recycling system in place
will allay worries that the adoption of Li-ionB-powered vehicles will result in a shortage of
lithium carbonate and a reliance on nations like China, Russia, and Bolivia, who hold the

majority of the world's Li reserves (ESMAP 2022).
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Figure 2-12: Typical Li-ionB composition (data derived from (Werner et al. 2020; Chandran et al. 2021;

Pigtek et al. 2021).

Conventional electrochemical Li-ionBs constitute valuable metallic elements such as Co, Mn,
Fe, and Ni. Figure 2-12 depicts a typical composition of a Li-ionB. Table 2-2 shows the
approximate value per metric ton (in the year 2022) for the key valuable components in a
standard Li-ionB technology (Bloomberg 2022). Large-scale economic and non-complex Li-

ionB recycling will undoubtedly benefit the environment and the economy as more and more

53



Tendai Tawonezvi Literature Review

Li-ionBs are produced and consumed (Steward et al. 2019; Du et al. 2022; Wu et al. 2023). As
noted, Cathode active materials contribute the largest share in the overall cost of the battery,

hence the emphasis of recycling should be primarily focused on the cathode component.

Table 2-2: Approximate value for main components in a typical Li-ion cell (April 2022) (data from

(Bloomberg 2022)).

Component Approximate Value (US$/Ton)
Cobalt 87,633

Aluminium 2,753

Nickel 28,370

Manganese 2,000

Iron 300

Electrolyte 1,500

Copper 9,219

Lithium 59,720

2.5 Conventional Recycling Methodologies

2.5.1 Overview

Spent Li-ionBs constitute mainly valuable metallic components such as Ni, Co, and Li and less
valuable elemental components such as P, Al and Fe (Nitta et al. 2015; Zheng et al. 2018; Du et
al. 2022; Wu et al. 2023). The recovery of highly valuable metals like Li, Ni, and Co from cathode
active materials is the primary objective of recycling spent Li-ionBs, an initiative largely driven

by environmental and economic concerns as highlighted in prior sections.

Spent Li-ionBs are conventionally recycled by employing hydrometallurgy, pyrometallurgy, bio
metallurgy or electrometallurgy or a combination of all or some of them at the industrial and
pilot scale (Phadke et al. 2018; Harper et al. 2019; Makuza et al. 2021b; Du et al. 2022). Figure

2-13 depicts a schematic representation of a typical recycling scheme, which typically entails
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four primary steps: pre-treatment, metal extraction, product and component refining, and
battery production. which typically entails four primary steps: pre-treatment, metal extraction,

product and component refining, and battery production.
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Figure 2-13: Conventional recycling stages for spent Li-ionBs.

Figure 2-14 lists all the conventional processes involved in each stage of recycling spent Li-ion
batteries, the stages include pretreatment, physical processes, chemical processes, and product
preparation processes. To avoid runaway spontaneous combustion of battery elements or
short-circuiting during the subsequent disassembling or dismantling step, spent Li-ionBs are
typically first fully discharged to empty all the remaining power. To discharge spent Li-ionBs,
they are usually immersed in a salt solution (Georgi-Maschler et al. 2012; Zheng et al. 2018;
Phuc Anh LE 2019). Following the discharging step, the fully discharged spent Li-ionBs are
processed through mechanical separation and automated or manual dismantling. The goal of
this step is to remove the plastic or metal casings and separate the internal components of
spent Li-ionBs (i.e., anode, cathode and separator) for further recycling processing. Following
the disassembling step, the active cathode material is separated from the current collector
through chemical, thermal or physical treatment processes (e.g., thermal treatment method,

manual scraping method, NaOH dissolution method, solvent dissolution method, ultrasonic-
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assisted separation, or mechanical method) (Georgi-Maschler et al. 2012). The recovered

cathode active material is then channelled to the next stage for further processing.
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Figure 2-14: Recycling mythologies for spent Li-ionBs.

2.5.2 Pre-treatment Process

The various waste battery streams are often subjected to either a mechanical or chemical pre-
treatment procedure in order to prepare them for later processing. Pre-treatment also
increases the efficiency of the overall battery recycling process. The subsequent processes will
be more fluid if thorough pre-treatment is administered. Dismantling, crushing, screening, heat
treatment, mechanochemical technique, dissolving, and other pre-treatment procedures are
the primary pre-treatment processes. Due to their vastly differing physical qualities, several
valuable metals, components or materials, such as Cu, Al, and carbonaceous anode, are simple
to recover and recycle through pre-treatment. Pre-treatment processing plays a significant role
in separating and recovering cathode active materials and organic binders from the current
collector as it makes subsequent process execution much less energy and time-intensive

(Shuguang Zhu et al. 2011).

Shin et al. (2005) described a single-stage pre-treatment process in which the spent Li-ionBs
were directly crushed to an appropriate size, followed by fine crushing and sieving to remove
aluminium foil which would affect the leaching process (Shin et al. 2005). At the end stream,
metallic material was collected using magnetic separation. The pre-treatment technique
requires the removal of the organic binder, which is crucial. Thermal treatment, ultrasonic
cleaning, and organic reagent dissolving are the ideal processes to undertake such a task (Shin

et al. 2005; Granata et al. 2012; Song, Wang, et al. 2014; He et al. 2017a).
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To separate different materials, Granata et al. (2012) utilised a splitter and a two-rotor crusher.
Thermal processing at 300 °C for two hours removed the organic binder (Granata et al. 2012).
However, the breakdown of organic materials like PVDF resulted in the production of harmful
and poisonous fumes like HF and exhaust that have been contaminated with heavy metals. As
a result, it seems necessary to use a system that includes a cooler, a condensation chamber,
bag filters and carbon filters as tail gas processes to dispose of harmful gases. Researchers
experimented with organic dissolution reagents to dissolute the organic binder in light of the
drawbacks entailed by the heat treatment. For instance, the dissolution reagent used to
dissolve PVDF is a mixture of N, N-dimethylformamide (DMF) and N-methyl pyrrolidone (NMP)
or ethanol, although the dissolution reagent (solvent) itself is typically referred to as a
toxicant (Song, Wang, et al. 2014). Citrus fruit juice (CFJ) was ascribed by Pant and Dolker (Pant
and Dolker 2017) as a green, non-toxic, and eco-friendly solvent to make up for the drawback
of utilizing a hazardous solvent as a dissolution reagent. To accomplish successful dissolution,
the CFJ procedure is often carried out under extreme temperature conditions (typically over 90

°C) (Pant and Dolker 2017; Lv et al. 2018).

The mechanochemical process, in addition to mechanical processing methods, is an imperative
process that alters raw materials mechanically to affect their physicochemical properties
through the utilisation of high-energy ball milling (Saeki et al. 2004; Wang et al. 2016; Guan et
al. 2017; Yang et al. 2017). The grinding and rubbing of particles could also unintentionally
activate various chemical reactions. The activity of the materials will subsequently be improved
following the mechanochemical conversion. In light of this, mechanochemical technology is
frequently utilized in pre-treatment operations of spent Li-ionB cathode active particles to alter,
modify or disrupt their respective crystal structure in order to enhance the leaching efficiency
(Yang et al. 2017). Even though pre-treatment processes have been the subject of a lot of
research, there are still certain practical challenges that must be addressed for the developed
processes to be viable. The practical challenges faced by the pre-treatment processes are
summarized in Table 2-3. Furthermore, the adoption of various pre-treatment techniques is
still hampered by the disorganized and less effective classification of Li-ion spent batteries,
complex disassembly and dismantling processes, and inefficient valuable metal extraction (i.e.

Co, Ni and Li) (Kim et al. 2021; Zhang et al. 2021). Pre-treatment processes must therefore be
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utilised in conjunction with other physicochemical procedures to achieve the goal of efficiently

recycling all valuable materials or metals in spent Li-ionBs.

Effective separation of the cathode active material from the foil is achieved via solvent
dissolution, ultrasonic-assisted separation, sodium hydroxide (NaOH) dissolution, thermal
treatment and mechanical separation methods (Lv et al. 2018). The methods are discussed in

detail in the following sections.

2.5.2.1 Solvent Dissolution Method

The solvent dissolution process weakens the bond between the substrate and cathode active
material by dissolving the binder material. Selecting the most effective organic solvent to
dissolve, consequently weakening, the binder is the key step in the solvent dissolution process.
The organic solvent N-methyl pyrrolidone has been widely utilised to extensively dissolve the
PVDF binder (Lv et al. 2018). Zhou et al. (2010) proposed utilising dimethylformamide (DMF)
to dissolve the binder PVDF. The solubility of PVDF in DMF was found to be 175 g/L at 60 °C.
The PVDF-based cathode active material was compatible with DMF solvent (Zhou et al. 2010).
However, the PTFE-based cathode active material was not appropriately suitable for dissolution

in DMF (Lv et al. 2018; Zhang et al. 2021).

Zhang et al. (2014) effectively extracted the Li-ionB cathode active material from the Al foll
current collector using the trifluoroacetate (TFA) solvent (Zhang et al. 2014). The cathode active
material from the Al foil current collector can be successfully extracted using the solvent
dissolution process, according to numerous research. For PVDF-based cathode active material,
the majority of studies had achieved success, but for PTFE-based cathode active material
(Zhang et al. 2021), it had been very challenging to remove the cathode active material from
the Al substrate. The solution used in this procedure is often costly and hazardous to human

and environmental health (Lv et al. 2018; Zhang et al. 2021).

The latest developments in Li-ionB pre-treatment processes were discussed by Zhang et al.
(2021). The substrate (aluminium foil) dissolution method was employed to dissolve the foil
from the electrode-substrate matrix by employing alkaline solutions (Zhang et al. 2021). The

method entails the selective dissolution of the foil without dissolving the cathode-active
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materials (Lv et al. 2018; Zhang et al. 2021). In addition to the aforementioned methodologies,
a high-temperature process is also utilized, but because it disintegrates the electrode materials
and ultimately dissolves them, the method is not ideally feasible. The electrode materials that
were recovered after removing the battery casing were heated with an N-methyl pyrrolidone
(NMP) solution at approximately 100 °C in the pilot process for recycling Li-ionBs that Zhou et
al. (2010) described. Graphite and LiCoO, were successfully extracted from the collector using

this process while Al and Cu were still in their metallic state (Zhou et al. 2010).

Triethyl phosphate was utilised by Bai et al. (2021) to extract Li-ionB cathode active material
(e.g. NMC, LCO etc) by dissolving the PVDF binder (Bai et al. 2021). Through a solvent-based
separation process, electrochemically active components were removed from cathode scraps
gathered during the manufacturing process of electrodes without altering their
physicochemical properties, electrochemical characteristics, and crystallography. The
aluminium foils that were recovered were spotless and exhibited no signs of corrosion after
PVDF dissolution. The polymer-based binder can also be recovered using wet phase inversion

(a non-solvent-induced phase separation technique) (Bai et al. 2021).

2.5.2.2 NaOH Dissolution Method

Numerous proposed methods for separating or isolating the Li-ion cathode active materials
from the aluminium foil substrate included leaching the cathode using a NaOH solution.
Ideally, the components can be separated using the amphoteric properties of aluminium (Dong
et al. 2018). The separation of cathode active material from aluminium foil substrate was
accomplished by utilizing a 10 wt.% NaOH solution for 300 min at ambient temperature (Nan
et al. 2005). The process effectively dissolved over 97% of the aluminium foil substrate. The
aluminium oxide protective layer covering the substrate surface dissolves [Eq. 2-4] along with
the aluminium foil [Eqg. 2-5] when a NaOH solution solvent targeting substrate is used (Dong

et al. 2018; Lv et al. 2018).
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Al,0, + 2NaOH + 3H,0 — 2Na[Al({0H)},] 2-4
2Al + 2NaOH + 6H,0 — 2Na[Al({OH)},] + 3H,0 2-5

Advantages of this technology include high separation efficiency, ease of operation and
effective separation. However, the effective recovery of Al is hampered due to its existence in
ionic form. Furthermore, the NaOH alkali wastewater (is hazardous to environmental and

human health.

2.5.2.3 Ultrasonic-Assisted Separation

Since the polymeric binders have high adhesive strength, it is relatively challenging to remove
cathode active material from the aluminium foil current. The ultrasonic treatment process is
regarded to be an ideal practical process for eliminating cathode active material from the Al
foil substrate due to the cavitation effect generated by ultrasonic sound waves. Li et al. (Li et
al. 2014) put forth the ground-breaking idea of recycling used Li-ionBs by integrating crushing
and ultrasonic washing to recover the Co compound. The alternate approach enhances the Co
recovery efficiency while lowering energy consumption and environmental pollution. In order
to separate the electrode materials from their support substrate, Li-ionBs were crushed through
a 12 mm aperture screen before being processed into an ultrasonic washing vessel. A 2 mm
aperture screen was utilised to filter the cleaned materials in order to obtain the underflow
items, specifically the recovered electrode material. The cathode active material remains
adhered to the substrate surface when utilizing solely the mechanical approach, and only the
components phase matrixes (not elemental or chemical components) are separated when

employing the ultrasonic washing method (Lv et al. 2018).

Li et al. (2014) investigated how the cavitation effect (from ultrasonic treatment) and agitation
affected the separation of cathode active materials (Li et al. 2014). The study established that
when mechanical agitation alone was applied, the majority of the cathode active materials
remained adherent to the surface of the Al substrate. Only a portion of the cathode active
materials was separated when the ultrasonic-assisted separation method was utilized
independently. However, practically all of the cathode active materials could be effectively

removed from the Al substrates when both techniques were applied concurrently. This effect
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is attributed to the cavitation effect generated during ultrasonic treatment, which can produce
more pressure to liquefy and scatter insoluble contaminants. The mechanical agitation's
washing effect further enhances the separation of cathode-active materials from the substrate

(Li et al. 2009).

He et al. (2015) iterated that the separation of cathode active materials from Al foil substrate
by ultrasonic treatment is a functional result of the binder dissolution and the cavitation effect
induced by the ultrasonic waves (He et al. 2015). Based on this mechanism, when NMP was
employed as the cleaning solution, the stripping efficiency of the cathode active material was
over 99% at a temperature of 70 °C, and ultrasonic power of 240 W, for 90 minutes of
continuous ultrasonic treatment. The cathode active material exhibited low aggregation after
being removed from the Al foil substrate by ultrasonic treatment, which facilitated the
subsequent cathode active material dissolution process (leaching process) (He et al. 2015; Lv

et al. 2018).

2.5.2.4 Thermal Treatment Method

Vacuum pyrolysis is a straightforward method for extracting cathode active material. The
pyrolysis process evaporates or breaks down the electrolyte and binder, which in turn weakens
the cathode active material matrix-substrate bond (Sun and Qiu 2011; Hanisch et al. 2015;
Yang, Huang, Xu, et al. 2016). The thermal treatment approach employs high temperatures to
break down the binder, weakening the foil substrate-cathode active material bond. The
cathode active materials can subsequently be effectively removed via physical separation

processes (such as sieving, magnetic separation, crushing etc) (Yang, Huang, Xu, et al. 2016).

Although some materials, such as acetylene black, conductive carbon, etc., oxidize beyond 350
°C and generally decompose above 600 °C, PVDF binder is typically reported to decompose
above 350 °C (Li et al. 2014; Yang, Huang, Xu, et al. 2016). Vacuum pyrolysis has been proposed
by Sun and Qiu (Sun and Qiu 2011) as a novel process for effectively separating cathode active
material from the current collector (Al foil). Pyrolysis weakens the adhesion between the
cathode active material and the current collector by evaporating or decomposing the

electrolyte and binder. The cathode active materials only disintegrated from the collectors
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when the pyrolysis temperature was more than 450 °C. When the pyrolysis temperature was
below 450 °C, the cathode active materials remained bonded to the current collectors. The
extent and effectiveness of separation improved with temperature nominally between 500 and
600 °C. Since the aluminium foil remained brittle at temperatures above 600 °C, it was difficult
to remove the cathode active material from the collector. The cathode active materials from
the Al collectors are separated by employing heat treatment in a reducing atmosphere (Hanisch
et al. 2015). It was demonstrated that it is feasible to effectively separate the cathode active
materials from the current collectors by adjusting the temperature of the reducing atmosphere
(Yang, Huang, Xu, et al. 2016). Additionally, the molecular structure of the active cathode
materials is altered during this process, which makes it easier to leach cathode metals during
the leaching phases. Thermal treatment has several benefits, including ease of use and high
separation efficiency. The binder and additives are thermally treated; however, this process by-

produces hazardous gases.

2.5.2.5 Mechanical Method

Mechanical pre-treatment processes, such as sieving, crushing, magnetic separation, and other
similar processes, are widely recognized as useful in the context of recycling spent Li-ionBs.
Zhang et al. (2014) investigated the process, mechanical and chemical mineralogical
characterizations of spent Li-ionBs waste by integrating several analytical methods in order to
give fundamental information pertaining to mechanical separation processes (Zhang et al.
2014). It was discovered that used Li-ionBs exhibited good selective crushing characteristics
during processing. Three components make up the crushing by-products of wasted Li-ionBs:
an Al-enriched fraction (> 2 mm), an Al- and Cu (AL Shagsi et al. 2020; CSIRO 2022; ESMAP
2022)-enriched fraction (0.25-2 mm), and a Co- and a graphite-enriched fraction (0.25 mm).
The cathode active materials derived from a fraction of less than 0.25 mm in terms of mineral
phase and chemical state were found to have kept their original crystalline structure and
chemical state in Li-ionBs. However, these powders included a coating of hydrocarbons on

their surface that made flotation operations problematic.

Shin et al. (2005) developed a mechanical recycling process that integrated pyrolysis, crushing

and sieving to recover valuable active mass from the wasted Li-ionBs. The developed process
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is illustrated in Figure 2-15. After a variety of mechanical processes, including crushing, sieving,
and magnetic separation, enriched LiCoO; particles were produced. These particles were then
finely ground to separate the LiCoO, from tiny fragments of aluminium foil. Prior to the metal-
leaching process, mechanical separation can increase the efficiency of the targeted metal
recovery (Shin et al. 2005). The main drawback of mechanical procedures is that the
components of used Li-ionBs cannot be entirely separated from one another. In addition, the
environment is put in danger because of the disintegration of LiPFs, DEC, and PC during

mechanical processes (Xu et al. 2014).
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Mechanical
Crushing

Figure 2-15: Process flow chart of a conventional mechanical recycling process (constituting pyrolysis,

crushing and sieving) (Figure based on work described by (Shin et al. 2005)).

There are still existing challenges with the pre-treatment processing of spent Li-ionBs despite
the fact that numerous pre-treatment technologies have been established by researchers. A
summary of the benefits and drawbacks of various pre-treatment techniques is summated in

Table 2-3.
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Table 2-3: Advantages and disadvantages of conventional pre-treatment methods (Kim et al. 2021;

Zhang et al. 2021).

Literature Review

Method

Advantages

Disadvantages

Solvent Dissolution

method

High separation

efficiency

The costlier the solution, the higher

the degree of toxicity

NaOH method

Simple operation with
high separation

efficiency

Alkali wastewater is harmful to the
ecosystem, and Al extraction is

challenging since it is in an ionic state

Ultrasonic assisted

The operation method is

High capital cost, noise pollution

separation simple with no

hazardous or toxic traits

Thermal treatment Simple operation, high-  Capital cost is the high, high toxic gas

efficiency process emission

Mechanical methods Operation method that  High levels of hazardous gas

is simple to employ emissions and incomplete metal

removal from spent Li-ionBs

2.5.3 Metal Extraction Processes

2.5.3.1 Pyrometallurgical Process

A subset of extractive metallurgy, pyrometallurgy employs heat to physically and chemically
modify ore and concentrates in order to recover valuable metals (Harper et al. 2019; Makuza
et al. 2021a). In order to recover heavy metals (such as Cd, Pb, Cu, Zn etc) from depleted Ni-
Cd batteries, Ni-Fe or Zn-Mn dry batteries, pyrometallurgical methods have been extensively
researched (Espinosa et al. 2004; Lv et al. 2018). In pyrometallurgical operations, smelt slags
are frequently utilised to segregate metals, with certain metals going to the slag and the target
metals becoming alloys. Most pyrometallurgical processes, with the exception of the Umicore
technology, require pre-treatment processing (Sun and Qiu 2011; Meshram et al. 2014, 2015a;
Makuza et al. 2021b). By incorporating CaO+SiO, pyrolusite, and minute amounts of Al shells

into the processing of spent Li-ionBs, Ren et al. (2016) presented a novel slag system of MnO-
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SiO,-Al>0s. The mixture was then heated for 30 minutes at 1475 °C. This innovative technique
produced a high-purity metallic alloy with Ni (99%), Co (99%), and Cu (99%) as well as enhanced
slag with MnO (46%) and Li>O (2,5%) (Ren et al. 2016; Lv et al. 2018).

Li-ions are usually trapped in the slag phase in a standard pyrometallurgical process, which has
to be further processed to be extracted in pure form (Sun et al. 2017). Recently, attention has
been directed to the carbothermal reduction process as a low-cost, non-complex, and
consistently repeatable pyrometallurgical route to recycle Li, Co, and other valuable metals
(Makuza et al. 2021a). The mixed spent Li-ionBs can be converted into lithium carbonate, metal
oxide, or pure metal through this carbothermal reduction process. Water leaches lithium
carbonate in one step, whereas the carbon (from graphite) in the leachate slag burns to carbon
dioxide and leaves metal oxide as the remaining residue (Xiao et al. 2017; Makuza et al. 2021a).
The following stage involves wet magnetic separation to further separate lithium carbonate,
graphite, and pure metal (Li et al. 2016). Pyrometallurgical technologies, however, now
confront challenges in lowering energy consumption and meeting the strict and rigorous
specified requirements for modern treatment processes. The pyrometallurgical process, which

primarily entails pyrolysis, is comprehensively summarized in Figure 2-16.
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| |
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Slag Residue Valuable Metal Alloy

Figure 2-16: Conventional pyrometallurgical processes for spent Li-ionBs.
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2.5.3.2 Hydrometallurgical Process

Leaching and extraction constitute most of a typical hydrometallurgical process. In
comparison to the pyrometallurgical process, it entails numerous added advantages, including
high valuable metal extraction efficiency, low energy intensive, less harmful gas emission, and
low capital and production cost. Commercialization of hydrometallurgy has enormous
possibilities. However, when it comes to disposing of waste materials, the process entails
considerable challenges. The hydrometallurgical process, which primarily entails leaching,
solvent (liquid-liquid) extraction, chemical precipitation, and electroreduction process, is
comprehensively summarized in Figure 2-17. Among these, a relatively small portion of the
research is reported on the recovery and recycling of spent Li-ionBs by the electrochemical
process because of its high energy-intensive nature, even though past research does imply its
viability for recovering Co-based compounds and pure Co metal (Garcia et al. 2008, 2011, 2012;
Chandran et al. 2021).
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Figure 2-17: Conventional hydrometallurgical recycling and recovering processes for spent Li-ionBs

(Partial data derived from (Chandran et al. 2021)).
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2.5.4 Chemical Processes

2.5.4.1 Conventional Leaching

The primary phases of the recycling of spent Li-ionBs, akin to most metallurgical processes,
include the dissolution of the cathode active materials in leachants (leaching reagents),
followed by reduction, separation, and extraction. In earlier research studies, in-organic acid
reagents, such as nitric acid (HNOs3), hydrochloric acid (HCIl), and sulphuric acid (H.SO.), were
conventionally utilised as leaching agents and proved to be practically successful and effective,
but drawbacks, such as the by-production of secondary pollutants and the complexity of
extractive separation and purification processes, also surfaced (Ferreira et al. 2009a; Sun and
Qiu 2011; Granata et al. 2012). The chemical reaction of the leaching process using HCl as the

leaching agent can be annotated as:
8HCl + 2LiCo0, - 2CoCl, + Cl, T +2LiCl 4+ 5H,0 2-6

Similar reactions occur when different monoprotic acids or polyprotic acids are used for
leaching. In the absence of reductants, the leaching efficiency of Co proceeds in the following
order: HCl > HNOs~H,SO.. The relatively higher leaching efficiency of HCl is mostly caused by
the reducibility nature of HCI (Joulié et al. 2014). Therefore, unless H,O, or other reductants are
added, the leaching efficiency of the majority of reagents would be limited. The leaching +

reduction reaction mechanism can be annotated (using LiCoO; as an example):
3H,S0, + 2LiCo0, + 2H,0, - Li,SO, + 5H,0 + 1.50, T +2C0S0, 2-7

Figure 2-18 (a) shows how reductants like H.O or ascorbic acid can enhance the leaching
properties of leaching reagents. At normal temperatures, Co?* is much more easily dissolved
than Co®*, yet Co®* is primarily substantial in spent Li-ion cathode active materials. Therefore,
the leaching efficiency and reaction kinetics will undoubtedly be enhanced when the Co®* is
transformed into Co®*. Moreover, because Co®* has a significantly different solubility constant
from Mn?*, Cu®* and other metal ions, the shadow in Figure 2-17 (a) would be an ideal region
to isolate Co®* from these metal ions and other metal ions. Leaching efficiency and reaction
rate would initially rise in line with an increase in reductant concentrations, and then they would

plateau, where they would not fluctuate noticeably (Nayaka, Pai, Santhosh, et al. 2016c).
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Figure 2-18: (a) Correlation between equilibrium aqueous metal ion concentration (at 25 °C) and pH ; (b)
Potential (E vs SHE) and pH diagram for the Ni-H,O and Co-H,O systems (at 25 °C, Co=Ni = 0.2 mol/L)
(Figure Adapted from (Lv et al. 2018)).

Numerous organic leaching reagents, such as oxalic acid, citric acid, malic acid, ascorbic acid,
aspartic acid, and glycine, are intensively explored to address the issues that arise when
employing the inorganic leaching reagents (Li et al. 2013; Zeng et al. 2015a; Nayaka, Pai,
Manjanna, et al. 2016; Nayaka, Pai, Santhosh, et al. 2016c).

Li et al. (2014) iterated that while the leaching efficiency of Li is consistently steady throughout
those various leaching media, the leaching efficiency of Co is higher when employing citric acid
compared to HCl or H,SO4. Most organic acids have a similar reaction mechanism to critic acid,
with a few exceptions like acid (Li et al. 2014; Nayaka, Pai, Manjanna, et al. 2016; Nayaka, Pai,
Santhosh, et al. 2016d, 2016c). Oxalic acid may serve as both a reductant (by replacing H20; in
equation 2-17) and a leachant (by oxidising the metal), consequently, Co and Li leaching could
attain leaching efficiencies of more than 97% (Nayaka, Pai, Manjanna, et al. 2016; Nayaka, Pai,

Santhosh, et al. 2016c).

An alkaline-based leaching system, like NHs, has also been researched in addition to the acid-
based leaching system. An NH3-(NH,4),SO. system with high metal selectivity during leaching
was demonstrated by Zheng et al. (2017). A similar leaching system, containing NHs, (NH4),SO4
and (NH4).COs; was employed by Ku et al. (2016). In spent Li-ionBs, Co and Ni have a high
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valence state which makes them difficult to dissolve, whereas Cu was easily separated from Co
and Ni in the NHs-based system (Ku et al. 2016a; Zheng et al. 2017). NH4).COs served as a pH
buffer to maintain a stable leaching solution's pH while (NH4),SO4 was added as a reductant to

upsurge the leaching efficiencies of Ni and Co.

Additionally, the supercritical fluid used in metal extraction processes offers an ideal leachant
alternative. Bertuol et al. (2016) effectively leached cobalt from spent Li-ionB cathode active
material using supercritical CO; extraction using H>SO, (as cosolvent) and H,O; (as reductant
additive). The results indicated that 95% leaching efficiency could be attained by reducing the
reduction process duration and H,O, consumption from 60 min to 5 min and 8 vol% to 4 vol%,
respectively (Bertuol et al. 2016; Lv et al. 2018). Liu and Zhang (2016) synthesized the acid
leachant for the leaching process through the dechlorination of PVC using subcritical water as
the catalyst. At 350 °C temperature, PVC/LCO ratio of 3:1 and 16:1 S/L ratio, approximately 96%
of Co and nearly 99% of Li were leached from the base cathode active material (Liu and Zhang
2016). However, the operation is complex and entails high capital costs due to the rigorous
equipment requirements, high-pressure and high-temperature environment. All of the
economic and technical challenges highlighted above have dampened interest in utilising

supercritical fluid in battery recycling (Liu and Zhang 2016; Lv et al. 2018).

Table 2-4 provides a summated overview of the Li-ionB cathode active material leaching
processes over the years. Though there are numerous reports on Li-ionB cathode active
material leaching processes, only a small proportion focuses on detailing the leaching process
mechanism at the molecular or atomic level based on the crystallographic method. Takacova
et al. (2016) explored the change of spent Li-ionB cathode active sub-particles in the HCl and
H,SO4 leaching mediums. The work also detailed the influence of temperature on Li and Co
extraction from cathode active mass, a case for both leaching reagents, through kinetics
(activation energy) and thermodynamics studies. Such studies foster further investigations on
the cathode active material leaching process in the future. The more the leaching process
mechanisms are understood, the more opportunities arise for enhancing the efficiency of the

leaching process (Wang et al. 2012; Takacova et al. 2016).
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Table 2-4: Summative review of leaching spent Li-ionBs using different leaching reagents.

T Time Leaching
efficiency (%)

Type of leaching and source Reagent (°C) (min) Co Li Ref
Inorganic Acid Leaching
Spent Li-ionBs 1.75 mol/L HCI 50 90 99.0 100 (Barik et al. 2017a)
Spent Li-ionBs (liCo0>) 4 mol/L HCI 80 30 90.6 93.1 (Zhang et al. 1998)
LifePos and liMn;0, 6.5 mol/L HCI + 5 vol % H,0, 30 60 74.1 (Huang et al. 2016)
Li-ionBs industry waste (liCoO,) 2 mol/L H,SO4+5 vol % H,0, 75 30 94.0 95.0 (Swain et al. 2007)
Linixmn,co,0 compounds 4 mol/L H2SO4 + 5 vol % H,0, 65-70 120 96.0 (Gratz et al. 2014)
Spent Li-ionBs (mixture) 1 mol/L H2SO4 + 0.075 M NaHSO3 95 240 91.6 96.7 (Meshram et al. 2015a)
Spent Li-ionBs (LiCoo,) (from laptops) 2 mol/L H2SO4 + 5 vol % H.0; 75 60 70.0 99.1 (Jha et al. 2013)
Spent Li-ionBs (1iCo0>) (cell phones) 2% H3PO4 + 2 vol % H,0; 90 60 99.0 88.0 (Pinna et al. 2017a)
Spent Li-ionBs (licoo,) 0.7 mol/L H3PO4 + 4 vol % H,0, 40 60 99.0 100.0 (Chen, Ma, et al. 2017)
Spent Li-ionBs (licooy) 1 mol/L HNO; + 1.7 vol % H,0, 75 60 95.0 95.0 (Lee and Rhee 2002)
Alkaline Leaching
Spent Li-ionBs (Li(Ni1;3Co1/3Mn1,3)03) 4 mol/L NH3-1.5 mol/L (NH4)>SO4 + 0.5 M Na,SO4 80 300 80.7 95.3 (Zheng et al. 2017)
Organic Acid Leaching
Spent Li-ionBs (licoo,) 0.4 mol/L Tartaric acid +0.02 mol/L Ascorbic acid 80 60 93.0 95.0 (Nayaka, Pai, Santhosh, et al. 2016c¢)
Spent licoo; and coo 1 mol/L Oxalate + 5 vol % H,0» 80 120 96.7 (Sun and Qiu 2012)
Spent Li-ionBs (licoo,) 2 mol/L Citric acid + 0.6 g/g H,0; (H.O,/Spent Li-ionBs) 70 80 96.0 98.0 (Chen et al. 2015)
Spent Li-ionBs (licoo,) 1 mol/L Oxalic acid 95 150 97.0 98.0 (Zeng et al. 2015a)
Spent Li-ionBs (licooy) 1 mol/L Iminodiacetic acid + 0.02 M Ascorbic acid 80 120 99.0 90.0 (Nayaka, Pai, Manjanna, et al. 2016)
Spent Li-ionBs (licooy) 1 mol/L Maleic acid +0.02 M Ascorbic acid 80 120 99.0 96.0 (Nayaka, Pai, Manjanna, et al. 2016)
Spent Li-ionBs (licoo,) 0.5 mol/L Glycine +0.02 M Ascorbic acid 80 120 91.0 (Nayaka, Pai, Santhosh, et al. 2016d)
Spent Li-ionBs (licooy) 1.5 mol/L Succinic acid + 4 vol % H,0- 70 40 100.0 96.0 (Li et al. 2015a)
Spent Li-ionBs, LiCoO; & 2 mol/L L-Tartaric acid + 4 vol % H,0, 70 30 98.6 99.1 (He et al. 2017a)

LiNio.5C00.2Mno.302)
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In this section, quantitative methods for leaching rates of Li and Co are proposed for gaining
a magnified visualization of the advantages and disadvantages entailed by using various

leaching reagents. The metal leaching rate is annotated as:

™ =WuXaxR/t 2-8

where rv denotes the metal leaching rate, Wu (w/w %) denotes the weight or mass percentage
of metal in spent Li-ionBs cathode active materials a (%) denotes the metal leaching
efficiency, R (g/L) denotes the solids to liquid ratio, and t denotes the leaching time. This
equation quantifies leaching efficiencies for different leaching reagents for comparison. The
leaching efficiency of valuable metals typically exceeds 90%. However, to reach high leaching
efficiencies, some of the processes utilise a low R or long leaching time. To analyse recycling,
greenhouse gas (GHG) emissions, energy consumption, and operational cost were quantified
using stoichiometric consumption of materials under the assumption that 1 kg of Co is leached

from spent Li-ionB cathode active material by various leaching processes (Lv et al. 2018).

Lv et al. (2008) further stated that additional relative evaluation index data was acquired from
the GREET (Greenhouse gases, Regulated Emissions, and Energy use in Transportation) model
developed by Argonne National Laboratory. The energy consumption, greenhouse gas
emissions (GHG), and cost of organic chemicals are considerably higher, and their leaching rate
is notably lower compared to inorganic reagents, as indicated in Figure 2-19. However,
considering the biodegradability nature of organic leaching reagents and reduced flue gas
emission from the processing, the advantages accrued from utilising organic reagents in
leaching processes are quite significant in the context of environment conservation (Li et al.
2013; Lv et al. 2018). Moreover, the relevant data for H.SO4 about GHG emissions and energy
consumption was not presented. H.SO4 has a substantially higher rate of valuable metal
leaching than other presented reagents for a high S/L and short leaching reaction time. In
addition, H,SO4 is usually produced as a by-product of other chemical processes in many

chemical plants, i.e., copper smelting (Lv et al. 2018).
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Figure 2-19: Spider chart for a relative evaluation index of leaching spent Li-ionBs with various

conventional leaching reagents (Data from (Lv et al. 2018)).

In summation, the leaching performance was shown to be primarily influenced by the
temperature, leaching time, solid-to-liquid ratio (S/L), agitation speed, and leachant and
reductant concentration. The leaching rate and efficiency both decrease as the solid-liquid ratio
(S/L) increases. However, the leaching rate and efficiency would be increased by increasing
leaching time, temperature, agitation speed and concentrations of leachant and reductant
(Wang et al. 2012). It should be noted that the leaching rate and efficiency would stagnate
when a certain max quantity value of these factors is reached. These figures (leaching rates for
each respective leachant) will guide future efforts to optimize the leaching process when

processing various chemistries of Li-ionBs with different leachants.

2.5.4.2 Bio-metallurgical Process

The bio-metallurgy process utilizes microorganisms (bacteria) to treat and recover metals. The
ability of microorganisms (or microbes) to transform insoluble solid materials into soluble and
extractable forms is the driving factor influencing the effectiveness of a typical bio-
metallurgical process (ljadi Bajestani et al. 2014; Dominguez-Benetton et al. 2018; Biswal and
Balasubramanian 2023). (Acidithiobacillus ferrooxidans, a chemolithotrophic and acidophilic
bacteria, was employed by Mishra et al. (2008) as a leaching bacterium. The reaction operates
optimally at 30 °C and a pH level of 2.5, however even with a long leaching duration with added

Fe®* acting as a catalyst, the leaching efficiencies of Co and Li both were rather low (Mishra et
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al. 2008; Ren et al. 2009; ljadi Bajestani et al. 2014). The Co leaching efficiency could, however,
reach more than 98 % in just 7 days in an Acidithiobacillus ferrooxidans leaching system with
0.02 g/L of Ag+ as a catalyst, according to data by (Zeng et al. 2013) and Chen et al. (Chen and
Lin 2009). Cu®* can be employed similarly as the catalyst for the Acidithiobacillus ferrooxidans
leaching systems. Combining diverse bacteria cultures in one system was trialled, such
as acidophilic sulphate-oxidizing bacteria and iron-oxidizing bacteria systems (Xin et al. 2009,
2016). Fungal leaching has numerous advantages over bacterial leaching, including the ability
to thrive across a wide pH range, tolerance for hazardous and toxic chemicals, and the ability
to conduct at a high leaching rate (Ren et al. 2009; Horeh et al. 2016; Bahaloo-Horeh and
Mousavi 2017). To accomplish the leaching process, various organic acids found in fungus
metabolites have been employed (Ren et al. 2009; Horeh et al. 2016; Bahaloo-Horeh and

Mousavi 2017; Biswal and Balasubramanian 2023).

Bio-metallurgical processes utilise less energy consumption routes under mild conditions
compared to conventional processes, making them ideal environmentally friendly processes
(Horeh et al. 2016). The bio-metallurgical process, however, has fatal flaws when applied in
industrial production, this is due to its slow kinetics and poor pulp density. In one investigation,
the pulp density went up from 1 to 4%, which resulted in a drastic fall in bioleaching efficiency
for Co and Li of 52 to 10% and 80 to 37%, respectively (Niu et al. 2014). The bio-metallurgical
processes are still very time-intensive even though high pulp concentration can be utilised to
obtain high Co and Li leaching efficiencies by regulating leaching reaction temperature, upping
the dose of mixed energy substrates, and altering the pH (Niu et al. 2014; Biswal and
Balasubramanian 2023). The bio-metallurgical processes for recycling spent Li-ionBs are thus
still a long way from being applied in industry, despite the fact that they offer significant

energy-saving processing routes.

2.5.4.3 Solvent Extraction

The primary objective of the battery recycling process is the extraction of pure metal or metal-
based compounds. The recycling of pure metal or metal complexes will be necessarily
hampered by the coexistence of different metal ions in the leachate. Additionally, the attempt

at single-step precipitation is ineffective for producing pure metals due to the overlap of the
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precipitation pH range of several metals. Therefore, in order to attain acceptable levels of
purity, the leaching solution must go through several separations and extraction stages, such

as selective precipitation, solvent extraction and electrochemical processes.

The solvent extraction process, also known as the liquid-liquid extraction process, leverages
the disparity in relative solubilities of compounds in two immiscible liquids, usually polar and
non-polar solvents, to separate the compounds from one another (Lv et al. 2018). Despite the
challenges encountered in the separation of substances exhibiting similar functional groups,
the process has proven to be reliable and robust, consequently, it is widely utilised in the
extraction metallurgy sector (e.g Cobalt, Nickel, Copper, Molybdenum, Tungsten extraction and
purification) and refining processes ( e.g nuclear materials processing, organic compounds

synthesis) (Nguyen and Lee 2016; Whitworth et al. 2022).

In solvent extraction, the equilibrium pH has a considerable effect on the selective extraction
of specific metals. The di(2-Ethylhexyl)phosphoric acid (D2EHPA), for instance, is effective in
extracting Cu and Mn ions but has poor selectivity for Co extraction at a pH range of 2.2-3.0
(Wang et al. 2016). The extraction of Co with the cationic extractant D2EHPA is more effective
at high pH (the higher the PH the higher the extraction efficiency) (Shakibania et al. 2022). The

metal extraction reaction imitates the below-highlighted mechanism (Zhao et al. 2011; Granata

et al. 2012):

Mzy + Agrg + 2(HA)z0rg = MA; - 3HAq, + H, 2-9
or

2(HA)z0rg + MOH gy + AGrg = M(OH)A - 3HAq,, + Hf 2-10
Where:

2(HA)z0rg + Anrg represents the saponification reaction as:
Nazq+0.5(HA)20rg—’NaAorg'FHXq 2-11

At pH 4.5, the extractant PC-88A can effectively extract Ni and Co ions from a pool of numerous

metal ions, however, at pH levels lower than 3, it is ineffective (Wang et al. 2016). Due to its
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remarkable selectivity, Cyanex272 has received much research attention as an extractant. Swain
et al. (2007) extracted 85.42% Co from the leachate at pH 5 using Cyanex 272, 5 vol% tributyl
phosphate (TBP) as a phase modifier, and paraffin (kerosene) as diluents. A similar system was
designed by Jha et al. (2013), although isodecanol was utilized as a phase modifier. At pH 5.0,

Co extraction efficiency at over 99.9% was attained (Jha et al. 2013).

The optimal pH scales of numerous extraction reagents are summarized in Figure 2-20 (Zhang
et al. 1998; Darvishi et al. 2005; Joo, Shin, Oh, Wang, and Shin 2016; Joo, Shin, Oh, Wang,
Senanayake, et al. 2016; Virolainen et al. 2017). It is evident that some reagents effectively
extract Ni and Co in the pH range of 3 to 5, however, the reactor must be corrosion-resistant
to withstand such conditions. Cynaex 272 and P507 may be an ideal additive as it possesses
the ability to alter the optimal pH for solvent extraction. For example, in Figure 2-20, the ideal
pH, when the PC-88A is utilised solely to selectively extract Co, falls between 3.2 and 4.2.
However, Ni extraction efficiency is low in this pH range. The addition of trioctylamine (TOA)
as a phase modifier will shift and expand the ideal pH range from 3-4 to 3.5 and 5, which
provides more room for adjustment of operational parameters since its greater than the

previous range.

D2EHPA

D2EHPA

Ces P507
D2EHPA _

Cobalt (Co)

Element

Nickel (Ni)

Figure 2-20: Effect of pH on the solvent extraction of Cu, Ni and Co using different extraction reagents

(at 25°C and A:O = 1, except for Mextral 5640H (A:O = 2)) (Date derived from (Lv et al. 2018)).
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2.5.4.4 Chemical Precipitation

In order to effectively recover specific metals from complex multi-metal solutions, through
selective precipitation, a single-stage chemical method, has been extensively studied and
employed. However, often, it is challenging to precipitate only one ion from a multi-metal ion
solution. As indicated in the E-pH diagram depicted in Figure 2-18 (band Co**), Co®* and Ni*
are prone to coprecipitating via a neutralizing reaction because the stable regions of Co(OH)
and Ni(OH), overlap vastly. However, Figure 2-18 (b) also demonstrates a minor overlap
between the stable regions of Ni** and Co(OH)s. Therefore, one feasible route is to convert
Co** to Co®* in order to accomplish selective precipitation of Co®* in this small region. Joulié
et al. (2014) demonstrated the viability and efficacy of this process route. The Ni and Co
recovery efficiencies both exceeded 99% when sodium hypochlorite (NaClO) was used as a

reductant (Joulié et al. 2014). The reaction mechanism can be annotated as:
Co?* + CI0~ + 2H;0* - 2Co3* + Cl ~ + 3H,0 2-12
Co** + 6HO~ - Co,0; + 3H,0 2-13

It should be highlighted that no Mn is present in the oxidation-precipitation process system as
outlined by Joulié et al. (2014). If Mn is present, at pH 2 the Mn?* is oxidized to Mn** yielding
MnO; or Mn(OH)4 hydroxide according to the reaction:

3Mn2* + 2MnO,, + 2H,0 — 5Mn0, + 4H* 2-14

In order to chemically precipitate Ni** as a nickel dimethylglyoxime chelating precipitate from
mixed multi-metal solutions of Mn, Ni and Co, the dimethylglyoxime reagent (DMG, C4HgN.O>)
is extensively employed. When DMG reagent is utilised, nearly 95% of Ni** may precipitate at
ambient temperature within 20 minutes, as reported by Chen et al. (2015). The pKsp values for
Li*, Ni®* and Co?* are on the order of NiC,04 = CoC,04 > Li»C204 (Pant and Dolker 2017). The
predominant metal ion in leachate after Co** and Ni** are precipitated is Li*, which can

precipitate effectively as LisPO4 or Li»COs (Chen, Fan, et al. 2016).

76



Tendai Tawonezvi Literature Review

2.5.4.5 Leaching Cathode Resynthesis

Solvent extraction (liquid-liquid extraction), chemical precipitation, and ion exchange, the
conventional extraction and separation processes, are frequently not economically viable to
use in industrial production due to their significant drawbacks, such as convoluted recycling
routes, and high waste production and high chemical reagent consumption. Therefore, it is
necessary and imperative to conduct research into less time-consuming and effective
processes for recycling spent Li-ionBs. Recent research has focused on material synthesis
technologies that achieve one-step recovery of metals from leachate to regenerate materials,
such as the leaching-resynthesis process or direct physical process, in order to shorten the
route, avoid the challenges accrued from separating metal ions from one another, reduce
secondary pollution, and improve the recycling efficiencies of valuable metals (Sa et al. 2015;
Yang, Huang, Xie, et al. 2016; Yang, Huang, Xu, et al. 2016). The leaching-resynthesis process,
which is a subset of regeneration processes, resynthesizes the electrode materials in fewer

steps through sol-gel or coprecipitation process routes.

In one study, Sa et al. (2015) employed leachate solution as raw liquor and a conventional
coprecipitation process to regenerate NMC (LiNii;3sMn13C01,30;) in an N atmosphere at
ambient temperature. The specific capacity of the regenerated cathode active material falls to
80% (120 mAh/g) after 50 cycles. Li et al. (2012) used ascorbic acid for leaching and adjusted
the pH and metal ion ratio of the leachate to produce regenerated cathode active material
LiCoo,33Ni0;33Mno 330, through a sol-gel process (Li et al. 2012). A similar method was employed
by Zou et al. (2013) to recover and recycle spent cathode active materials and produce high
electrochemical performance regenerated cathode active materials. The regenerated cathode
active materials exhibited electrochemical similarities to those of commercial batteries in terms
of rate capacity and cycle life, which should be underlined (Zou et al. 2013; Yao et al. 2016).
Among these, the regenerated cathode active materials recovered through ascorbic acid
leaching processing exhibit much better electrochemical characteristics than their respective
counterparts synthesized from other processes (Yao et al. 2016; Lv et al. 2018). Other than that,
the research data indicates that cathode-active material from various leachates exhibits few

electrochemical property differences (Lv et al. 2018).
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An alternative ideal process route that has been extensively developed by numerous
researchers is the synthesis of various reactive materials from the Li-ionB waste in addition to
regenerated cathode active materials. To synthesize sintered or hydrothermal cobalt ferrite
(CoFe»04) precursor, Yao et al. (2016) demonstrated a straightforward process route that
comprised pre-treatment, H,SO, leaching, filtering, sol-gel, and calcination methods (S-
CoFez204 or H-CoFe;04). The reactive materials produced exhibit superior physicochemical
properties in terms of train derivative coefficient (1.69 10° 1/A) and magnetostriction
coefficient (158.5 ppm) (Yao et al. 2016). The low train derivative coefficient indicates a high
degree of stability and less sensitivity to current fluctuations and the relatively moderate
magnetostriction coefficient indicates the material's ability to undergo mechanical

deformation in response to magnetic fields.

Direct recovery is a process of recovering valuable components from spent Li-ionBs without
using complex chemical processes(Dunn et al. 2012; Yang et al. 2018). Prior to processing spent
Li-ionBs, they were dissembled into multiple individual cells. After that, supercritical CO, was
used to treat the individual cells, and the electrolytes were drained and stored. It is possible to
extract CO, from the electrolyte by reducing the pressure and temperature thereby
regenerating the electrolyte. The cells were then broken apart, sorted, and disassembled. In the
end, the cathode active material was gathered, cleaned and repurposed (Huang et al. 2018;

Zhang et al. 2019; Zhou et al. 2020).

Chen J et al. (2016) reported a process route to directly regenerate LFP from spent soft-pack
Li-ionBs. In the case of no recovery of electrolyte, the spent Li-ionBs were disassembled,
crushed and cleaned in the sealed box. The residual PVDF binder and material decomposition
after thousands of charge and discharge cycles lower the energy density of recovered
LFP material and its electrochemical performance. The electrochemical performance of the
regenerated electrode was enhanced after heat treatment at 650°C, discharging nearly the
same nominal capacity and energy density as the starting novel cathode active material (Chen,

Li, et al. 2016).

Song et al (1999) sintered the spent cathode active materials with fresh cathode active
materials to regenerate LFP electrode materials from spent Li-ionBs. The electrochemical

performance of the regenerated LFP battery cathode active material is nearly equal to that of
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a fresh LFP cathode active material . (Song et al. 1999). Zhang et al. (2019) recorded a recovery
efficiency of cathode active materials of 98.2% when recovery was executed through direct
pyrolysis and physical recovery. The advantages of a direct physical recovery process are
primarily minimal energy use, quick recovery pathways, environmental friendliness, and a high
recovery rate. However, it is unclear whether the recovered cathode active material will match

the long-term properties of a typical fresh active cathode material (Zhang et al. 2019).

2.5.4.6 Electrochemical Process

Myoung et al. (2002) potentiostatically reduced Co ions, from waste LCO by using a HNO;
leachant solution, into Co(OH)z on a titanium cathode in an electrochemical set-up (Myoung
et al. 2002). CoO was subsequently precipitated via a dehydration process. When subjected to
ideal pH circumstances and accurate CoO heat application, island-shaped Co(OH), particles
were produced on a titanium (Ti) material (Hanisch et al. 2015; Chandran et al. 2021). Swain et
al. (2007) recovered cobalt from spent Li-ionBs by employing H.SO4 leaching and
electroreduction (Swain et al. 2007). Over 98% of Cobalt was dissolved in an acid leachant with
a concentration of 10 M at 70 °C for 60 mins. The leachate liquor was purified by the hydrolysed
deposition processed at the interval between pH 2.0 and 3.0 at 90 °C.

Lowering dissolved oxygen and nitrate ions could raise the local electrode pH. Therefore, with
the optimum pH circumstances, Co(OH), material can precipitate. Hence, this process provides
an ideal route to improve LiCoO; production from cobalt oxide. Co-remediation by electro-
winning and sulphuric acid leaching was studied and demonstrated by Sharma et al. (Sharma
and Das 2019). Approximately 99% of the cobalt in the spent Li-ionBs was dissolved at a
temperature of 70 °C for 60 mins with a 10 mol/L H.SO4 concentration. In the pH range of 2.0-
3.0 and at 90 °C, hydrolysed deposition cleans the leachant. Cobalt cathode was effectively
deposited at a current density of 235 A/m? (Jeffrey et al. 2000a; Sharma et al. 2005a; Mulaudzi
and Kotze 2013).

This electrochemical methodological approach is deemed feasible and viable for the industry
scale-up. The electroreduction mechanism is worthy of exploring due to the relatively high
recovery of pure cobalt from spent Li-ionBs. It does not add specific stimulants and it removes

impurities in comparison to several hydrometallurgical processes for metal recovery from spent
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Li-ionBs (Ordofiez et al. 2016). Nevertheless, this approach has the drawback of being

extremely energy-intensive.

2.5.5 Product Recovery

The final product stream, after the metal dissolution process, constitutes metal ions (i.e. Co*,
Li*, Ni**, Mn?*). The successful recovery and separation of these valuable metals, therefore,
require a product recovery phase. Chemical precipitation, also known as selective precipitation,
and solvent extraction (liquid-liquid extraction), are two often widely separation and recovery
processes (Zheng et al. 2018; Phuc Anh LE 2019; ESI-Africa 2021). Notably, the by-products of
the hydro or bio-metallurgical processes are essentially leachate, whereas the by-products of
the pyrometallurgical process are subjected to acidic dissolution so as to be converted to

leachate.

Liquid-Liquid extraction, also known as solvent extraction, is a methodology that separates
metallic compounds based on the difference of their relative solubilities in two immiscible
liquids while chemical or selective precipitation employs a specific reagent that can precipitate
specific metal ions while leaving impurities or undesirable compounds in the aqueous solution
(Nayaka, Pai, Santhosh, et al. 2016a; de Oliveira Demarco et al. 2019; Othman et al. 2020). In
order to effectively recover Ni, Co, and Li, there have been numerous studies and reports
targeting the recycling of spent Li-ionBs. To effectively recover metals from leachate solution
after metal dissolution, regulation of the pH of the leachate and employing various precipitants
(e.g. NH4OH, NaOH and Na»CO:s) is necessary for optimising selective precipitation. NaOH is
still the widely utilised precipitant, though several organic solvent systems are being used to
study solvent extraction (e.g. Cyanex 272, PC-88A, saponified P507, etc.). The target metals
were recovered with an overall recovery efficiency of 85% and a minimum leaching efficiency

of 90% (Othman et al. 2020).

2.5.6 Product Preparation

Purification and preparation of recovered products for subsequent steps are the main goals of
this step (e.g., commercial sales as construction materials, synthesis of new active cathode

materials etc.). Purification, crystallization, dewatering, and oxidation stages are then employed
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to formulate a stable solid-state from the products obtained through the product recovery
steps (Georgi-Maschler et al. 2012; Zheng et al. 2018; ESI-Africa 2021). Following the recovery
and preparation processes, they are categorized for various reasons. Valuable components can
be used for the synthesis of new active cathode materials (e.g, NMC, LFP, LCO etc) or
commercial sales for other applications (e.g., pure Li, pure Ni, pure Co etc). The recovered
materials can also be used in the steel industry or building materials (Ordofiez et al. 2016; Sun

et al. 2017).

2.5.7 Industrial Developed Processes

Umicore Process

One of the most widely applied industrial recycling techniques for spent Li-ionBs and NiMH
batteries is the Umicore battery recycling process. The process doesn't entail any pre-treatment
for spent batteries. The Umicore process combines hydrometallurgical and pyrometallurgical
unit activities (Jinyue Yan 2015; ESMAP 2022). The primary goal of this recycling process is to
recover alloys of Co, Ni and Cu. The slag portion of the process is used to recycle Li and rare
earth elements. The simplified flow chart below (Figure 2-21) illustrates the Umicore recycling

process.

Li-ion Batteries

Slagformers
Sand
Limestone
Coke

Furnace Load

Preheating

Plastics
Decompositiol

=)y Gaseous Waste

Smelting +
Reduction

— Slag (Al, Si, Ca, Fe, Li)
q A"OY (Cu, Co, Li, NI)

Figure 2-21: Process flow diagram for the Umicore process.
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The Isa Smelt furnace technology is used in this process route to lessen the need for mechanical
pre-treatment of spent batteries. There are three distinct temperature zones in the furnace

when it is in use:

The top pre-heating zone: In order to evaporate battery electrolytes, the temperature in this
zone must be kept below 300 °C. Explosion risks from dangerous compounds in electrolytes

are reduced by gradual heating to the desired temperature.

The middle pyrolyzing zone: A temperature of roughly 700 °C is maintained in this zone to
remove plastic from spent batteries. This exothermic removal process also supplies heat energy

to the top zone.

The bottom smelting zone: The purpose of this zone, which has a temperature range of
1,200-1,450 °C, is to separate the remaining battery components through the alloy and slag
phases. The alloy phase is made up of cobalt, copper, nickel, and iron, whereas the slag also

contains various metal oxides including Li oxides.

The alloy goes through several hydrometallurgical operations, and the removed slag is sold for
use in construction. Ni, Co, Zn, Cu, and Fe are then dissolved and precipitated to help the
material transition out of the alloy phase. Ni and Co are recovered as nickel hydroxide (Ni(OH).)
and cobalt chloride (CoCly), respectively. The fresh LiCoOs cathode active material can then be
made by oxidizing CoCl, and burning it with LiCoOs (LCO). The absence of mechanical battery
pre-treatments and the high rate of valuable metal components (such as nickel and cobalt)

recovery are the key advantages of this process.

Toxco Process

The Toxco process for recycling spent Li-ionBs is based on hydrometallurgy. This process
involves pre-treating the battery, separating the components, leaching, purifying the solution,
and precipitating the Li (Jinyue Yan 2015; ESMAP 2022). The Toxco battery recycling process
flow sheet is depicted in Figure 2-22.

82



Tendai Tawonezvi Literature Review

Li-ion Batteries

Mechanical
Treatment

Hydrometallurgy

Figure 2-22: Toxco process flow diagram (Jinyue Yan 2015).

Spent batteries are cooled to approximately -175 to -195°C using liquid nitrogen in a
proprietary pre-treatment process involving cryogenic cooling (AL Shagsi et al. 2020; ESMAP
2022). This temperature range effectively brings the reactivity of Li-ionB components below
the threshold for an explosion. Additionally, at this cryogenic temperature, the plastic case of
spent Li-ionBs becomes brittle, making them susceptible to breakage. The batteries are then
crushed in a Li brine after being torn and put through a hammer mill. During hammer milling,

the Li component dissolves to produce a solution of LiCl, LiSO3 and Li>CO:s.

The screw press integrated inside the hammer mill separates the Li solution and undissolved
products. The so-called fluff and the Li solution's undissolved components, such as fine carbon
and metal oxide, necessitate additional treatments. After that, the fluff is sent through a shaking
table to separate the high-density Co-Cu mixture from the low-density stainless steel and
plastic mixture. All of these products are packaged and available for purchase. Before filtration,
the Li solution is kept in a holding tank. In order to prevent contamination of the Li product
with Na, Li(OH), is used to modify the pH of the solution rather than sodium hydroxide. To
produce the finished product, Li>COs;, the solution in the holding tank is dewatered,

compressed with filters, and purified.
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INMETCO Process

The International Metals Reclamation Company (INMETCO) battery recycling process applies a
pyrometallurgical process for recovering valuable metallic material from spent batteries (Jinyue
Yan 2015; AL Shagsi et al. 2020; ESMAP 2022). The process entails three stages: (1) feedstock

preparation, mixing and pelletising, (2) component reduction; and (3) melting and alloy casting.

The spent Li-ionBs are first discharged, dismantled, stripped of the plastic casing, drained of
their electrolytes, and the remaining components shredded. The remaining solid waste is
assorted with a carbonaceous reductant. The liquid wastes of Ni and Cd are added to the solid
waste mixture as it is pelletized. These pellets are then combined with shredded spent battery
components before being channelled into the reduction stage. The reduction stage is carried
out at 1260 °C for approximately 0.5 hours to reduce metal oxides to their pure metallic state
The gas emitted from this reduction phase is scrubbed and the outlet scrubbing liquid is then
fed to the wastewater treatment facility. The treated water from the wastewater treatment
facility is circulated back to the scrubbing process for reuse. The reduced solid mixture is
smelted to produce an alloy containing Ni, Fe, Cr, and Mn. The alloy is cast to make pig alloy,

which is then further processed to make stainless steel in the stainless-steel industry.

Overall, these hybrid processes plant setups, recycling research, and strict recycling laws (e.g.,
in China, and Europe) show major efforts to recycle spent batteries. The current recycling rate
for spent Li-ionBs is just about 5%, as was previously stated (CSIRO 2022; ESMAP 2022), this
means current battery recycling processes for recycling are incapacitated to handle disposed
Li-ionBs amount especially in the coming years when the battery waste is expected to reach
enormous figures as pr(Lander et al,, 2021; Islam & lyer-Raniga, 2022; Velazquez-Martinez et

al, 2019)Velazquez-Martinez et al., 2019).

Furthermore, the amount of alloy metals that can be recovered using the above-stipulated
process routes from spent Li-ionBs is relatively minimal (e.g., Ni, Co, Cu). The resultant slag still
has a significant proportion of unrecovered valuable components and is sold at low costs as
construction materials. Attributable to their high energy requirements, as well as their high
costs for collection and transportation, INMETCO recycling processes are less economically

attractive (Zheng et al. 2018; de Oliveira Demarco et al. 2019; CSIRO 2022). In order to upsurge
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revenue and draw additional investment for the recycling of the spent Li-ionB waste, it is
important to improve the quality of recovered products from the recycling process (i.e.,
recycling spent Li-ionBs into pure, effective, and valuable components). Because of the
enormous amount of spent Li-ionBs projected in the coming years, more capacitated recycling
facilities will be required. As a result, developing a comprehensive and efficient recycling
system for extracting and recovering valuable metals from spent Li-ionBs is critical to achieving

global sustainability.

2.6 Electrometallurgy

2.6.1 Overview

In contrast to pyro- and hydrometallurgy, which have a long history, electrometallurgy is a
relatively underdeveloped technology that was born just after the discovery of electric current
in the nineteenth century. In 1800, Alessandro Volta made the first electric pile and in the same
year, Carllisle and Nicholson used Volta’s pile to decompose water into hydrogen and oxygen.
Humphry Davy in 1807 officially was the first one who used the knowledge in electrochemistry
for metallurgical aims. He decomposed sodium and potassium from caustic soda and caustic

potash in a large battery and, for the first time, identified these two elements as metals.

His assistant, Michael Faraday, in 1830 found relationships between the current and the amount
of deposited material. Since then, considerable developments in the purification of metals via
electrometallurgical methods have been achieved. Nowadays, it is difficult to imagine the
production of aluminium from bauxite using methods other than electrometallurgy. More than
50 percent of copper and zinc are similarly produced and purified by electrometallurgical
processes. There is also a huge interest within different metal industries to shift already well-
established pyrometallurgical routes to electrometallurgical ones (Mulaudzi and Kotze 2013;

Halli et al. 2020).

Generally, there are four main categories under electrometallurgy namely electrowinning,
electrorefining, electroplating and electroforming (Abbey 2019). The extraction of metals from
aqueous solutions or their salts is called electrowinning while electrorefining is the purification
of metals by anodically dissolving the impure metals followed by catholically depositing the

pure metals. Electroplating is used to modify the surface of metals (and in some cases non-
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metals) in order to improve appearance or corrosion and abrasion resistivity. A special branch
of electroplating, in which the electroplated metal can be removed from the cathode as an

entity, is called electroforming.

In this chapter, a short introduction about the principles and concepts of electrowinning, in
general, will be given. Then, variable aspects of Co/Ni electrowinning, from theoretical aspects

to practical difficulties, will be presented.

2.6.2 Electrowinning Working Principle

In metallic conductors, free electrons are responsible for the transportation of electric charge
while in electrolytic conductors the charge is transferred by ions. To be able to charge the
current into an electrolyte, two electrodes are needed namely anode and cathode. These two
electrodes are connected to a DC power supply. A simple schematic of an electrowinning
circuit, consisting of an electrowinning cell, a switch, a resistance, a voltmeter, and an ampere-
meter, is shown in Figure 2-23. This is the simplest approach to building an electrowinning
circuit.

Power Supply

Metal lon
Sulphate
Solution

Active Sites

Figure 2-23: Schematic of the simplest electrowinning circuit.

To maintain a steady current in the circuit shown in Figure 2-23, electrochemical reactions
should take place at the interfaces of electrolytes and electrodes. These reactions are
heterogeneous reduction or oxidation reactions, which consequently result in the reduction or

oxidation of compounds. Depending on the type of the electrolyte and the electrodes these
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reactions can be varied considerably. However, since inert electrodes are always used in

electrowinning (Halli et al. 2020), the reactions can be summarized below:

At the cathode, metal cations are always reduced by the following reaction:

Me™ + ne” — Me 2-15
and at the anode, the following reactions take place:

H,0 — 2H* + 1/, 0, + 2¢~(in acidic medium) 2-16

40H~ — 2H,0 + 0, + 4e~ (in basic medium) 2-17

2.6.3 Faraday Law

In 1830, Faraday formulated the relationship between the amount of deposited material, the
quantity of electricity and the chemical equivalent weight of the metal which was expressed in

the below form (Sharma et al. 2005a; Abbey 2019; Halli et al. 2020):
m = (_)_ 2-18

where m is the amount of deposited metal, M is the atomic weight of the metal, n is the valance
of the metal, / is the amperage of the electrical current and F is the Faraday constant which is

equal to 96485 [A.s] (Seyed Mohammad Khosh Koo Sany 2009).

2.6.4 Current Efficiency

The ratio between the weight of the deposited substance obtained by electrowinning and that
calculated by faraday law is known as the current efficiency as annotated by the equations

below:

n==2x100 2-19

Mme

and:
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m, = = 2-20

NF

Where m, is mass obtained from electrowinning, m, is the calculated expected mass, M is
molar mass, I is the current in amperes, t is the time in seconds, N is the oxidation state and F

is the faradays constant.

Current efficiencies are not always 100 percent, and this does not mean that the application
has failed. It only indicates that there are also some other electrochemical reactions that the
current takes part in. These reactions, depending on the type of electrolytes and electrodes,
are the evolution of hydrogen, the interaction of anode and cathode products, the electrolytic
reversal of electrode processes, the interaction of the product with the electrolyte and the

interaction of anode components with the electrolyte (Sharma et al. 2005b, 2005a).

2.6.5 Electrode Potential and Nernst's Equation

From a thermodynamic point of view, the change in free energy of reaction 2-15 must be
negative in order to forward the reaction towards the production of metal on the cathode

(Mulaudzi and Kotze 2013; Abbey 2019).
AG = Gye — Gypon+ 2-21

However, G is positive, and metal always tends to dissolve in the electrolyte. Therefore, a driven

force in the form of an electrical current should be applied to make the reaction 2-15 happen.
AG = —mEF 2-22
E is called electrode potential and in practice, it is the voltage applied to the cell.

Nernst's equation suggests the measurement of electrode potential at any concentration of

: +
dissolved metal, Me n+.

E= EO%ln + |Men| 2-23

Where £° is the standard electrode potential and is defined as the voltage of the reduction

reaction of one molar solution at 25 °C against the hydrogen standard electrode.
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2.6.6 Cell Voltage and Energy Consumption

Also known as cell potential, cell voltage is the sum of the electrode potential difference

between anode and cathode, absolute values of anode and cathode overvoltage’s (n4 and n¢)

and total ohmic electric resistances (Seyed Mohammad Khosh Koo Sany 2009):
VC=EA_EC+77A+7]C+IZR 2'24

Cell voltage has no theoretical significance, and it is only important for the calculation of energy

consumption:
W = VIt 2-25

By applying Faraday’s law (equation 2-18) and considering current efficiency (eff), specific
energy consumption, W, is calculated by equation 2-26:

W _ nFV,
m  M7eff.

2-26

w =

Where m is the specific energy consumption, M is the atomic weight of the metal, n is the

valance of the metal, / is the amperage of the electrical current, nefr is the current efficiency, V

is the cell voltage, and F is the Faraday constant.

2.6.7 Metal Electrodeposition

According to Faraday’s law, the only important factor in the determination of metal deposition
rate is the quantity of electricity and other factors like temperature, concentration, flow rate,
etc. do not play any role in this regard. Nevertheless, these factors along with some others are

responsible for the character of the electrowon metal.

Nucleation and crystal growth are two phenomena that take place during metal deposition on
the surface of the cathode (Oluwatosin Abegunde et al. 2019). If the nucleation rate is larger
than the rate of growth of crystals, the deposited metal will be powdery. Conversely, if the
crystal growth rate is high relative to nucleation rate, the metal deposit will be coarse-grained.
When the process is diffusion controlled, i.e. the concentration of metal ions at the interface is

close to zero, nucleation dominates the metal deposition, and the product will be fine powder.
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On the other hand, if the electrochemical reactions are chemically controlled, then the rate of
crystal growth will be higher and, again, the coarse-grained metal will be formed on the

cathode.

There are a number of factors in electrowinning processes, which affect the concentration of

metal ions at the interface (Seyed Mohammad Khosh Koo Sany 2009; Abbey 2019):

Current Density: At low current densities, the electrochemical reactions occur at a slow rate
and the process is controlled chemically. Consequently, a coarse-grained crystallization occurs
on the cathode. At high current densities, the electrochemical reactions are occurring rapidly,
and the process is un-controlled chemically. Consequently, irregular crystallization occurs on

the cathode.

Concentration of electrolyte: When the concentration of metal ions in the electrolyte is low,
the movement of these ions towards the electrode surface is slow and primarily controlled by
diffusion (movement of ions from higher to lower concentrations), resulting in metal deposits
that tend to be in granular form rather than forming a solid, continuous layer. Conversely,
when the concentration of metal ions is high, the process is not limited by diffusion, allowing

for the formation of a more solid or dense product instead of a powder.

Temperature: Temperature has an effect similar to the concentration. When increasing
temperature, diffusion increases, and the rate of crystal growth will be greater than the

nucleation rate. As a result, coarse-grained deposition is favoured.

Stirring of bath: By stirring the electrolyte, the thickness of the double layer is decreased, and

the diffusion rate will rise. This will result in the production of coarser deposited material.

The presence of an non-reactive species: The presence of non-reactive and immobile species,
which do not participate in reactions at the cathode, can reduce the diffusion rate, making

diffusion the rate-controlling step. As a result, a granular deposit is likely to form.

Presence of colloidal substances: The addition of colloidal reagents such as agar, glue, gums,
sugars, etc., in small amounts (0.05 g/I) has a positive effect on obtaining a smooth powdery

deposition (Sharma et al. 2005b; Abbey 2019). The reason is that the presence of these particles
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on the cathode hinders the crystal growth. Hence, nucleation will be the dominant process,
resulting in a fine-grained deposit. More concentration of colloidal reagents causes the

production of very loose metal deposition on the cathode.

2.6.8 Electrowinning of Co and Ni
2.6.8.1 Electrolyte Formulation

To formulate the electrolyte medium, the cathode metals, specifically Li, Mn, Co and Ni, can be
successfully extracted (leached) from the cathode powder of spent batteries by dissolving these
metals into their respective metal-ion rich solution using leaching agents (usually inorganic or
organic acids) (Urbanska 2020). The most commonly investigated leaching agents utilised also
at the initial stages of hydrometallurgical development of metal recovery from spent Li-ionBs,
are inorganic acids—mainly sulphuric acid (H>SOs), but also hydrochloric acid (HCI), nitric acid
(HNO:3), and phosphoric acid (H3PO4)(Wang et al. 2012; Barik et al. 2017b; Pinna et al. 2017b;
Golmohammadzadeh et al. 2018; Peng et al. 2018; Urbanska 2020). The utilisation of strong
acids yields high leaching efficiency, and hence a high metal recovery degree while maintaining

optimal conditions for the process (Peng et al. 2018).

Apart from technological advantages, inorganic acids are also relatively inexpensive reagents,
thus they can be used on an industrial scale (Urbanska 2020). However, very low pH levels
during leaching may lead to accelerated wear and tear (corrosion) of the equipment. Another
issue to be considered is waste management, namely the battery powder contaminated with
mineral acids obtained by leaching. Moreover, during inorganic acid leaching, there is a certain
probability of the release of gases posing a danger to human health and the environment,

particularly, Cl;, SOs, or NOx (Wang et al. 2012).

The frequently accrued problems resulting from the utilisation of inorganic acids in the
leaching process of spent Li-ionBs have induced a necessary search for effective alternatives
whose application won't be hazardous to human health and the environment (Urbanska 2020).
The search for a non-hazardous alternative has led to research on the utilisation of organic
acids as leaching agents (Golmohammadzadeh et al. 2018). In recent years, citric acid has been

the most frequently investigated organic acid-leaching agent (Urbanska 2020).

91



Tendai Tawonezvi Literature Review

Additionally, recent research has shown that the following acids have been tested as the
leaching agent: succinic, aspartic, lactic, formic, tartaric, oxalic, acetic, malic, maleic,
iminodiacetic, adipic, and nitrilotriacetic (Li et al. 2015b, 2017; Zeng et al. 2015b; Nayaka, Pai,
Santhosh, et al. 2016b; He et al. 2017b; Golmohammadzadeh et al. 2018; Zheng et al. 2018). It
has been shown that it is possible to successfully recover metals from battery powder from
spent Li-ionBs using organic compounds as leaching agents, however, the leaching efficiency
is still low, the reactions during the process are slower (longer contact time) and organic acids
partially ionises compared to the case of experiments where the leaching agents were inorganic

acids.

The utilisation of organic acids reduces the corrosion risk to equipment, and they are also safer
for the people involved in this process (Golmohammadzadeh et al., 2018). Additionally, during
organic acid compound leaching, secondary contamination hardly ever occurs. However, the
price of reagents may pose a problem: they are more expensive than the inorganic acids, hence
their use may increase the operating costs of industrial installations. Moreover, in the literature,
there are frequent indications that it is difficult to precisely determine chemical reactions taking
place during leaching with organic acids, and thus also in determining particular products
resulting from these reactions, due to the high probability of forming various compound
organic complexes and semi-products in the process (Zeng et al. 2015b; Nayaka, Pai, Santhosh,

et al. 2016b; He et al. 2017b; Golmohammadzadeh et al. 2018).

Most frequently, the acidic leaching of spent Li-ionBs is enhanced with the introduction of
additives, the so-called reducers (Urbanska, 2020). The utilisation of additives transforms the
metals, which are part of battery powder, into a divalent form that is soluble in acidic solutions
(Wang et al. 2012). In the case of a LiCoO; cathode, it has been demonstrated that the addition
of a reducer has the highest influence on cobalt ions (i.e., during leaching the cobalt valence
state changes from Co(lll) to Co(ll)) (Urbanska 2020). In effect, metal recovery may be higher
(>95%) and the concentration of used acids is lower. The most common compound used as a
reducer in the process of battery powder acidic leaching is hydrogen peroxide (H.O.), which
was repeatedly dosed in experiments where it was combined with acids, both inorganic and
organic are used as leaching agents (Wang et al. 2012; Barik et al. 2017b; Pinna et al. 2017b;
Peng et al. 2018; Urbanska 2020).
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Researchers investigated the reducing properties of sodium bisulphite (0.075 M NaHSO3),
ammonium chloride (0.8 M NH4Cl), sodium thiosulphate (0.25 M NaS;03), and organic
compounds like ascorbic acid (0.11 M C¢HgOs), glucose, sucrose, and cellulose combined with
sulphuric acid as a leaching agent (Wang et al. 2012; Zeng et al. 2015b; Ku et al. 2016b;
Meshram et al. 2016a; He et al. 2017b; Chen et al. 2018; Urbanska 2020). In the experiments in
which the leaching agent was an organic acid, a commonly used reducer, apart from hydrogen
peroxide, was 0.02 M ascorbic acid, whose presence in the leaching process has proved to
improve the efficiency (>97%) of metal recovery, especially cobalt (Zheng et al. 2018).
Nevertheless, electrowinning or electrorefining of Co and Ni in acidic media has gained traction

as an interesting subject for further investigations.

2.6.8.2 Electrochemistry of the Electrowinning Process

In order to optimise the electrowinning process, it is necessary to understand the
electrowinning electrochemical behaviour of Li-ion cathode metals (Li/Mn/Ni/Co). Co and Ni
are the critical component in most Li-ionB technologies. The main aim of any Co/Ni
electrowinning process is to produce a dense high-purity deposit under conditions which
optimise the current efficiency and power consumption. Trimmed nickel sheets and stainless-
steel have been widely utilised as anodes, however, they are costly and possess a low contact
surface area-mass ratio (Mulaudzi and Kotze 2013). Pure Pb has solely been utilised as
cathodes in the electrowinning of Co (Sharma et al. 2005a, 2005b; Mulaudzi and Kotze 2013).
Besides high toxicity and its costly nature, researchers haven't found alternatives to replace Pb

anodes. It is noteworthy that not much work has been done on electrowinning electrodes.

Co/Ni electrowinning has been tried from both alkaline and acidic electrolytic media. There are
several researchers who have utilised acidic cobalt solutions as electrolyte mediums (Sharma
et al. 2005a; Mulaudzi and Kotze 2013). Reduction potentials for Cu (0.34 V) and Ni (-0.25 V)
are also more positive compared to Co (-0.28 V), hence reduction of Cu and Ni is
thermodynamically more favourable than that of Co, therefore these metals co-deposit with
Co, resulting in low current efficiency for Co metal production and impure Co metal (Sharma

et al. 2005b, 2005a; Mulaudzi and Kotze 2013).
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Production of Co/Ni from alkali media proceeds according to the following general

electrochemical reactions:

Cathode

Co?* + 2e~ = Co [E°=-0.28 V] 2-27
Ni?* 4+ 2e~ = Ni [E°=-0.25V] 2-28
2H* +2e" =H, [F=0V] 2-29
Anode

2H,0 — 0, + 4H* + 2e~  [F°=-1.23V] 2-30

Unfortunately, for the cobalt deposition reaction (Eq 2-27), hydrogen evolution (Eq 2-29)

almost always accompanies cobalt deposition, resulting in:
a) Reduced current efficiency and higher power costs.

b) An increase in pH at the cathode surface, which in turn can cause cobalt hydroxide

precipitation.

The precipitate can be incorporated into the deposit and/or can cause blocking of the cathode

surface.

¢) Hydrogen incorporation in the deposit. This may cause hydrogen embrittlement of the

electrowon cobalt; and
d) The formation of streak marks along the cathode surface.

Consequently, minimising hydrogen evolution is critically important in the cobalt

electrowinning process.

Another problem with hydrogen evolution is that using standard electrochemical techniques,

it is difficult to distinguish between the reduction of Co®* and H*.
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The reduction of H* ions at the cathode results in a rise in pH while the generation of H+ ions
at the anode results in a decrease in pH. If the anolyte and catholyte are allowed to mix, then,
in normal Co electro-winning where the current efficiency for Co deposition is in the range of
90%, the pH of the electrolyte will drop (Sharma et al. 2005a). Similarly, the Co strength of the
electrolyte will also deplete. If the above three reactions are the only reactions taking place,
then the drop in pH is proportional to the Co ion depletion. Therefore, if Co(OH); is added to
this solution, then, when the pH of the solution is restored, the Co strength of the solution will
also be restored (Sharma et al. 2005b; Mulaudzi and Kotze 2013). Thus, restoring the pH is an
effective method of regenerating the bath with respect to both the pH and the Co

concentration.

However, other reactions do take place at the electrodes, the prominent amongst these being

(Jeffrey et al. 2000a; Sharma et al. 2005b).
Co?t - Co3* + 2e~ [E°=-1.82 V] 2-31

Most of the Co®* ions deposit at the anode as a black oxide/hydroxide powder. The probability
of a small fraction reaching the cathode cannot be ruled out. The presence of multivalent ions
in the electrolyte affects the nature of the deposit. However, in the purified solutions used in
this investigation, the activity of other ions was very low and their discharge at the electrodes
could be neglected. Similarly, reaction 2-16 could also be neglected because the Co oxide
deposited at the anode was only a small fraction of the Co deposited at the cathode (Sharma

et al. 2005b).

Parameters for the electrowinning technique are generally categorized into electrochemical
and physical parameters. Some electrochemical parameters include the composition of
electrolyte, temperature, current density, concentration of soluble impurities, type and amount
of additives, presence of suspended solids and electrical conductivities. On the other hand,
physical parameters are cell arrangements, anode- cathode distance, current distribution,

electrode cleanliness, deposition time and electrolyte flow (Sharma et al. 2005a; Abbey 2019).

Finally, at the end of the process, the performance of electrowinning can be judged by
evaluation of different indicators such as purity of the electrowon deposit, current efficiency,

morphology of the deposit and so on. For electrowinning of Co in alkaline solutions, the main
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parameters are the initial concentration of Co in the solution, concentration of free electrolyte
(NaOH, H,S0O, etc), batch temperature of the electrolyte, current density, as well as agitation
(or flow rate. In some older studies, other parameters like the material of the cathode and
anode, and the distance between them have been discussed (Jeffrey et al. 2000a; Seyed
Mohammad Khosh Koo Sany 2009; Mulaudzi and Kotze 2013). However, it is presently known
that the electrode distance has no effect on the purity of deposited Co. The conventional best
cathode material for electrowinning is established to be stainless steel due to its respective

ease of stripping.

It is important to find out the relation between each single parameter and a performance
indicator. However, owing to the complexity of inter-relationships between the parameters and
performance indicators listed above, it would be very difficult to achieve this goal. This

complexity is pointed out by Sharma et al. (2005) under two main categories:

e A specific setting for a parameter may improve one performance indicator at the
expense of another. For instance, an increase in temperature raises the quality of the
deposit, but it also lowers the current efficiency and purity.

e There is an unknown synergetic cause-effect between the parameters. This makes it

difficult

The anode is usually titanium oxide, lead or graphite (Jeffrey et al. 2000a; Halli et al. 2020), The
electrolyte is the acidic solution of metal ions. The cathode is usually made of stainless-steel
sheets and the anode is conventionally made of lead (Pb) sheets (Mulaudzi and Kotze 2013;
Halli et al. 2020). The anode made of Pb usually suffers from sludge accumulation and severe
corrosion during electrowinning which consequently affects the overall energy formation and

cost of operation (Elsherief 2003; Wang 2006; Ferreira et al. 2009b; Lu et al. 2018).

Inorder to fully comprehend the complexity of the influence of multiple input parameters on
one or more variables, the techniques of Design of Experiments (DOE) can be used to design
a series of goal-oriented experiments, enabling the application of statistical models to analyze
the data extracted from these experiments. This will be discussed in the next chapter where
some theoretical aspects about the statistical method used in this project to design and analyse

the experiments are given.
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2.7 Summary of Review

The Li-ionB hydrometallurgical recycling process, as stipulated above, is preferred out of the
various available processes because it entails low energy consumption, minimal gas emissions,
and most significantly, high product purity and recovery rate (de Oliveira Demarco et al. 2019).
These advantages, consequently, outweigh the high chemical usage disadvantage. In addition,
the recycling process can also guarantee a good economic return when implemented at the

plant level.

A variety of metal ions are also present in leachate after the acid-leaching process. In order to
recover, and produce regenerated cathode active materials for commercial sales, it is necessary
to separate or isolate these metal ions. Henceforth, liquid-liquid extraction (solvent extraction)
and/or selective chemical precipitation are employed for that purpose as previously indicated.
They both deliver high metal separation efficiency and material purity (Nayaka, Pai, Santhosh,
et al. 2016a; de Oliveira Demarco et al. 2019; Phuc Anh LE 2019). These findings are identified
as the starting foundations for the development of spent battery recycling processes based on

the context of research outcomes.

The variation of leachant concentration, pulp density (S/L ratio), reductants and their
concentration, reaction time, and especially reaction temperature can directly influence the
leaching efficiency of valuable metals from spent Li-ionB cathodic materials (de Oliveira
Demarco et al. 2019; Halli et al. 2020). As a result, efforts to optimize the leaching stage are
required to achieve optimal extractive leaching efficiency for cathodic metals entailing low

energy, chemical and time consumption.

Solvent extraction, ion exchange and selective chemical-based precipitation are all employed
in the product recovery stage (Aboagye et al. 2021). Solvent extraction utilises toxic chemicals
and complex process routes thus selective precipitation and ion exchange requires further
investigative exploration, as a possible alternatives to solvent extraction, in order to assess the
viability and effectiveness of the selective precipitation process route for metal recovery, as
well as to further pursue and develop a recycling process that could easily be scaled up from
laboratory scale to pilot scale and ultimately industrial scale (Aboagye et al. 2021; Chandran et

al. 2021; Zhao et al. 2021b; Islam and lyer-Raniga 2022). Solvent extraction, however, requires
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the use of toxic organic chemicals as well as complicated experiment sub-process routes

(Haiyang Zou 2012; Gratz et al. 2014; Pigtek et al. 2021; Islam and lyer-Raniga 2022).

Hydrometallurgical, pyrometallurgical, bio-metallurgical, electrometallurgy or mechanical unit
operations are frequently combined or integrated together in conventional industrial processes
to recycle spent batteries (Sharma et al. 2005b; Nayaka, Pai, Santhosh, et al. 2016a; de Oliveira
Demarco et al. 2019). In section 2.5.7, well-developed hydrometallurgical and pyrometallurgical
recycling processes are briefly discussed namely the Umicore process, INMETCO and Toxco

Process.
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Chapter 3: Experimental Methodology

3.1 Chapter Overview

This chapter provides a detailed insight into the methodology employed to address the aims
and objectives in Chapter 1. This chapter describes the methodology overview (Section 3.2),
the process development of valuable metal recovery from spent Li-ionBs (Sections 3.3 until 3.8)
and the material and electrochemical characterization techniques (Sections 3.9 and 3.10)

employed to assess their respective physical and electrochemical performance.
3.2 Methodology Overview

The extracted spent and discharged NMC (532) cathode material, obtained from the in-house
Energy Storage Innovation lab Li-ion Battery Assembly Plant, was ultrasonically treated for 30
minutes after being meticulously sliced into small pieces/fragments, approximately 1 cm? in
size, to facilitate the subsequent leaching of valuable metals using an inorganic acid-reductant
leachant combination. Each data point used to calculate the graphs presented in this work is an
average derived from three repeated experiments for that specific data point. Various leaching
reagents are employed to address spent Li-ion, predominantly utilizing an inorganic acid as
the leaching agent. Examples of such acids include H>SO4, HCl, or HNOs. In comparison to all
the alternatives documented in the literature, H,SO, demonstrates significant recovery
efficiency in NMC batteries and is more cost-effective (Chen and Ho 2018; Chandran et al.
2021; Kim et al. 2021). Consequently, H.SO4 was selected as the leaching agent for processing
NMC cathode materials. Hydrogen peroxide (H.O;), which is used in this study, is utilized in
NMC leaching processes due to its oxidizing properties, which enhance leaching efficiency,

accelerate reaction kinetics (Chen and Ho 2018).

During the leaching experimental parameter optimisation phase, the following operating
variables were explored: H,SO4 concentration, H.O, concentration, temperature, leaching time,
and solid-liquid ratio. Following optimisation, precisely 37.5g of NMC 532 cathode material
was leached in 500 ml of 6 vol% H>O, and 2M H,SO, acid (75 g/L S/L ratio) leachant for total
reaction time of 2 hrs. At leaching reaction time of 20 mins, carbon flakes, which float in the

intra-leaching solution, and aluminium fragments (both from the pre-processed cathode
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material fragments) were freed (washed) from the cathode matrix using the acid-reductant

leachant and filtered out thereafter using a 1 mm gauze sieve before leaching is continued.

The second experimental phase comprised the electrowinning parameter optimisation phase.
The single-compartment electrowinning cell consisted of a Pyrex ~350 ml jacketed cylinder
with a Perspex cover holding the 3 electrodes. The cathode slot was fitted with a Metrohm
rotating motor. Initial electrowinning optimisation tests were conducted in a jacketed reactor
vessel using a synthetic 47.5 g/L Ni**025C0?*01Mn?*q15Li*os sometimes presented as 30 g/L
Co**03Ni**o7 solution (made from mixing NiSOa, Li2SOs, MnSO,, and CoSO4 in 250 ml) to
determine the optimal conditions for Co** and Ni?* deposition. All synthetic solutions
contained an unvaried 5.5 g/L of Li* and 12.0 g/L of Mn** except for cyclic voltammetry
experiments, which utilised pure Co** (15 g/L), Ni#* (15 g/L) and Ni**925C0**0.1Mn?*g1sLi*0s
(47.5 g/L) solutions.

An Aluminium plate (5052 aluminium alloy) with 2 cm? active surface area was used as a
cathode. An in-house single platinum-plated titanium plate, made by the electroless Pt coating
method reported by Rao & Pushpavanam (Rao and Pushpavanam 2001) with a 4 cm? exposed
surface area, was used as the anode. The electroless plating method was reported in detail in
section 3.5.1.2. The distance between the electrode planes is 2.5 ¢cm, and the tip of the
reference electrode is positioned 1.15 cm from the anode and 0.5 cm from the cathode,
providing sufficient space for the cathode electrode to rotate. The Ag/AgCl in saturated KCl
reference electrode was utilised throughout all electrowinning experiments. The effect of
different electrowinning parameters (pH, temperature, potential, concentration, buffer dosage,
cathode rotating speed, and Co/Ni ratio) on current efficiency and deposit composition, and
quality (purity and morphology) was studied to establish optimal levels. Cyclic voltammetry
studies were conducted at a scan rate of 2.5 mV/s from -1.2 to -0.2 V (vs Ag/AgCl), a
temperature of 50 °C, and a pH of 4. Aluminium alloy plates with 2 cm? active surface area
were used as the working electrode. A single platinum plate with 2 cm? exposed surface area
was used as the anode. The anode was positioned on the opposite facial side of the cathode

with the reference electrode Ag/AgCl reference electrode) in the middle.

The optimized parameters conditions (-1.15 V vs Ag/AgCl, (47.5 g/L) Ni**25Co%**0.1Mn?*g 1sLi*os,
50 °C, 15 g/L of monosodium phosphate, 15 g/L Na,SO., pH 4.5 and Cathode Rotating Speed
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(CRS) of 40 rpm) determined using synthetic solutions were utilized in the Co-Ni composite
electrowinning studies of the leachate solution obtained using an actual Li-ionB NMC532
cathode. The resulting solution of the leaching stage had a pH of approximately 0.65. After the
pH increased up to 4.5 through the addition of 10 M NaOH, Fe, Al and Cu were precipitated
as hydroxides. The resultant solution was filtered through 0.45 pm PTFE membrane to recover
precipitates. Thereafter, the electrowinning operation, utilising optimised parameters, was
conducted in a jacketed reactor vessel using a leachate solution obtained using an actual Li-

ionB NMC532 cathode leachate (as electrolyte) to recover Ni-Co composite material.

Titanium was coated by platinum using the electroless deposition method by Rao &
Pushpavanam, (2001) (Rao and Pushpavanam 2001). An aluminium plate with a 2 cm? active
surface area was used as a cathode coupled with a single platinum-coated titanium plate with
a 4 cm? exposed surface area was used as anode for the 2 cm?/250 cm? cathodic surface area
to electrolyte volume ratio (AA/EV) set-up. The aluminium plate of (10 x 3) 30 cm? surface area
was used as cathodes coupled with two layered platinum-coated titanium sheets measuring
10 X 3 cm which was used as anodes placed on opposite facial side of the cathode for the 30
cm?/ 250 cm?® AA/EV set-up. The Ag/AgCl reference electrode was utilised throughout all

upscaled batch electrowinning experiments.

Power Supply

Metal lon
Sulphate
Solution

Active Sites

Figure 3-1: Single-compartment cell used in the different electrowinning tests.

To determine the current efficiency, the weight of the Al-cathode was measured before and

after each experiment, and the difference in mass represented the mass of the deposited Co-
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Ni material. However, to ensure that this mass difference accurately reflected the deposit's
mass only, the cathode and the deposit were thoroughly rinsed with acetone. Then air dried
using pressurized air to eliminate any traces of residual electrolyte solution adhering to the

electrode-deposit matrix. The current efficiency was calculated according to the equations

below:

N =12x100 3-1
and:

m, = = 3-2

nF

Where m, is mass obtained from electrowinning, m, is the calculated theoretical mass at 100%
faradaic efficiency, M is molar mass, I is the current in amperes, t is the time in seconds, n is

the oxidation state, and F is the faradays constant.

The third experimental phase comprised the recovery of valuable metals remaining in the
electrowinning effluent using chemical-based precipitation. The resultant electrowinning
effluent was treated with NaOH and Na>COs to recover 0.6[Ni(OH)2].0.3[Mn(OH),].0.1[Co(OH)]
composite material and Li.COs respectively. The recovery and separation process of the
valuable metals from spent NMC cathode material was achieved by a two-step precipitation
method. After electrowinning, the pH of the leachate solution was adjusted from 5.5 to 13
using a 10 M NaOH solution to study the behaviour of Mn, Co, and Ni precipitates at different
pH levels. The following operating variables were explored: pH and temperature. During
precipitation, aliquots of liquid samples were taken periodically (at every experimental variant)
to determine the metal content for elemental analysis. At pH=7.8 and 20 °C, The supernatant
liquid was filtered, the residue was hot air dried, and the 0.6[Ni(OH)2].0.3[Mn(OH)].0.1[Co(OH);]
composite material was obtained and stored in a dry, air-tight and inert atmosphere container.
At pH=12.8 and 20 °C, The supernatant liquid was filtered, the residue was hot air dried, and
the Mn(OH), composite material was obtained and stored in a dry, air-tight and inert

atmosphere container.

Thereafter, the post precipitation leachate was further used to recover the Li by adding 12.6 g

of Na,COs to the resultant supernatant liquid with a Li* concentration of 1.38 M (9.7 g/L) (which
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was concentrated from 4.75 g/L through evaporation using hot plate-open beaker set up at 90
°C) and agitated at 500 rpm for 1 h to efficiently precipitate Li-COs. The Li* concentration was
raised to 9.7 g/L via evaporation, following the findings by Zhao et al. (2019) that a Li*
concentration of at least 10 g/L is required to attain a high (>82%) Li* recovery efficiency (Zhao
et al. 2019). The following operating variables were explored: Li*: CO*3 to ratio, pH and
temperature). The Li,COs precipitates were separated from the suspension through filtration
followed by washing using deionised water and hot air drying. The sample composition was
assessed using EDS, XRD and ICP analysis. The precipitation efficiency (E) (%) was calculated

using the equation below:
E = (Cl - Ct)/C 3-3

Where E is the precipitation efficiency (%), C;is the initial metal content in g/L and C; is the

final metal content in g/L.

The complete hydro-electrometallurgy experimental design of the recovery of Ni-Co

composite from spent Li-ionBs is formulated in Figure 3-2.
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Figure 3-2: The complete hydro-electrometallurgy experimental design of the recovery of Ni-Co

composite from spent Li-ionBs.
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3.3 Recovery Process Setup

To ensure consistency in the in-house synthesized electrodes, the process was designed to
maintain control over the operating parameters such as temperature, pressure, and time were

optimally stipulated, and equipment was calibrated before research work commenced.

3.3.1 Material and Chemicals

Table 3-1 provides a list of materials and chemicals (including their details) that were employed

during the course of this research.

Table 3-1: Materials and chemicals utilised during the course of this research.

Material/Chemical Supplier Comp. Details
Aluminium Q-Lite 99.0% 5052 Alloy
Cobalt Sulphate Kimix Chemicals 99.9% Reagent Grade
Li-ion Batteries In-house

Manganese Sulphate ACE 99.9% Reagent Grade
Titanium Electrodes Sigma Aldrich 99.9%

Lithium Sulphate Sigma Aldrich 99.9% Reagent Grade
Nickel Sulphate Sigma Aldrich 99.9% Reagent Grade
Sodium Hydroxide Kimix Chemicals 99.0 % Reagent Grade
Sodium Carbonate Kimix Chemicals 99.0 % Reagent Grade
Hydrochloric Acid Alfa Aesar 37.5% Reagent Grade
Sulphuric Acid ACE 98.0% Reagent Grade
Sodium Sulphate Alfa Aesar 99.9% Reagent Grade
Monosodium Alfa Aesar 99.9% Reagent Grade

Phosphate

Deionized Water

WP Municipality

Water deionized
PURELAB®  Prima,

Veola
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3.3.2 Equipment

During the experiments, various machines were utilised to extract Ni-Co alloys.

3.3.2.1 Leaching Set-Up

A custom set-up (Figure 3-3) for the leaching process was used to leach the metals from the

NMC cathode.

Figure 3-3: Schematic diagram of the leaching set-up.
3.3.2.2 Hot-Air Oven

The oven (Labotec Ecotherm, South Africa), depicted in Figure 3-4, was employed to facilitate

the removal of solvent from wet materials.
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Figure 3-4: The oven employed during material synthesis.

3.3.2.3 Electrowinning Cases

Single-compartment electrowinning process was designed and manufactured by WAKE
Engineering, SA. The schematic of the electrowinning process set-up and lab set-up figures are

provided in Figure 3-5.
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Figure 3-5: a) Electrowinning lab set-up b) schematic of the electrowinning set-up.
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3.3.2.4 Overhead Mixer

The overhead mixer (Velp, Netherlands), depicted in Figure 3-6, was employed to facilitate the

dissolution of materials in solvents and induce homogeneity in solutions

Figure 3-6: Overhead mixer.

3.3.2.5 Electrochemical Management System

The electrochemical management system (Metrohm, China), depicted in Figure 3-7, was

employed to operate electrowinning cells.

Figure 3-7: Electrochemical management setup.
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3.3.2.6 Other Equipment

Other small equipment employed during the course of the research are listed in Table 3-2.

Table 3-2: Compilation of all the small equipment used in this project.

Equipment / Item Make / Model Details
Spatulas Flat and spoon spatulas, Lasec Co. Stainless steel
Stirring Rods Stainless steel rods, Lasec Co. 15 mm length
Mixing Vessels Glass vessels, Lasec Co. 1L, 2L
Magnetic Stirrer Eins Sci

Water Purification System PURELAB® Prima, Elga Veola Co.

Sieves Air & Vacuum Technologies

3.3.3 Battery Pre-Treatment

Spent Li-ionBs are chosen due to their abundant quantity and ease of supply connection since
in the last decade most technological devices and automated vehicles employ largely Li-ion
batteries. To prevent short-circuiting, battery voltage was first measured by a voltmeter to test
the remaining capacity of spent batteries. Normal L-ionBs voltage is commonly 3.4-4.1 V (Phuc
Anh LE 2019; Manthiram 2020). Hence, a lower measured voltage than this range is required

for safe dismantling.

To minimize possible explosion as well as toxic electrolyte risks, spent Li-ionBs were carefully
dismantled in a fume hood. A plastic cutting knife was used to remove the plastic outer casing
of Li-ionB. The enveloping polymer film and cathode layer were then dismantled. Cathode and
anode stacked layers were then uncovered, separated from each other. Cathodes were cut into

small fragments (~1 cm?) to facilitate metal dissolution during leaching.

This thesis aims at recovering a high quantity and quality of Ni-Co, Mn(OH),, and Li»CO3
compounds from the spent active cathode material in 3 subsequent stages, acid-reductant
leaching, selective electrowinning and chemical based precipitation. In the first step, which is

the inorganic acid-reductant leaching step, metallic compounds are dissolved as ions in an
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inorganic acid-reductant environment. Optimal acid-reductant leaching can enhance the
efficiency of subsequent metal separation steps. Therefore, optimization of acid-reductant
leaching is necessary to identify appropriate conditions for the highest efficiency of acid

leaching without waste of chemicals or energy.

The leaching step in this thesis was conducted in sulphuric acid (H2SO4) medium because, in
research work, H,SOys is cost effective and has provided higher leaching efficiency than HCl and
HNOs (Georgi-Maschler et al. 2012; Chen and Ho 2018; Werner et al. 2020). Acid concentration,
leaching temperature, and leaching time contribute to high leaching efficiency. Carbon flakes,
which float in the intra-leaching solution, and aluminium fragments (both from the pre-
processed cathode material fragments) were freed (washed) from the cathode matrix after 20
minutes (t=20 mins) using the acid-reductant leachant and filtered out thereafter using a 1
mm gauze sieve before leaching is continued. In addition, oxidizing agents enhance the
reaction kinetics of the formation of highly soluble complexes, decreasing the required
inorganic acid quantity and avoiding the risks of handling highly concentrated acid (Meshram
et al. 2016a; Cheng 2018). Moreover, pulp density (i.e., the ratio of NMC powder to leaching
liquid) is also an important factor contributing to the leaching efficiency of metals (Georgi-
Maschler et al. 2012; Zheng et al. 2018). Experiments for leaching condition investigation were

conducted in a 100 mL glass beaker on a stirring hot plate.

For each set of experiments, only one factor or parameter is varied while keeping all other
factors constant. The goal is to determine the optimal value for this factor to achieve the
highest leaching efficiency for Li, Co, Mn and Ni, while minimizing material, energy and time
consumption. Refer to Figure 3-8 for the experiment setup for the battery pre-treatment
process. The resulting mixture, after leaching, was then electrowon to recover dissolved

valuable metals.
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Figure 3-8: Experimental set-up for battery pre-treatment process.

3.3.4 Test Cell Assembly

Following Battery pre-treatment as per section 3.3.3, producing the Pt coated Ti electrode as
per 3.5.1.2 and procuring the Al alloy electrode, the electrowinning cell assembly is the final
step. For this step, a cylindrical glass reactor was designed and produced. The case housed the
commercial Al alloy cathode, electrolyte, reference electrode, and platinum-plated titanium
anode. The case has a heating jacket that is utilised for isothermal regulation. A 2D conception

of the cell with two electrodes is shown below in Figure 3-9 (b).
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Figure 3-9: a) Electrowinning lab set-up b) 2D conception of the electrowinning cell with three electrodes.

Basically, for this type of cell, only one anode and one cathode could be put inside the cell.
The anode should have double the dimensions of the cathode but with double the surface
area. The reason for making the anode larger is to ensure that it can handle the same or a

greater current density without becoming a limiting factor.

3.3.5 Leaching Process Optimisation

3.3.5.1 Overview

Following pre-treatment, the NMC 532 cathode electrode material was manually homogenized
and leached in varied leachant concentration levels (0,5, 1, 2 and 3M) of H,SO, solution and
varied hydrogen peroxide concentration levels (2, 4, 6 and 8 %) for varied time levels (30, 60,
120 and 120 mins) and varied S/L ratios (20, 40, 60 and 80 g/L) at 90°C under constant agitation
(350 rpm). At leaching reaction time of 20 mins, carbon flakes, which float in the intra-leaching
solution, and aluminium fragments (both from the pre-processed cathode material fragments)
were freed (washed) from the cathode matrix using the acid-reductant leachant and filtered

out thereafter using a 1 mm gauze sieve before leaching is continued.
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After leaching was completed, the minute insoluble residue was again filtrated and weighed.
The concentrations of Ni, Co, Fe, Zn, and Mn in the leaching solutions were determined by

inductively coupled plasma (ICP). Leaching efficiency was determined by the equation below:
= Cl/cp x 100 3-4

Where (; is the total metal leached per gram of cathode (as calculated from ICP results) and

C, is the initial metal total metal present per gram of cathode.
3.3.5.2 Leaching Optimisation Experimental Design

The 3 most influential leaching parameters were first optimised and therefore, a 3-level-2 factor
full factorial experimental design was used to investigate the capabilities of each parameter as
well as the effects of each variable on the recovery performance. The leaching tests investigated
the H,O, concentration, solid-liquid ratio, acid molarity and temperature. However, only solid
liquid ratio, acid molarity, and temperature were modelled on a fractional factorial design whilst
H20. concentration and time were subsequently optimised using sequential experimental
(OFAT) design. Each leaching factorial design parameter was explored and tested within a
range previously proven effective in literature for similar metals in other matrices (Lee and Rhee
2003a; Wang et al. 2012; Zhu et al. 2012; Meshram et al. 2015b, 2016b; Huang et al. 2016; Barik
et al. 2017a; Xiao et al. 2020). A summary of the leaching variable high and low values is
summarised below in Table 3-3, while the other variable experimental designs are presented

in the next sections.

Table 3-3: Leaching experimental design specifying the high and low values for each variable.

Variables Low High Units
H:0: Vol% 1 8 Vol%
S/L* 30 75 g/L
[H2S0.]* 0.5 3 M
Temp* 50 90 °C
Time 15 180 min

*Parameters identified as most influential as per literature.
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3.3.5.3 Investigation of the Effect of H202 on Leaching

This experiment was performed to investigate the effect of H.O, concentration on the leaching
process. Firstly, the H.O, concentration was varied while all other parameters such as
temperature, pulp density, acid leachant concentration and leaching time were kept constant.

The experimental conditions are shown in Table 3-4 for the leaching process.

Table 3-4: leaching conditions at different H>O, concentration levels.

Varied Constant
Sample
H.0: H.SO. S/L (g/L) Temperature. Time (hrs)
Code
(mol/L) (o)
H-1 0
H-2 1
H-3 2
3 30 70 3
H-4 4
H-5 6
H-6 8

3.3.5.4 Investigation of the Effect of Solid/Liquid Ratio on Leaching Efficiency

This experiment investigated the Solid/Liquid ratio in the leaching process. Following the
investigation of the effect of H.O, on Leaching efficiency experiments, the solid/liquid ratio
was varied while all other parameters such as temperature, acid leachant and reductant
concentration and leaching time were kept constant. The experimental conditions for the

leaching process are shown in Table 3-5.
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Table 3-5: Leaching conditions at different solid/liquid ratios.

Sample Varied Constant
Code S/L (g/L) H:SO, Temperature (°C) Time (hrs)
Conc. (M)
SL-1 30
SL-2 45
SL-3 60 2 3 70 50 3
SL-4 75
SL-5 90

3.3.5.5 Investigation of the Effect of Acid Molarity on Leaching Recovery

Efficiency

This experiment was performed to investigate the effect of acid molarity on the leaching
recovery efficiency. Firstly, concentration was varied while all other parameters, such as
temperature, pulp density and leaching time. The experimental conditions for the leaching

process are shown in Table 3-6.

Table 3-6: Leaching conditions at acid concentrations.

Sample Code Varied Constant
H2S0, (mol/L) S/L (g/L) Temperature (°C) Time (hrs)
AL-1 0.5
AL-2 1
75 45 70 50 3
AL-3 2
AL-4 3
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3.3.5.6 Investigation of the Effect of Temperature on Leaching Recovery

Efficiency

This experiment was performed to investigate the effect of temperature on the leaching
recovery efficiency. The temperature was varied while all the other parameters, such as S/L
ratio, acid and reductant concentration, and time were kept constant. The experimental

conditions for the leaching process are shown in Table 3-7.

Table 3-7: leaching conditions at different temperature levels.

Sample Code Varied Constant

Temp (°C) S/L (g/L) Time

H.SO,4 Conc. (mol/L)
(min)

LT-1 25
LT-2 30
LT-3 40 75 45 180 2 3
LT-4 50
LT-5 60
LT-6 70

3.3.5.7 Investigation of the Effect of Time on Leaching Recovery Efficiency

This experiment was performed to investigate the effect of time on the leaching efficiency. The
time was varied while all the other parameters, such as temperature, acid concentration, and
pulp density were kept constant. The experimental conditions for the leaching process are

shown in Table 3-8.
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Table 3-8: leaching conditions at different time levels.

Sample Code Varied Constant

Time S/L Temperature H2SO4 Conc.
(mins) (9/L) (9] (mol/L)

Lt-1 15

Lt-2 30

Lt-3 60 75 60 3

Lt-4 120

Lt-5 180

3.3.6 Cyclic Voltammetry
The equipment used for experiments was as follows:

1. A Potentiostat/Galvanostat Metrohm Autolab PGSTAT302N which is controlled by
NOVA software (arranged as depicted in Figure 3-10).

2. Silver/Silver Chloride reference electrode (SCE).

Bias Voltage
- +
Ag/AgCl
Ref Electrode \ &E’ Autolab
- - Potentiostat/Galvanostat
040
7 | Computer
Electrolyte - -
(Co, Ni sulfate solutlon)\ - - LL(?—-\ Pt Blécirode

Al Working Electrode

Figure 3-10: The schematic representation of the 3-electrode Autolab system.
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Cobalt sulphate and nickel sulphate salts were dissolved in triply distilled water to make 15 g/L
Co?*, 15 g/L Ni** and 47.5 g/L Ni?*425C0%*01Mn?*g15Li* o5 electrolyte solutions. All the chemicals
used were reagent grade. The pH of the solution was measured by using an EDT digital pH
meter and adjusted to 4 with the addition of sufficient H.SO4 or NaOH. The working electrode
(substrate) was made of an aluminium plate with a total exposed surface area of 2 cm* and the
pure platinum plate anode was utilized with a total surface of about 4 cm?, which is twice larger
than the cathode surface. All potentials were measured against a saturated calomel electrode
(SCE) from Metrohm (USA). The current and voltage were regularly stored in a computer. All
investigations were conducted at a scan rate set at 2.5 mv/s, the temperature at 50 °C, and pH

at 4.

3.4 Electrowinning Optimisation Using Synthetic Quasi NMC 532 Solutions

3.4.1 Methodology Overview

Aiming to define the ideal optimum potential window for Co and Ni deposition, firstly the tests
were accomplished in a beaker using a synthetic 47.5 g/L Ni®*025C0**0.1Mn?*g1sLi*os solution
denoted as 30 g/L Co**03Ni**o7 solution (made from mixing NiSO., Li»SO,, MnSO4 and CoSO.).
A single-compartment cell was built to allow for reduced mass transfer limitations of ions.
Following electrowinning optimisation, the leachate achieved from acid leaching of the
cathodic material of spent Li-ionBs will be used as an electrolyte. The leachate has a high
number of metal ions; hence, there is an unavoidable requirement for separating and
recovering these metals in solid forms. All the electrowinning experiments were run for 180
minutes unless otherwise stated. Unless otherwise stated, the leachate is treated with 15g/L of
Na;HPO4, which acts as a buffer and background electrolyte. This minimises the changes in
interfacial pH as a result of hydrogen evolution, which occurs simultaneously with Co and Ni
electrodeposition. The bulk pH was adjusted using sodium hydroxide or sulphuric acid to the

desired value. In the electrowinning setup, the treated leachate was the designated electrolyte.

An undivided glass EW cell with a solution volume of 0.250 L was used. One platinum anode
(with a double surface area to that of the cathode) and one modified blank aluminium cathode
were used at constant anode-to—cathode spacing. Titanium was coated by platinum using the
electroless deposition method by Rao & Pushpavanam, (2001) (Rao and Pushpavanam 2001).

An aluminium plate with a 2 cm? active surface area was used as a cathode, coupled with a
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single platinum-coated titanium plate with a 4 cm? exposed surface area was used as anode
for the 2 cm?/250 cm? cathodic surface area to electrolyte volume ratio (AA/EV) set-up. The
aluminium plate of (10 x 3) 30 cm? surface area was used as cathodes coupled with two layered
platinum-coated titanium sheets measuring 10 x 3 cm, which was used as anodes placed on
opposite facial side of the cathode for the 30 cm?/ 250 cm?® AA/EV set-up. All upscaled batch

electrowinning experiments utilized the Ag/AgCl reference electrode.

The Metrohm Autolab Electrochemical Management System (EMS) supplied the applied
potential to the working electrode in an electrowinning cell at predetermined levels. The cell
electrolyte temperature was maintained at a desired temperature by an electric water heating
circulation chamber. The spent electrolyte was collected in a discharge tank, and the valuable
by-products were recovered using low-cost Na-based precipitants. The pH, Ni-Co
concentration, applied potential; electrode distance and area, temperature, buffer dosage and
cathode rotation speed are investigated to formulate the optimum electrowinning conditions
using platinum-plated titanium electrodes and aluminium cathodes. The parameter limits for

each variable are fully annotated in the next sections.

The cathode was weighed before and after each experiment for the current efficiency
determination, and the mass difference represents the deposit mass. However, to ensure that
this mass difference exclusively regarded the deposit, the cathode as well as the deposit were
rinsed with acetone and then evaporated using pressurised air to ensure that no solution trace
amounts were stuck on the surface. The current efficiency was then determined by dividing the
theoretical current to produce the deposit by the real supplied one, as annotated by the

equations 2-19 and 2-20.
3.4.2 Electrowinning Optimisation Experimental Design

The 3 most influential electrowinning parameters (pH, temperature and dosage) were only
optimised using factorial design and therefore a 3-level-4-factor full factorial experimental
design was used to investigate the capabilities of each parameter as well as the effects of each
variable on the recovery performance. The electrowinning tests investigated were Co-Ni
dosage, applied potential, cathode rotational speed, inter-electrode distance, electrode active

area, buffer dosage, Na,SOs4 pH, and temperature. However, only Ni-Co dosage, pH and
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temperature were modelled on a full factorial design whilst the rest of the parameters were
optimised using sequential experimental design. Each electrowinning parameter was explored
and tested within a range that has proven effective previously in literature for similar
applications (Jeffrey et al. 2000b, 2000a; Pradhan et al. 2001; Kargl-Simard et al. 2003; Sharma
et al. 2005a; Nusheh and Yoozbashizadeh 2009; Mulaudzi and Kotze 2013; Lu et al. 2018; Abbey
2019; Carvajal Ortiz et al. 2020; Kazem-Ghamsari and Abdollahi 2022; de Castro et al. 2023). A
summary of the electrowinning variable values is summarised below in Table 3-9, while the

other tabulated experimental designs are presented in the next sections.

Table 3-9: Electrowinning experimental design.

Variables Low High Units
Potential -0.95 -1.45 V vs Ag/AgCl
pH * 2 6

Temp * 25 80 M

Co-Ni Dosage * 5 30 g/L

Cathode Rotational Speed 10 40 rpm

Buffer Dosage 5 20 g/L

Na.SO, Dosage 5 20 g/L

*Parameters identified as most influential as per literature
3.4.3 Investigation of the Effect of Co/Ni Ratio on Current Efficiency and

Deposit Composition

This experiment was performed to investigate the effect of the Co/Ni ratio on current efficiency
and deposit composition. Firstly, the Co/Ni ratio was varied while all other parameters such as
total Co®*03Ni**o7 concentration applied potential, pH and temperature were constant. The
experimental conditions for electrowinning set-up at different Co/Ni ratios are shown in Table

3-10.
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Table 3-10: Electrowinning conditions at different Co/Ni ratios.

Sample Varied Constant

Code Co/Ni Applied Potential pH Temperature Co** Ni**, (x+y=1)

Ratio (E vs Ag/AgCl) Conc. (g/L)
E-R1 0.025
E-R2 0.05
E-R3 0.15
E-R4 0.20
E-R5 0.25 -0,95 5 60 30
E-R6 0.3
E-R7 04
E-R8 0.6
E-R9 0.8
E-R10 1.0

3.4.4 Investigation of the Effect of Applied Potential

This experiment was performed to investigate the effect of current density on the
electrowinning process. The applied was varied while all other parameters such as Co**03Ni**o7
concentration, pH and temperature were constant. The experimental conditions for

electrowinning set-up at different potential levels are shown in Table 3-11.
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Table 3-11: Electrowinning conditions at different potential levels.

Experimental Methodology

Sample Varied Constant
Code Applied
PP . Co**03Ni**07
Potential pH Temperature
Conc. (g/L)
vs Ag/AgCl)
E-AP1 -0.95
E-AP2  -1.05
E-AP3  -1.15 4 5 50 60 30
E-AP4  -1.25
E-AP5 -1.35
E-AP6  -1.45

3.4.5

This experiment was performed to investigate the effect of pH on the electrowinning process.
Firstly, PH was varied while all other parameters such as Co?*o3Ni**o7 concentration, applied
potential and temperature were constant. The experimental conditions are shown in Table
3-12. Table 3-12 depicts the electrowinning conditions used to determine the optimised pH

level for electrowinning. Different pH levels of 2, 2.5, 3, 4 and 5 were adjusted by the addition

Investigation of the Effect of pH

of an appropriate amount of NaOH.

Table 3-12: Electrowinning conditions at different pH levels.

Sample Varied Constant
Code pH Co%**03Ni**o7 Temperature Applied Potential
Conc. (g/L) (°C) (E vs Ag/AgCl)

E-pH1 2

E-pH2 2.5

E-pH3 3 30 50 60 -1.15
E-pH4 4

E-pH5 5

E-pH6 6
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3.4.6 Investigation of the Effect of Temperature

This experiment was performed to investigate the effect of Temperature on the electrowinning
process. Firstly, the temperature was varied while all other parameters such as Co?*03Ni**o7
concentration, pH, and current density, were fixed at constant levels. The experimental

conditions for electrowinning at different temperature levels are shown in Table 3-13.

Table 3-13: Electrowinning conditions at different temperature levels.

Sample Varied Constant

Code Temperature pH Applied Co?*03Ni** 07
(°C) Potential (E Conc. (g/L)

vs Ag/AgCl)

E-T1 25

E-T2 30

E-T3 40

E-T4 50 3 4 5 6 -1.15 30

E-T5 60

E-T6 70

E-T7 80

3.4.7 Investigation of the Effect of Co-Ni Concentration

This experiment was performed to investigate the effect of Co-Ni concentration on
electrowinning. Co-Ni concentration was varied in this experiment, while all other parameters
were constant. The optimised pH level was obtained, as detailed in the previous section. The

experimental parameters used in these experiments are listed in Table 3-14.
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Table 3-14: Electrowinning conditions at different Ni-Co concentrations.

Sample Varied Fixed
Code  Co**03Ni**o7 pH Temperature Applied
Conc. (g/L) (°C) Potential (E
vs Ag/AgCl)

E-C1 5

E-C2 10
E-C3 15

4.5 40 50 60 70 -1.15

E-C4 20
E-C5 25
E-C6 30

3.4.8 Investigation of the Effect of Distance Between Electrodes

This experiment was performed to investigate the effect of distance between electrodes on
electrowinning. In this experiment, the distance between electrodes was varied while all other
parameters were constant. The optimised parameters were obtained as detailed in previous
sections. The experimental parameters used in these experiments are listed in Table 3-15. Table
3-15 depicts the electrowinning conditions used to determine the optimal electrode distance

for Co-Ni electrowinning.

Table 3-15: Electrowinning conditions at different electrode distance levels.

Sample Varied Fixed
Code Distance pH Temperature  Applied Co®*03Ni**o7 ¢
(cm) (°0) Potential (E Conc. (g/L)
vs Ag/AgCl)
E-D1 0.5
E-D2 1
E-D3 1.5 4.5 50 -1.15 30
E-D4 2
E-D5 2.5
E-D6 3
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3.4.9 Investigation of the Effect of Electro-Active Area

This experiment was performed to investigate the effect of electrode active area on
electrowinning. In this experiment, the distance between electrodes was varied while all other
parameters were constant. The optimised parameters were obtained as detailed in previous

sections. The experimental parameters used in these experiments are listed in Table 3-16.

Table 3-16: Electrowinning conditions at different electro-active area levels.

Sample Varied Fixed
Code Area (cm?)  pH Temperature  Applied Co**03Ni**o7
(°C) Potential (E Conc. (g/L)
vs Ag/AgCl)
E-E1 1
E-E2 2
4.5 50 -1.15 30
E-E3 3
E-E4 4

3.4.10 Investigation of the Effect of Monosodium Phosphate on pH as a

Function of Time

The effect of NaH,PO4 (monosodium phosphate) buffer on pH as a function of time was studied
in this experiment. All other parameters were kept constant, as indicated in Table 3-17. The
optimised parameters were obtained as detailed in previous sections. Table 3-17 depicts the
electrowinning conditions used to determine the effect of buffer dosage on pH as a function

of time.
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Table 3-17: Electrowinning conditions at different buffer concentrations.

Sample Variable Fixed
Code Time Initial pH Temperature Applied Co**03Ni**o7
(°C) Potential (E Conc. (g/L)
vs Ag/AgCl)
E-B1 5
E-B2 10
4.5 50 -1.15 30

E-B3 15
E-B4 20

3.4.11 Investigation of the Effect of Na.SO4 Concentration

This experiment was performed to investigate the effect of Na.SOs4 concentration on
electrowinning. In this experiment, Na>SO, concentration was varied while all other parameters
were constant. The optimised parameters were obtained as detailed in previous sections. The

experimental parameters used in these experiments are listed in Table 3-18.

Table 3-18 depicts the electrowinning conditions used to determine the optimised Na>SO4

concentrations for electrowinning.

Table 3-18: Electrowinning conditions at different Na,SO. concentrations.

Sample Varied Fixed
Code Na,SO, pH Temperature Applied Co?**03Ni**o7
Conc. (g/L) (°C) Potential (E Conc. (g/L)
vs Ag/AgCl)

E-A1 5

E-A2 10

4.5 50 -1.15 30

E-A3 15
E-A4 20
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3.4.12 Investigation of the Effect of the Rotating Cathode Speed

This experiment was performed to investigate the effect of the rotating anode speed on
electrowinning. In this experiment, the anode rotating speed was varied while all other
parameters were constant. The optimised parameters were obtained as detailed in previous

sections. The experimental parameters used in these experiments are listed in Table 3-19.

Table 3-19: Electrowinning conditions at different rotating anode speeds.

Sample Varied Fixed
Code Rotating pH Temperature  Applied Co**03Ni**o7

Anode (°C) Potential (E Conc. (g/L)
Speed (rpm) vs Ag/AgCl)

E-CS1 10

E-CS2 20

E-CS3 30 4.5 50 -1.15 30

E-CS4 40

3.5 Electrowinning Experiments Using Synthetic Ni, Co Sulphate Solution

The aim of this set of experiments was to create a cohesive deposit with high current efficiency
by studying a number of electrowinning parameters: cobalt-nickel concentration. The variables
under investigation were the pH, temperature, buffer dosage, coenzyme N concentration, and
potential. Table 3-20 annotates the composition of the solutions employed in the

electrowinning tests.

Table 3-20: Composition of the solutions employed in the electrowinning tests.

Electrolytes Concentration [g/L] Purpose
Ni Co Mn Li

Ni 15 0 0 0 cv

Co 0 15 0 0 cv

Ni-Co 21.25 8.5 0 0 CV and EW

Ni-Co-Mn-Li  21.25 8.5 12.5 5.5 EW
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The optimum electro-winning parameters were:

30 g/L of Co?*07Ni®*03 (47.5 g/L [Ni**025C0**01Mn?*g15Li*05]), 50 °C, 15 g/L of buffer dosage, pH
4.5, and -1,15 V against Ag/AgCl.

3.5.1 Anode Selection and Fabrication

3.5.1.1 Methodology Overview

The methodology constitutes the synthesis of platinum electroless plated titanium. The
electrode produced is utilised as the anode in assembling the electrowinning test cell. Each

step will be discussed in the subsequent sections.
3.5.1.2 Electroless Platinum Plating of Titanium Plate

Platinum was coated on titanium using the electroless deposition technique. Chloroplatinic
acid was purchased from Sigma Aldrich. All other chemicals are of analytical grade. The
electroless bath solutions are prepared according to the reported procedure with no further
modification (Rao and Pushpavanam 2001). A stock solution of chloroplatinic acid was
prepared by dissolving 2 g in 100 ml of 4% HCI. An aliquot of 25 ml of 1 g/L platinum bath was
prepared by taking 3.2 ml of the stock solution and diluting it to 25 ml with water. Solid
hydrazine (as a monohydrochloride) was added (3.7 g/L) to the bath just before the experiment
commenced. The deposition was carried out at 65 °C using a hot water circulation system.
Titanium plates (1 cm x 5 ¢cm) were cleaned with ethanol before being immersed in the
electroless deposition bath for 1 hour. The electro-deposition was carried out on a 1 cm? area
of the panel. The thickness of the deposits was measured by the XRF method using coating
measurement instruments [CMI] type XRX-Xyz.). The measurements are accurate to within

+0.001 pum for coating thickness.
3.6 Electrowinning Experiment Using Leached Cathode Solutions

The optimised parameters determined in previous sections were used in this section of the
experiments. The optimum electro-winning parameters were 50 °C,15 g/L of buffer dosage, pH
4.5, and -1,15 V against Ag/AgCl. A single-compartment cell was built to allow for uninhibited

mass transfer of ions.
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Figure 3-11 presents the assembly scheme of a single-compartment cell used in the different
electrowinning tests. The anodic plate, made of platinum-plated titanium, was connected to a
rotating motor, allowing for improved ionic mass transfer and counteract ion-depleted zones.

The Al cathodic plate was fixed in a static position.

Power Supply

1@
AN

Rotating Motor

Metal lon

Sulphate
Solution : Hot Water Circulation System

Active Sites

Figure 3-11: Single-compartment cell used in the different electrowinning tests.

The cathode consists of a polished al sheet with a 2-cm? active area and an anode of titanium
coated by platinum with a 4-cm? active area. In all electrowinning optimization tests, a
Ni%*xCo?*,Mn?*o1sLi*os solution was used in the electrowinning compartment, with the
electrolyte solutions circulated every 3 hours, and each electrowinning test having a 3-hour

reaction time.

To determine the current efficiency, the weight of the Al cathode was measured before and
after each experiment, and the difference in mass represented the mass of the deposited Co-
Ni material. However, in order to ensure that this mass difference accurately reflected the mass
of the deposit only, both the cathode and the deposit were thoroughly rinsed with acetone
and then air dried using pressurized air to eliminate any traces of residual electrolyte solution
adhering to the electrode-deposit matrix. The current efficiency was subsequently determined

by dividing the obtained deposit mass by the theoretical mass deposit calculated at the same
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specific current level the electrowinning was operated at. The current efficiency was calculated

according to the equations 2-19 and 2-20.

3.7 Recovery of Mn(OH):. and 0.6[Ni(OH):2].0.3[Mn(OH)z].0.1[Co(OH):]

Precipitates

The resulting solution from electrowinning will be analysed using ICP-OES and the composition
will be quantified. The electrowinning resultant solution will still constitute a substantial
amount of metals that need to be recovered and integrated back into the spent battery
recycling process. The resultant electrowinning effluent was treated with NaOH and Na»COs to
recover 0.6[Ni(OH),].0.3[Mn(OH),].0.1[Co(OH).] composite material and Li.COs respectively.
The recovery and separation process of the valuable metals from spent NMC cathode material

was achieved by a two-step precipitation method.

After electrowinning, the pH of the leachate solution was adjusted from 5.5 to 13 usinga 10 M
NaOH solution to study the behaviour of Mn, Co, and Ni precipitates at different pH levels. The
following operating variables were explored: pH and temperature. During precipitation,
aliquots of liquid samples were taken periodically (at every experimental variant) to determine
the metal content for elemental analysis. At pH=7.8 and 20 °C, The supernatant liquid was
filtered, the residue was hot air dried, and the 0.6[Ni(OH).].0.3[Mn(OH)2].0.1[Co(OH):]
composite mixture material was obtained and stored in a dry, air-tight and inert atmosphere
container. At pH=12.8 and 20 °C, The supernatant liquid was filtered, the residue was hot air
dried, and the Mn(OH). composite material was obtained and stored in a dry, air-tight and

inert atmosphere container.

Precipitation tests were carried out in 200 mL conical flasks on an overhead-stirrer. The initial
solution volume was 200 mL, maintained at a designated temperature and the agitation rate
was kept constant at 350 rpm. The conical flask corresponded to a pre-selected target pH value
(7.8, 12.8) in the range where 0.6[Ni(OH).].0.3[Mn(OH).].0.1[Co(OH),;] and Mn(OH). can be
precipitated respectively. The chemical reactions of pH adjustment with NaOH are shown

below:

130



Tendai Tawonezvi Experimental Methodology

NiSO, + 6NaOH — Ni(OH), + Na,S0, pKsp = —14.5 3-5
CoSO, + 6NaOH - Co(OH), + Na,S0, pKsp = —15.3 3-6
MnSO, + 6NaOH - Mn(OH), + Na,SO, pKsp = —12.7 3-7

The precipitating agent (10M NaOH) was added to the solution stepwise. Once the target pH
was attained in each flask, the reaction time was initiated, and the experiments were continued
for a total duration of 30 mins. The pH in each flask was monitored hourly and adjustments to
maintain the target pH value were undertaken using 10 M NaOH as necessary. Once the
reaction time reached 60 mins, the resulting solution was filtered through a 0.45 pum PTFE
membrane to recover the precipitate. The precipitate was washed 3 times using deionized
water to recover the remove any water-soluble impurities. After washing, the individual filter
cakes were collected and analysed. pH and temperature parameters were analysed as

stipulated in the below section.
The Effect of pH on Precipitation (at different temp)

This experiment was performed to investigate the effect of pH on precipitation at different
temperature levels. In this set of experiments, temperature and pH were varied while all other
parameters were constant. The optimised parameters were obtained as detailed in previous
sections. The experimental parameters used in these experiments are listed in Table 3-21 and

Table 3-22.
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Table 3-21: Precipitation conditions at different pH levels (20 °C).

Sample Varied Fixed
Code pH Reaction  Temperature = NaOH (M)

Time
(min)

E-A1 1

E-A2 3

E-A3 5

E-A4 6

E-A5 7

E-A6 8 30 20 10

E-A7 9

E-A8 10

E-A9 11

E-A10 12

E-A11 13

E-A12 14

Table 3-22: Precipitation conditions at different pH levels (40 °C).
Sample Varied Fixed
Code pH Reaction Temperature = NaOH (M)

Time (°C)
(min)

E-AT1 1

E-AT2 3

E-AT3 5

E-AT4 6

E-AT5 7

E-AT6 8 30 40 10

E-AT7 9

E-AT8 10

E-AT9 11

E-AT10 12

E-AT11 13

E-AT12 14
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3.8 Recovery of Li.COs Precipitates

The Li* remaining in the solution is precipitated by adding Na,COs in the COs*"Li* mole ratio

of atleast 1:2 as per the reaction:
Li,SO, + Na,CO; — Na,S0, + Li,CO,4 3-8

The precipitating agent (40 g/L Na,COs) was added to the 9.7 g/L Li* solution stepwise. The
Li* concentration was raised to 9.7 g/L via evaporation, following the findings by Zhao et al.
(2019) that a Li* concentration of at least 10 g/L is required to attain a high (>82%) Li* recovery
efficiency. Once the target mole ratio was attained in each flask, the reaction time was initiated,
and the experiments were continued for a total duration of 60 mins. Once the precipitation
reaction time reached 60 mins, the resulting solution was filtered through a 0.45 pm PTFE
membrane to recover the precipitate. The precipitate was washed 3 times using deionized
water to recover and remove any water-soluble impurities. After washing, the individual filter

cakes were collected and analysed.

The total cake mass and related metal content (Ni, Co, Mn, Li) were quantified using ICP-OES.

The precipitation efficiency (E) (%) was calculated using the equation below:
F=CtiCy 3-9

Where E is the precipitation efficiency (%), C;is the initial metal content in g/L and C; is the
final metal content in g/L. pH, CO%3:2Li* ratio and temperature parameters were analysed as

stipulated in the below section.
The effect of CO? s:Li* Ratio on Precipitation

This experiment was performed to investigate the effect of the CO*3:2Li* Ratio on precipitation.
In this set of experiments, CO%3:2Li* Ratios were varied while all other parameters were
constant. The optimised parameters were obtained as detailed in previous sections. The

experimental parameters used in these experiments are listed in Table 3-23.
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Table 3-23: Precipitation conditions at different CO*3:2Li* Ratios.

Sample Varied Fixed
Code CO%;:2Li* pH Temperature  Mixing Speed
Ratio (°C) (Rpm)
PP-A1 1.0:1.0
PP-A2 1.2.1.0
PP-A3 1.4:.1.0 13 20 500
PP-A4 1.6:1.0
PP-A5 1.8:1.0

The effect of Temperature on Precipitation

This experiment was performed to investigate the effect of temp on precipitation. In this set

of experiments, temperature levels were varied while all other parameters were constant. The

optimised parameters were obtained as detailed in previous sections. The experimental

parameters used in these experiments are listed in Table 3-24.

Table 3-24: Precipitation conditions at different temperature levels.

Sample Varied Fixed
Code Temp pH CO*3:2Li* Mixing Speed
Ratio (Rpm)
PP-T1 20
PP-T2 30
PP-T3 40 13 1.6:1.0 500
PP-T4 50
PP-T5 60
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The effect of pH on Precipitation

This experiment was performed to investigate the effect of pH on precipitation. In this set of
experiments, pH levels were varied while all other parameters were constant. The optimised
parameters were obtained as detailed in previous sections. The experimental parameters used

in these experiments are listed in Table 3-25.

Table 3-25: Precipitation conditions at different pH levels.

Sample Varied Fixed

Code pH CO%3:2Li* Temperature Mixing Speed
Ratio (°C) (Rpm)

PP-P1 13.00

PP-P2 13.35
1.6:1.0 20 500

PP-P3 13.70

PP-P4 14.00

3.9 Material Characterization
3.9.1 X-Ray Diffraction
3.9.1.1 Working Principle

X-ray diffraction is computed from the constructive interference of monochromatic X-rays with
a crystalline sample (Guinier 2013). Guinier (2013) added that these X-rays are generated by a
cathode ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and
projected into the crystalline sample. The interaction of the incident rays with the sample
formulates constructive interference signals (diffracted X-ray) which satisfy Bragg's law

(Equation 3-1);
nA = 2dsin@ 3-10

where n is a positive integer, A is the wavelength of the incident ray, 6 is the scattering angle
and d is the interplanar distance (in Angstroms). Bragg's law establishes a connection between
the wavelength of electromagnetic radiation, the diffraction angle, and the lattice spacing

(interplanar distance) within the crystalline structure of the sample. The resultant diffracted X-
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ray signals are subsequently detected, processed, and quantified. By systematically scanning
the sample across a range of 20 angles, all potential constructive interference signals
(diffraction X-rays) arising from the lattice can be acquired, owing to the random orientation
of the crystals. Analysing the diffraction peaks and converting them to d-spacings facilitates
the identification of compound(s) in the sample, as each compound exhibits a distinctive set
of d-spacings. Typically, compound identification involves comparing these d-spacings with

standard reference patterns.

3.9.1.2 Procedure for XRD Analysis

The electrode materials, as well as the charged and discharged electrode materials, were
characterized by X-ray diffraction (XRD) using a D8 Diffractometer with a theta-theta
goniometer (HySA, South Africa). Cu Ka radiation (A ~ 1.541874 A) was utilized, covering a 26
range (from 5° to 90°) at a scan rate of 5° per minute. Rietveld refinement was not conducted.
Phase identification was done in DIFFRAC.EVA software and the plane reflection were indexed
using a powder diffraction file (PDF). A qualified lab technician conducted the analysis and

provided the results.

3.9.1 Scanning Electron Microscopy

3.9.1.1 Working Principle

Stokes (2008) characterized a scanning electron microscope (SEM) as an electron microscope
variant that produces images by scanning the surface of the specimen with a focused beam of
high-energy electrons. This electron beam interacts with atoms in the specimen, eliciting
various signals that provide information about the surface topography, morphology, and
composition of the specimen (Debbie J Stokes, 2008). The electron beam follows a raster scan
pattern, and the image is formed by correlating the position of the electron beam with the
frequency of the detected signal. The detection of secondary electrons emitted by atoms
excited through the electron beam represents the most commonly utilized SEM mode, as

indicated by Suryanarayana (2016). Figure 3-12 depicts a schematic diagram of a typical SEM.
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Figure 3-12: Schematic diagram of a SEM machine (Figure derived from (Suryanarayana 2016)).
3.9.1.2 Procedure for SEM Analysis

The morphologies of all Ni-Co alloys were taken by a TESCAN MIRA SEM with a Raman
confocal system (EMU-University of Cape Town, South Africa). A qualified lab technician

conducted the analysis and provided the results.

3.9.1 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
3.9.1.1 Working Principle

In ICP-OES, samples are typically introduced as acid solutions and subsequently nebulized to
generate a fine aerosol. This aerosol is then transported into the plasma, where it undergoes
desiccation, vaporization into molecular gases, and dissociation into atoms that are capable of
being ionized. Both atoms and ions become excited in the plasma, returning to their ground
state while emitting light, which is quantified using an optical spectrometer. All elements
present in the radiation source emit their characteristic spectra concurrently. Consequently,
based on the principles of OES, it is evident that this is a multi-element method, capable of

operating in either a simultaneous or sequential mode (de la Guardia and Armenta 2011).
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3.9.1.2 Procedure for ICP-OES

ICP-OES was used to determine the concentration of metal ions. Elemental analysis of the metal
solution collected before and after the adsorption experiments was done in order to gain a
better understanding of the metal species and concentrations in the filtrates obtained from the
adsorption experiments. The instrument used for determining the metal ions was a Varian
Radial ICP-OES using a High Matrix Introduction (HMI) accessory and He as collision gas.
External calibration of the instrument was performed daily, and a quality control standard
verifying accuracy was included with every batch of samples analysed. During the ICP-OES
analysis, internal standards were used to correct the matrix effects and instrument drift.
Samples were diluted by a factor of a hundred depending on the concentration solution that
was available since some samples contained high metal concentrations. Triplicate samples were

considered in order to achieve reproducibility of the analysis results.

3.10 Electrochemical Characterization
3.10.1 Cycling Voltammetry
3.10.1.1 Working Principal

Cyclic voltammetry (CV) is a technique the expansively utilised for acquiring quantitative and
qualitative information about electrochemical reactions and reactivity. It offers the
instantaneous identification of redox potentials relative to the electro-active species under
investigation, substantial information about the thermodynamics and kinetics of the redox
reactions and analysis of electron transfer-initiated chemical reactions, which includes

adsorption reactions (catalysis) (Davies et al. 2005).

Cyclic voltammetry consists of linearly scanning the potential of the working electrode through
a zigzag potential waveform. Figure 3-13 below depicts the typical potential-time profiles

generated during linear sweep and cyclic voltammetry.
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Figure 3-13: Potential-time profiles generated during the linear sweep and cyclic voltammetry (concept

adapted from (Figure derived from (Figure derived from (Davies et al., 2005)).

The rate at which the potential is swept from E1 to E2 is termed the voltammetry scan rate
(mV/s). In the case where the potential sweep is stopped at E2, this is regarded as linear sweep

voltammetry (Davies et al., 2005).

If the potential is swept back to E1, a full potential cycle is generated; this is identified as cyclic
voltammetry. Single or multiple cycles can be enacted depending on the information being
sought. The potentiostat measures the resulting current that emanates during the full duration

of the potential sweep when potential (voltage) is applied.

The current versus potential (voltage) plot depicted in Figure 3-14 is termed a “cyclic
voltammogram". A cyclic voltammogram (CV) is multifaceted and dependent on multiple

factors, including time and the sample's chemical and physical properties.
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Figure 3-14: Cyclic voltammogram (Figure derived from (Davies et al., 2005)).

As shown in Figure 3-14, the voltammogram consists of mainly two current peaks: the oxidation

peak (anodic peak) and the reduction peak (cathodic peak). The potential window is fixed

before testing, taking into consideration that all the standard potential of species’

electrochemical reactions involved should fall within the specified potential range.

3.10.1.2 Procedure for Cycling Voltammetry

Figure 3-15 presents the experimental testing configuration for cycling voltammetry.
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Figure 3-15: Experimental testing configuration for conventional cycling voltammetry (Figure adapted

from (Tawonezvi, 2020)).
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The experimental testing configuration for cyclic voltammetry consists of three electrodes
immersed in an acidic electrolyte solution. The three electrodes, namely the working
electrode (Al electrode), the counter electrode (Pt coated Ti electrode) and the reference
electrode  (Ag/AgCl electrode), are connected to the N series Autolab

potentiostat/galvanostat system.

All the electrodes were immersed totally in the electrolyte to obtain accurate data results. This
configuration serves just for electrochemical testing purposes. However, during the
experiment, it must be ensured that there is no side reaction going on inside the testing cell.
Gas tightness is important since CO, present in the air that fills the laboratory, reacts with NaOH

to form Na>COs and H>O as shown in the reaction below:

CO, + 2NaOH — Na,CO, + H,0 3-11

This reaction was curbed by gas-tightening the apparatus. If the apparatus is not gas-tight, the
concentration of electrolyte falls further and decreases the measuring results. The reason for
even temperature control is that the electrolyte has a different conductivity depending on the
temperature and thus, a comparability of the measuring results at different temperatures is

difficult.

The temperature control also helps to ensure that the internal pressure in the apparatus does
not become smaller than the ambient pressure since the temperature thus no longer has a

disturbing effect on the cell's internal pressure.

The pieces of equipment used for experiments were as follows:
1. 1. A Metrohm Autolab PGSTAT302N potentiostat/galvanostat that is managed by
NOVA software (arranged as depicted in Figure 3-17).

2. Silver/Silver Chloride reference electrode (SCE).

Figure 3-16 depicts the on-ground schematic representation of the test environment.
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Figure 3-17: Schematic representation of the on-ground test environment (Top view).

Nitrogen was filled into the apparatus via the rubber stopper, in which a fermenting tube was
attached to the apparatus during the execution of the test run. This nitrogen is supposed to
displace the O, and CO, from the apparatus so that it is not absorbed by the electrolyte and

thus no unwanted principates forms in the electrolyte.

Cobalt sulphate and nickel sulphate salts were dissolved in triply distilled water to make 15
g/L Co?*, 15 g/L Ni** and 47.5 g/L Ni**025C0**01Mn**41sLi*0s electrolyte solutions. The 10 x
10 mm active area aluminium working electrode was immersed in the electrolyte (Co/Ni
Leachate solution) with a Pt counter electrode and Ag/AgCl reference electrode (Figure 3-17).

All three electrodes are fit with correspondingly sized O-rings so they can rest upon a Teflon
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cap set into a glass electrowinning cell. All electrodes were submerged in electrolyte solution
and were ideally level with each other. The electrodes were contacted with alligator clips
outside of the cell (as depicted in Figure 3-9) at the electrode tip not submerged in the
electrolyte solution. The active area of the electrode is immersed in the electrolyte, while the
non-active area is covered with polyfilm to prevent exposure of the electrode material to the
electrolyte. These measuring cables were connected to the Autolab potentiostat via cable
glands through the cover of the apparatus. The measurements were recorded at a sweep

rate of 2.5 mV/s and within a potential range from -0.2 to -1.2 V.

3.10.2 Potentiostatic Electrochemical Operation

3.10.2.1 Working Principle

In constant voltage, the working electrode is subjected to constant voltage until the electrode
potential reaches the pre-set voltage (Pyun et al., 2012). Pyun et al (2012) iterated that constant
voltage charging, also known as constant potential charging, is usually performed on a battery
testing system (BMS). The BMS produces current to charge the battery whereby the voltage in
this type of system is usually held constant. With a constant voltage, the charging rate to a low
battery will be high. But as the battery approaches full charge, the opposing voltage of the
battery goes up, so it more strongly opposes the charging current. This opposition to the
charging current indicates that a smaller charge is needed. As the battery approaches full
charge, the charging voltage decreases. This condition decreases the ability to maintain a
charging current to the battery. As a result, the charging current tapers off to a very low value
by the time the battery is fully charged. This principle of operation is the same as that of the
voltage regulator on a vehicle. The two available charging programs are depicted in Figure

3-18.
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Figure 3-18: Constant current and constant voltage charging (concept adapted from (Pyun et al., 2012)).

The standard charging programs (presented in Figure 3-18) can be readily utilised to

comprehensively characterize the electrochemical properties of electroactive materials.

3.10.2.2 Equipment for Constant Potential Electrowinning Test

¢ Equipment and Software for Galvanostatic Analysis

In order to undertake potentiostatic and galvanostatic tests and operations, a Metrohm

Autolab testing system PGSTAT302N (depicted in Figure 3-19) was used.

e

Figure 3-19: Front panel of the metrohm autolab electrochemical testing station.
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¢ Software

The host computer of metrohm autolab testing system PGSTAT302N is equipped with NOVA

software that assists with custom writing of potentiostatic and galvanostatic programs.

3.10.2.3 Procedure for Constant Voltage/Current Operation

e Start-up and Operation

Start-up: set steps on the electrochemical channel, start channels work according to the setting
step: including constant current discharge, constant current charge, constant voltage charge,

constant current constant voltage charge, constant power discharge, rest, cycle, etc.

1. Open Nova.
2. Click and Select Method: CV, IV, Linear Sweep, Chronopotentiometry, Potentiostatic etc.
3. Define relevant parameters:
e Current (Galvanostatic)
¢ Potential (Potentiostatic)
o Start Potential
e Stop Potential
e Step Potential
e Time
e Scan Rate
4. Press Start.
5. Open Data: for working channel data (Voltage, current, capacity, and cycles) for real-

time display.
e Potentiostatic Operation
Throughout the whole test period, the cells were placed in a water bath at a specified

temperature. Cells were connected to a device where they undergo of charge phase comprised

of:

1. A rest step of 30 minutes

2. A charge step at constant voltage (potentiostatic), V=V for 3 hours
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3. Avrest step for 30 minutes

e Galvanostatic Operation

Throughout the whole test period, the cells were placed in a water bath at a specified
temperature. Cells were connected to a device where they undergo of charge phase comprised

of:

1. A rest step of 30 minutes
2. A charge step at constant current (galvanostatic), =/ for 3 hours

3. Arrest step for 30 minute
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Chapter 4: Inorganic Acid-Reductant Leaching of
Valuable Metals from NMC 532 Cathodes

4.1 Overview

The results presented in this chapter are the outcomes of numerous experiments that were
conducted during the study. Several investigations were carried out, in order, involving NMC
cathode composition analysis and inorganic acid-reductant leaching. The leaching parameters
such as solid/liquid ratio, temperature, acid and reductant concentration and leaching time were
successfully optimized to recover effectively the valuable metals (Ni, Co, Mn, Li) from
LiNo.sMng3Co00.0: (NMC 532) cathode material. The composition of the solids was meticulously
quantified using ICP-OES and SEM-EDS, while the liquids were analysed by ICP. Additionally, the
phase composition was evaluated through XRD analysis, and the morphology of the solids was
examined using SEM. The findings demonstrated the technical feasibility of high metal recovery

through inorganic acid-reductant leaching.
4.2 NMC Material Characterisation and Analysis

To assess the elemental composition of the cathode (88.5% active material +11.5 % of binder, Al
foil, and Carbon), ICP-OES and EDS were utilized. In this work, X-ray diffraction (XRD) was utilized
to determine the phase composition—including phase identification—and to analyse orientation.
The XRD pattern of the NMC cathode material, shown in Figure 4-1, reveals that the valuable
metals (Ni, Co, Mn, and Li) are predominantly present in the LiNosMng3C002.0, (NMC 532)
crystalline phase (PDF #01-084-4264). This phase corresponds to the layered a-NaFeO, structure
with the space group R3m, as described by Noh et al. (2013). The sharp peaks and distinct peak
splitting observed in the (006)/(012) and (018)/(110) diffraction pairs confirm a well ordered
crystalline layered structure for NMC 532 (Noh et al. 2013).. XRD analysis indicates no formation

of new phases during the cathode storage period or pretreatment, as the XRD patterns of the
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NMC material align well with the reference spectrum. However, some very small peaks could not
be precisely identified, suggesting the possible presence of trace amounts of additional phases.
Phases with concentrations below 3 wt.% are beyond the detection limit of the XRD analysis and

were thus not included in the analysis results.

Based on the phase composition analysis and elemental composition analysis, the analysis further
showed that 99.9% of the cathode material originated from NMC batteries. Moreover, the absence
of detected carbon, typically in the cathode matrix, indicates that the pre-treatment process for

Li-ion component separation effectively prevented contamination of the black mass powder.
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Figure 4-1: The X-ray diffraction (XRD) pattern of spent lithium nickel manganese cobalt oxide (NMC 532)

cathode materials.

Figure 4-2 shows the microscopy and spectroscopy analysis of the cathode material by SEM and
EDS, respectively. The analysis indicated the presence of metals Ni, Co, O, and Mn, the elements
that are distributed throughout the sample, indicating a high level of homogeneity. In conclusion,
the analysis successfully detected the presence of valuable metals Ni, Co, and Mn but not for Li
since equipment cannot detect Li. ICP-OES and EDS, were used to analyse and quantify the

chemical and material composition of the Li-ionB cathode materials. All ICP analysis results
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presented in this work, which are used for primary composition analysis, show a standard
deviation ranging from 0.4% to 1.3% across the triplicate experiments. SEM was used to assess
the morphology and approximate particle size. The results indicated that the NMC metals (Li, Mn,
Co, and Ni) were present in the following compositions: 18.2% Co, 44.4% Ni, 26.2% Mn, 10.9% Li,
and traces of Al contaminants (from pre-treatment), which did not exceed 0.68% (0.4 + 0.28%), as
shown in Table 4-1. The SEM imaging shows spherical morphology and average particle size of

12.5 pm, as assessed from SEM images using the ImageJ program.
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Figure 4-2: (a) The scanning electron microscopy (SEM) analysis of cathode materials; (b) the energy-

dispersive X-ray spectroscopy (EDS) analysis of NMC cathode materials.

The significant similarity in the physicochemical and electrochemical properties of Co and Ni
contributes to the co-precipitation and co-extraction of the two elements (Flett 2004). Ultimately,
since the Co and Ni separation processes are costly, an alternative process route to extract high-
purity Ni-Co alloys is developed and presented in this work but inorder to electro-extract the Ni-

Co alloys, the Ni, Co, Li and Mn metals have to be leached first from the NMC active material.
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4.3 Leaching Process Optimization

4.3.1 NMC 532 Composition Analysis

In order to calculate the amount of metal extracted during leaching, samples of the Li-ionB
cathode material were analysed, and the metal composition of Ni, Mn, Co, and Li the starting
cathode material was quantified. Table 4-1 shows the metal composition of the cathode material

obtained at the end of the pre-treatment stage.

Table 4-1: Characterization of the sample using ICP-OES obtained after pre-treatment of the NMC battery

cathode used for the acid leaching tests.

Metals Composition Weight Percentage (%)
Co 18.3
Ni 44.6
Mn 26.2
Li 10.9
Al 04

4.3.2 Effect of H202 on Leaching Efficiency

In the first step, the effect of H.O. concentration on the leaching recovery efficiency of the spent
cathode active materials was investigated. The spent LiNiosC002Mno30, material was leached
with 3 M H,SOj4 acid solution at an solid to liquid (S/L) ratio of 25 and 45 g/L and impeller speed
(IS) of 350 rpm. In addition, the temperature was maintained at 70°C and the leaching time was
180 min during the metal leaching process. The effect of H.O, on leaching efficiency results
(depicted in Figure 4-3) indicate that the concentration of H,O; increases proportionally with

leaching recovery efficiency at both S/L of 25 g/L and 45 g/L.

The addition of H,O; or similar reducing agents during leaching serves the purpose of reducing
transition metals found in spent Li-ionB cathodes (such as Co®* to Co?*) into lower and more

readily leachable valence states (Lee and Rhee 2003a; Meshram et al. 2016b), thus enhancing
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leaching recovery efficiency while also mitigating the necessity for utilisation of highly
concentrated acid solutions (Ferreira et al. 2009b). The chemical reactions involving the leaching
of the metals from Li-ionB NMC cathodes with sulfuric acid, both with and without the addition
of hydrogen peroxide, are annotated by equations 4-1 and 4-2 respectively, where x +y + z =
1, and A symbolizes the molar quantities of reactants and products in the reactions (Vieceli et al.
2023). Notably, when sulfuric acid serves as the leaching agent and hydrogen peroxide functions

as the reducing agent, the predominant gas produced during the leaching process is oxygen.

ALiNi,Mn,,Co,0,(s) + 3/24H,S04(aq) + 1/6AH,0, - AxNiSO4(aq) + AyMnSO,4(aq) + AzCoS0,(aq) + A/
2Li,SO0,(aq) + 5/3AH,0 () + 1/34/20, 4-1

2ALiNi, Mn,,Co,0,(s) + 34AH,50,(aq) — 2AxNiSO,(aq) + 2AyMnS0,(aq) + 2AzCoS0,(aq) +

ALi,S0,(aq) + 3AH,0(1) + A/20,(g) 4-2

When 8% v/v H,0, and a 45 g/L S/L ratio were used, the terminal leaching recovery efficiency
was 99.3% for Co, 98.4% for Ni, and 97.4% for Mn. The highest terminal recovery efficiency
among the four metals was for Li, recorded at 99.8%. The leaching recovery efficiency when no
reductant was utilised was generally lower than 65%, which is expected when leaching is carried
out without a reductant since the leaching recovery efficiency is enhanced at lower valence states
(Vieceli et al. 2023). The leaching behaviour of Co and Ni exhibited similar trends during their
respective leaching from NMC 532 at different H,O, concentration levels. Mn had the lowest
leaching recovery among the four metals (Li, Ni, Co, and Mn) from the NMC 532 cathodes, with
Mn dissolution gradually increasing until it peaked at 97.1% with 6% H:0.. The leaching yield
after 180 min of Li, Co, and Ni from NMC 532 was slightly higher at higher S/L ratio (45 g/L) than
at lower S/L ratio (25 g/L).
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Figure 4-3: Effect of H,O, concentration on leaching recovery efficiency at a) S/L=25 g/L and b) 45 g/L
(H2SO4 =3M, Time=3 hrs, T=70 °C, IS=350 rpm).

In the absence of H,O, at 25 g/L, the leaching efficiency of the spent LiNipsC002Mng30, was 87
%, 55 %, 52 %, and 83% for Li, Co, Ni, and Mn, respectively (Figure 4-3 a). In the absence of H,0,,
at higher S/L ratio of 45 g/L, the leaching efficiency of the spent LiNio5C002Mno30, was 89 %,
65 %, 66 %, and 84 % for Li, Co, Ni, and Mn, respectively (Figure 4-3 b). This relatively high
leaching recovery efficiency can be attributed to the fact that Li*, Ni**, and Co** ions can be
readily and effectively leached in the mere contact presence of the H* protons from the acid

leachate through reductive leaching while Ni**, Ni**, Co®*, and Mn** ions require a reductant to
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convert them to more stable and readily leachable M** valance state (M=> Co, Li, Mn and Ni)

ionic form (Sun et al,, 2018; Lee & Rhee, 2003).

In addition, the inclusion of reductant H.O; in the leaching media converts the metal in the
cathode material to more soluble ions at lower oxidation states (Rafsanjani-Abbasi et al. 2018).
Therefore, more metal (from NMC) is leached per unit of time than when leaching media without
H.0, is utilised. The addition of H,O, effectuated an increase in the leaching recovery efficiency,
which consequently increased remarkably and reached above 98 % for all (Li, Ni and Co) but Mn
(97 %) when the H20: content was 6 vol.% at all S/L ratios. Increasing the S/L ratio when adding
hydrogen peroxide (from 0% to 6 %) during the leaching of NMC cathodes enhances leaching
recovery due to the phenomenon that higher S/L ratios promote increased surface contact
between the leaching reagent solution (Inorganic acid-reductant) and the NMC cathode
material, facilitating particle interaction and dissolution. The improved mass transfer allows the
leaching solution to efficiently reach the cathode material, enhancing dissolution of target
components. Additionally, higher S/L ratios enhance reaction kinetics by increasing the
availability of reactants and preventing agglomeration, ensuring more uniform contact between
the solution and the cathode material. Consequently, these combined effects lead to improved

leaching efficiency and higher recovery rates at higher S/L ratios.

In the leaching reaction phase where Hz0: is present, hydrogen peroxide could be oxidised by
high-valent transition metal ions. The leaching efficiency did not exhibit any significant variation
when the concentration of H,O, was further increased to 8 vol.%. It is worth noting that the
reductant H,O, can disintegrate at high temperatures because of its low thermal stability. The
decomposition reaction proceeds as annotated by the equation below: (Lee and Rhee 2003b;

Meshram et al. 2016a; Cheng 2018).
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It is worth noting that the decomposition of H,O, will consequently affect its effective
concentration during leaching hence why the leaching was operated at optimal temperatures

and closed reactor environment.
4.3.3 Effect of S/L Ratio on Leaching Recovery Efficiency

In order to achieve optimal leaching results, it is generally preferable to utilise a higher solid-to-
liquid (S/L) ratio, as it tends to enhance the recovery efficiency of the leaching process. In order
to establish the optimal S/L ratio, the effect of the S/L ratio on leaching recovery efficiency was
studied. The solid/liquid ratio (S/L) varied from 30 to 90 g/L and its respective effect on the
leaching recovery efficiency of Co, Ni, Mn, and Li was studied under experimental conditions of
70 °C, 1 & 3 M H,SOy4, 3 hours leaching reaction time and Impeller speed (IS) of 350 rpm. Figure
4-4 (a) indicates that the leaching recovery efficiencies of Li, Co, Ni, and Mn using 3M decrease

negligibly as the S/L ratio increases and then drop sharply after the 75 g/L S/L ratio.

At an S/L ratio of 75 g/L, more than 97% of the Li, 94 % of the Co, 95% of the Ni, and 91% of the
Mn was leached.Figure 4-4 (b) indicates that the leaching recovery efficiencies of Li, Co, Ni, and
Mn using 1M decrease negligibly as the S/L ratio increases and then drop sharply after the 45
g/L S/L ratio. At an S/L ratio of 75 g/L, more than 89.6% of the Li, 85.2% of the Co, 86.1% of the
Ni, and 82.2 % of the Mn was leached which is significantly lower compared to the leaching
recovery efficiencies at 3M. This is due to the increased reactivity of hydrogen ions in the acidic
solution which facilitates the dissolution of metals. In addition, the higher solubility of metal
compounds in more concentrated acid solutions allows for better separation of metal ions from

the solid NMC matrix.
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Figure 4-4: Effect of solid-to-liquid ratio on the leaching recovery efficiency at different acid concentrations

a) 1 Mand b) 3M (6 % v/v H20,t=180 min, T=70 °C, IS=350 rpm).

The leaching recovery efficiency dramatically dropped when the S/L ratio went above 75 g/L. At
a low S/L ratio, there are more acid leachant molecules surrounding solid molecules during
leaching therefore the recovery efficiency will be higher compared to when there is a higher S/L
ratio, in this case, the solid becomes the limiting reagent consequently resulting in a reduced
recovery efficiency. The increase in leaching recovery efficiency, with time, is due to increased

collisions between solid material sub-particles and reductant H* ions from the acid leachant.
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However, when the solid concentration exceeds the saturation concentration point further
increase of the solid concentration will exhibit no effect on the leaching reaction kinetics. The
ideal solid/liquid ratio was consequently identified to be 75 g/L after accounting for both

chemical consumption and leaching recovery efficiency.

4.3.4 Effect of H2SO4 Acid Concentration on Leaching Recovery Efficiency

The effect of H.SO4 acid concentration on the leaching recovery efficiency was studied under the
conditions of an S/L ratio of 75 g/L, leaching reaction time of 3 hrs, Impeller Speed of 350 rpm,
and reaction temperature of 50 °C and 70 °C. As depicted Figure 4-5, the leaching recovery
efficiencies of various metals (Li, Ni, Mn, and Co) demonstrated a positive correlative trend with
increasing H.SO4 acid concentration from 0.5 to 2 M and 50 to 70 °C. At 2 M H.SO4 concentration
and 70 °C temperature, the leaching process achieved satisfactory recovery efficiencies of over 96
% for Li, 94 % for Co, 95 % for Ni, and 91 % for Mn. Leaching recovery efficiency increased
significantly as the H.SO4 acid concentration increased from 0.5 M to 1 M, then gradually
increased between 1-2 M. Further increase of the H.SO, acid concentration (at over 2 M) does not

effectuate any significant increase in leaching recovery efficiency.

At 2 M H,SO4 concentration and 50 °C temperature, the leaching process achieved satisfactory
recovery efficiencies of over 95.5% for Li, 93.4% for Co, 94.6% for Ni, and 90.2% for Mn. This trend
indicates that higher recovery efficiencies can only be attained at higher concentrations (>= 2 M)
and at higher temperature (>= 70 °C), however adequate recovery efficiencies >85% are also
achieved at moderate concentration (1M) and temperature (50 to 70 °C). This is due to the
correlation that higher temperatures and acid concentrations effectuate increased reaction rates
and enhanced solubility, promoting more efficient dissolution of metals from solid materials.
Elevated thermal energy facilitates mass transfer, aiding the movement of the leachant through
the porous NMC structure. Temperature also influences the viscosity of the solution and the

selectivity of leaching for different metals.
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Figure 4-5: Effect of H,SO. acid concentration on leaching recovery efficiency at different temperatures a)

50 °C and b) 70 °C (6 % v/v H20,, t =180 min, S:L=75 g/L, 1IS=350 rpm).

Leaching recovery efficiency at 70 °C increased significantly as the H,SO, acid concentration
increased from 0.5 M to 1 M, then gradually increased between 1-2 M. Further increase of the
H,SO4 acid concentration (at over 2 M) does not effectuate any significant increase in leaching
recovery efficiency. The increase in leaching efficiency is due to increased collisions between

solid material sub-particles and reductant H* ions from the acid leachant. However, when the
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reductant H* ions concentration exceeds the saturation concentration point further increase of
the acid concentration will exhibit no effect on the leaching reaction kinetics. Hence, the optimal
H,SO4 acid concentration for the leaching process is locked at 2 M after taking into account both

chemical consumption and leaching recovery efficiency.

4.3.5 Effect of Leaching Temperature on Leaching Recovery Efficiency

The effect of the temperature on the leaching recovery efficiency is illustrated in Figure 4-6. The
leaching recovery efficiency increased with the increasing temperature due to the significant
kinetic effect temperature has on the metal leaching reaction. The increase in temperature
increases the ionic, electronic and molecular movement frequency and leaching chemical
reaction rate, thus accelerating the molecular and ionic migration and diffusion and mass
transfer rate in the metal-leaching system, and ultimately favouring the metal-leaching kinetic

process.

At lower S/L ratio (Figure 4-6 b), the metal leaching recovery efficiencies are higher compared
to the higher S/L ratio (Figure 4-6 a). This is due to the correlation that a lower solid-to-liquid
ratio in leaching processes contributes to the increased efficiency of metal leaching from solid
materials. This is primarily attributed to the increased contact surface area between the solid
material and the leachant, facilitating improved interaction and dissolution of metals. The
reduction in diffusion resistance allows the leachant to more easily reach the surface of the solid
NMC material, promoting efficient metal leaching through enhanced mass transfer. Additionally,
the concentrated leachant in a moderated S/L ratio can exhibit a more potent effect in breaking
down the solid material, creating optimal conditions for leaching reactions. At an S/L ratio of 75
g/L (60 °C), more than 97% of the Li, 94 % of the Co, 95% of the Ni, and 91% of the Mn was

leached.
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Figure 4-6: Effect of temperature on leaching recovery efficiency at different S/L ratios a) 75 g/L and b) 45
g/L (6 % v/v H202, H2SO4 =2M, S/L=75 g/L, Time=180 mins, IS=350 rpm).

4.3.6 Effect of Leaching Reaction time on Leaching Recovery Efficiency

The effect of leaching reaction time (0-180 minutes) on the leaching of Co, Ni, Mn, and Li was
examined using specific constant conditions: H.SO4 acid concentration of 2 M, solid-to-liquid
(S/L) ratio of 75 g/L, reaction temperature of 60 °C, and an agitation speed (IS) of 350 rpm. As

illustrated in Figure 4-7, the leaching reaction time significantly affects the leaching recovery
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efficiency for all the metals leached. The leaching recovery efficiencies of Co, Li, Ni, and Mn
substantially increased by about 41%, 21%, 36%, and 62% when the leaching reaction time was
increased from 15 to 180 min. The effect was attributed to the fact that with the increase in the
leaching time, a greater and greater surface area of the unreacted particle cores collided and
reacted with the reductant H* ions from the sulphuric acid leachant. The largest increase in
leaching efficiency per unit of time was apparent in the first 30 min. As the reaction proceeded
at times more than 30 minutes, the leaching recovery efficiency-time slope became less steep.
The leaching recovery efficiency peaked at 120 minutes, with efficiencies of over 97.1%, 96.1%,
96.1%, and 95.7% for Li, Co, Ni, and Mn, respectively. Thereafter, the recovery efficiency
remained relatively stable without significant changes. Consequently, a 120-minute leaching

reaction was identified as the optimal leaching time.
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Figure 4-7: Effect of time on leaching recovery efficiency (6 % v/v H20, H.SO4 =2M, S/L=75 g/L, T=60 °C,
[S=350 rpm).
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4.3.7 Leaching Kinetics

In light of the discussion above, the optimal conditions for the leaching of Co, Ni, Mn, and Li
from waste LiNiosC003Mno20; can be determined. Through the utilisation of leachant solutions
comprising 2M H,SO4 + 6 vol.% H»O,, and a 75 g/L S/L ratio and conducting leaching for 120
minutes at a temperature of 60°C, peak leaching recovery efficiency of 98.9% for Li, 97.1% for
Co, 96.9% for Ni, and 95.7% for Mn can be attained as shown in Table 4-2. The maximum metal

recovery that was attained is 0.595 grotal metal/Qcathode-

Table 4-2: Leaching yields obtained using a 75 g/L S/L, 2M H,SO4 + 6 H,0; v/v % solution, at 60 °C for 2h.

Element  Composition = Composition  Expected Real Recovery Recovery
(All Elements (NMC Metal Leachate Leachate [%] rate
in Cathode) Elements in Conc. Conc. (Imetal/

Cathode) [g/l— [g/l—] gcathode)

Mv.* Tv.* Mv. Mv.* Mv.*

Li 6.7 6.4 10.9 5.04 498 98.9 0.066

Ni 27.2 27 44 .4 20.58 19.94 96.9 0.264

Co 1.3 10.8 18.2 8.46 8.21 97.1 0.110

Mn 16.2 15.1 26.1 12.10 11.59 95.7 0.155

(o] 27.1 29.3

Non NMC 115 115
532

Elements

Total 0.595 g/g

*Mv=Measured values ( All measure compositions were determined using ICP-OES)
*Tv=Theoretical values (Calculated using stoichiometry equations)

161



Tendai Tawonezvi  Inorganic Acid-Reductant Leaching of Valuable Metals from NMC 532 Cathodes

The leaching reaction kinetics of metal dissolution from the spent Li-ionBs cathodic material have
been calculated and quantified using the data correlations obtained by varying the reaction
temperature and leaching residence time. Leaching reactions were performed at a constant S/L
ratio of 75 g/L and leachant concentration of 2 M H,SO4 + 6 vol% H,O,. The first-order reaction
kinetics equations of the shrinking core model and Avrami model were examined for the reductive
leaching (dissolution) reaction for Co, Mn, Ni and Li (Zhou et al. 2018; Meng et al. 2020; Xiao et al.
2020; Sahu and Devi 2023; Bhagaskara et al. 2024; Wang et al. 2024). The constant values of K. at
different temperatures were quantified using a carefully selected theoretical kinetic model. The
experimental leaching kinetic models for Co, Mn, Li and Ni dissolution fit well with the three kinetic
models “spherical particles under reaction control”, “spherical particles under product layer

diffusion control” and “"Avrami” as annotated in the equation below (Liddell 2005; Zhou et al. 2018;

Meng et al. 2020; Xiao et al. 2020; Sahu and Devi 2023; Bhagaskara et al. 2024; Wang et al. 2024):
Model |, spherical particles under reaction control;

1-1-x)"=Kt 4-4

Model ll, spherical particles under product layer diffusion control;

1-3(1-X)"+2(1-X) =K.t 4-5

Model Ill, Avrami model;

Ln(—Ln(1 — X)) = LnK, + nint 4-6

where Kcis the reaction rate constant (1/min), ¢ is time (min), nis the Avrami exponent and X is

recovery efficiency of metal (%).

On the basis of these equations, the highest value time reaction rate constant product (A:t), i.e.
the regression coefficient and the constant value of Kt were calculated The best-fit model was

selected based on the regression value (R? for each metal matrix at different temperatures.
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Graphical plots for each equation using experimental data were computed: Model | is shown in
Figure 4-8, Model Il in Figure 4-9, and Avrami Model in Figure 4-10. These plots illustrate the

effect of temperature on the leaching reaction kinetics.
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Figure 4-8: Experimental fit for Model |: Spherical particles under reaction control.
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Figure 4-9: Experimental fit for Model II: Spherical particles under product layer diffusion control.
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Figure 4-10: Experimental fit for Model IlI: Avrami model.

Table 4-3: Kinetic parameters for leaching of Li, Co, Ni, and Mn under different temperature Model |, Model

[l and by Avrami model.

30 °C 60 °C 90 °C

K. (min") R?

K.(min") R? K.(min")  R?

Model

Model  0.0059 0.9864 0.0076 0.9691  0.0087 0.9250
Model Il  0.0037 0.9689  0.0057 0.9965  0.0071 0.9764
Avrami  0.0014 0.9626  0.0072 0.9527 0.0478 0.9827

Based on the data in Table 4-3, Model |, the ‘Spherical particles under reaction control’ model,

fits the leaching reaction satisfactorily at 30 °C, while Model II, which describes ‘spherical particles

under product layer diffusion control,” fits best at 60 °C. The Avrami model fits best at 90 °C.

Overall, however, the leaching reaction aligns more closely with model Il which describes

‘spherical particles under product layer diffusion control’ (R>>9680 for all temperatures as shown
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in Table 4-3). The results indicate that the increase in the residence time and temperature results

in an increase in metal recovery efficiency as highlighted and discussed in previous sections.

The kinetic constant (Kc) values obtained from the slope analysis of the time versus reaction rate
constant-time product for Model |l at different temperatures were used to create the Arrhenius
plot. The calculation to evaluate activation energy using the Arrhenius equation which has been

adapted to linear line equation as follows:

In[Kc] = In[A] — % = 4-7

Where A is the frequency factor, Ea is the activation energy, R is the universal gas constant, K. is

the reaction rate constant, and T is the absolute temperature.

y =-1.2032x - 1.6051
R? = 0.9821

LnK,

2|7 2.8 2.9 3 3.1 3.2 3.3 3.4
[1/T(K)]*1000]

Figure 4-11: Arrhenius plot for leaching of metals from Li-ionBs.

The activation energy (Ea) was quantified, using a modified linear line equation generated from
the Arrhenius plot (Figure 4-11), to be +12.1 kJ/mol as shown in Figure 4-11. A lower activation
energy implies that leaching reaction can occur more easily and at lower temperatures. The

activation energy value, which indicates improved kinetics, is significantly lower than the
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published Ea values for the leaching of NMC metals, which range between 30 and 65 kJ/mol
(Meng et al. 2020; Sahu and Devi 2023; Bhagaskara et al. 2024; Wang et al. 2024).

The positive Ea indicates that the reaction rate increases with temperature, as expected for
thermally activated leaching processes (Lee and Rhee 2003a; Wang et al. 2012; Li et al. 2014, 2017;
Zhou et al. 2018). This is consistent with the principles of the Arrhenius equation, which suggests
that higher temperatures provide the necessary energy to overcome the activation barrier, thus
accelerating the reaction. Furthermore, the experimental data for the leaching reaction closely
follow Model II, which describes the rate of a chemical reaction occurring on spherical particles,
where the reaction is limited by the diffusion of products through a surrounding layer. This
alignment suggests that the leaching process may involve similar mechanisms that are
temperature-dependent, further corroborating the observed effects of temperature on the

reaction rate.
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Chapter 5: Electrowinning Optimization Using Synthetic
Quasi NMC 532 Solutions

5.1 Overview

This chapter is hinged on research that is centred on the recovery of Ni and Co (as NixCoy) from
synthetic Ni, Co, Mn and Li sulphate solutions mimicking the NMC 532 ratio of elements using a
hydro-electrometallurgy process route that integrates hydrometallurgy and potentiostatic
electrometallurgy techniques. This quasi-model is done to elucidate the effect of multiple
influencing parameters, through isolation and varying, on the selective electrodeposition of Co-
Ni from multi-ion (Li, Ni, Mn and Co) complex solutions before applying it using real cathode
leachates. The selective electrowinning metal recovery process route is a cost-effective alternative
to the energy, cost and material-intensive hydrometallurgy intermediate purification processes

such as solvent extraction, selective precipitation, and ion-exchange.

The study delves into the effects of various electrowinning parameters, including applied
potential, temperature, pH, Co, Ni, Na.SO4, NaH.PO4 buffer concentration, and cathode rotational
speed. All electrowinning experiments were conducted for 120 minutes unless otherwise stated.
These parameters were thoroughly investigated and effectively optimised to achieve the recovery
of NioesCoo3s at a minimum rate of 0.060 g/(cm?.hr) with an impressive 89.25% current efficiency
and recovery rate of 90 % and 75 % for Co and Ni respectively. The composition of the deposit
was meticulously quantified using ICP-OES and SEM-EDS, the phase composition was evaluated
through XRD analysis, and the morphology was examined using SEM. The results successfully
demonstrate the technical feasibility of recovering Ni-Co alloys, yielding high quantities of

industrial-grade pure Ni-Co alloys.
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5.2 Cyclic Voltammetry (For Co and Ni Deposition)

The potentiostatic electrowinning process is operated at a constant potential corresponding to
the desired reaction. Therefore, it is imperative to determine the appropriate and optimal potential
for the deposition of the desired species, Ni and Co, in their respective pure solutions.
Additionally, it is also crucial to assess whether any undesired species deposit at this potential in
a multi ion synthetic cathode (NMC 532, Ni**25C0%*01Mn**o15Li*0s) solution before proceeding

with the Ni-Co electrowinning process using real Li-ionB cathode leachates.

The practice quickly assesses the current versus voltage using a voltammogram for a specific
electrochemical system, determined at a particular concentration of electrolyte, pH, and
temperature. The voltammetry analysis (Depicted in Figure 5-1) was done pH= 4, 50 °C and
cathodic surface area to electrolyte volume ratio (AA/EV) of 2 cm?/250 cm?. For the Al alloy
working electrode, voltammograms were created for the reactions of Co to Co?*, Ni to Ni**, and
oxygen evolution in their respective 15 g/L metal sulphate solutions spanning potential ranges of
-1.2 to -0.2 and -0.2 to -1.2 V (vs Ag/AgCl). Figure 5-1 (a) shows the characterization of the
electrochemical behaviour of Co and Ni in synthetic Co and Ni electrolytes using Al cathodes at a
scan rate of 2 mV/s. Figure 5-1 (b) shows the electrochemical behaviour analysis of the Ni and Co
behaviour in a synthetic 532 leachate solution (47.5 g/L Ni**025C0%**0.1Mn?*1sLi*os) solution using

Al cathodes.
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Figure 5-1: Voltammograms of a) Co and Ni deposition on Al alloy cathode in 15 g/L metal ion solution at
pH= 4 and 50 °C and b) Co-Ni deposition on Al cathode in 47.5 g/L Ni**025C0**0.1Mn?*1sLi*os solution at
pH= 4.

Figure 5-1 (a) shows two anodic peaks when scanned in the positive direction for both the Co and
the Ni voltammograms. In addition, Co exhibited one defined cathodic peak when scanning in a
negative direction similar to the Ni voltammogram that shows one defined cathodic peak in the

same potential window while demonstrating slightly higher current intensity. The trend is similar
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to what is reported in the literature (Matsushima et al. 2006; Kozhina et al. 2009; Nusheh and
Yoozbashizadeh 2009; de Castro et al. 2023). The anodic peaks on the Ni and Co voltammogram,
when scanning in the positive direction, also occur in the same potential window (Matsushima et
al. 2006; Kozhina et al. 2009; Nusheh and Yoozbashizadeh 2009). The deposition peak currents
were found to be increasing in the order of Ni<Co<Ni-Co, similar to the trends reported in
literature (Lew et al. 2008). It should be noted that an increase in the deposition current is

indicative of higher deposition kinetics.

On the Co voltammogram, the first anodic peak (at -0.8 V), which occurs when scanning in the
positive direction, is the anodic dissolution of Co (0) to Co (Il), and the broad peak (at -0.6 V) is
the further oxidation of Co (Il) to Co (lll) (leading to the formation of Co,0s layer), which has
passivating properties, followed by a broad passive region (Matsushima et al. 2006; Kozhina et al.
2009; Nusheh and Yoozbashizadeh 2009; de Castro et al. 2023). As the anodic potential increases
to more positive values (over -0.4 V), Co dissolution continues, and with a further increase in the
potential, O, evolution commences from around -0.2 V (Matsushima et al. 2006; Kozhina et al.
2009; Nusheh and Yoozbashizadeh 2009). Oxygen evolution intensifies with the increase in cycle
number (Kozhina et al., 2009; Nusheh & Yoozbashizadeh, 2009). The cathodic peak, which
appeared at -0.95 V in the reverse scan (negative scan), could be attributed to the reduction of
Co (I) to Co (0) formed on the Al surface interface (Matsushima et al. 2006; Nusheh and
Yoozbashizadeh 2009; de Castro et al. 2023).

On the Ni voltammogram, the first anodic peak (at -0.75 V), which occurs when scanning in the
positive direction, is the anodic dissolution of Ni to Ni(ll), and the broad peak (at -0.55 V) is the
further oxidation of Ni(ll) to Ni(lll) (leading to the formation of Ni»Os layer), which has passivating
As the anodic potential increases to more positive values (over -0.4 V), Co dissolution continues,
and with a further increase in the potential, O> evolution commences in the region of over -0.2 V
(Brousse et al. 2015). Oxygen evolution intensifies as the cycle number increases (Brousse et al.

2015; Reyes-Valderrama et al. 2017). The cathodic peak, which appeared at -0.95 V in the reverse
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scan (negative scan), could be attributed to the reduction of Ni (Il) to Ni (0) formed on the Al

surface interface (Brousse et al. 2015).

Based on the above results, it is evident that Ni and Co exhibit similar electrochemical behaviour
as shown by very broad peaks (as can be seen in Figure 5-1 (b)) when CV was done in multi ion
(Li, Mn, Co and Ni) solution. It is worth noting that the higher cathodic and anodic currents
observed in a multi-ion solution containing Li, Mn, Co, and Ni, compared to pure Ni or Co
solutions, can be attributed to several factors. The presence of multiple metal ions increases the
ionic strength, enhancing the conductivity of the electrolyte and leading to higher currents.
Additionally, interactions between the different metal species, such as complex formation or

enhanced adsorption on the electrode, can facilitate electron transfer, further boosting current.

The results also indicate that Li and Mn activity is excluded from the chosen potential window, as
the voltammogram shows only one defined cathodic peak and one defined anodic peak. These
peaks are attributable to the similar reduction and oxidation potentials of both Ni and Co, which
overlap to form broad yet distinct cathodic and anodic peaks. These results indicate that Co and
Ni can selectively deposit from a Co®*/Ni**/Li*/Mn?** sulphate electrolyte at deposition potentials

between -0.85 and -1.15 V (vs. Ag/AgCl), as shown in Figure 5-1 b).

5.3 Effect of Co/Ni Ratio on Current Efficiency and Deposit Composition

Following the composition analysis of the deposit from the cyclic voltammetry of 47.5 g/L
Ni?*025C0%* 0.1Mn?*1sLi*0s, the deposit constituted a Co/Ni ratio of 2.45 whilst the electrolyte
constituted a Co/Ni ratio of 0.4. The anomalous behaviour of iron-triad metals was examined
through studying the effect Co/Ni ratio in the electrolyte on Co/Ni co-deposition. Figure 5-2

illustrates the effect of the Co/Ni ratio on current efficiency and deposit composition.
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Figure 5-2: the effect of Co/Ni ratio on current efficiency and deposit composition (-0.95 V, pH =4, 60 °C,
47.5 g/L Ni**,Co**yMn**g1sLi*os (Where x+y=0.35), Cathodic Active Area/Electrolyte Volume (AA/EV) of 2

cm?/250 cm?).

From Figure 5-2 it is evident that the content of cobalt in the deposit is always higher than that
extrapolated from the cobalt concentration in the electrolyte bath. The slight increase in the Co/Ni
ratio in the electrolyte results in an exponential increase of Co content in the deposit, for example,
at an electrolyte Co/Ni ratio of 0.1 the deposit constituted a Co/Ni ratio of 1.86, while at a Co/Ni
ratio of 0.5 the Co/Ni ratio of the deposit was 2.5 (71 % Co) at pH of 4 and -0.95 V vs Ag/AgCl.
Thus, we have, for the Ni-Co composite, an unambiguous indication of the inhibition of the
electro-deposition of the more noble metal (Ni) and promotion of the electro-deposition of the
less noble metal (Co). A similar trend was observed by Golodnitsky et al. (2019) (Golodnitsky et al.
1998). Aside from the evident effect of the Co/Ni ratio on the anomalous co-deposition of Ni and
Co, it was found that the electrowon Ni/Co deposit composition of the Ni-Co electrowinning

systems was also sensitive to the applied potential (illustrated and discussed in section 5.4).

The extent to which the current efficiency and cobalt content is affected by applied potential
depends strongly on the Co/Ni ratio in the electrolyte. This intricate nature of the dependence is

presumably related to diffusion limitations and changes in the composition of metal complexes,
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which are formed in the bulk of the electrolyte and electrical double layer at the electrode-
electrolyte interface (Golodnitsky et al. 1998). Golodnitsky et al. (1998) added that the inhibiting
effect on the code position of the more noble metal is generally strongest when the reaction rate

of the less noble metal is kinetically controlled, and it diminishes as the limiting current is reached.

The Co-Ni composite current efficiency reaches a maximum at a Co-Ni ratio in the electrolyte
equal to 0.25 + 0.05, which corresponds to approximately 22 - 28% of cobalt content in the Co-
Ni composite. The maximum of the current efficiency is coincident with the formation of the more
sophisticated structure of the Ni-Co composite. The further decrease of current efficiency as a
function of Co®* concentration in sulphate electrolyte may be attributed to the decrease in
hydrogen evolution overpotential on the cobalt-rich alloys resulting in hydrogen evolution side

reaction.

Partial polarization curves of Ni** and Co?* co-deposition presented by Golodnitsky et al. (1998)
indicated that after an increase of cobalt (ll) concentration in the electrolyte by a factor of 16, the
curve is accompanied by the positive (0.2 V) shift of the cobalt reduction potential whilst the
opposite effect (-0.5 V) was found for Ni (ll) co-deposition (Golodnitsky et al. 1998). This shift
indicates that Co deposition is more favoured as the concentration of Co?* in the electrolyte
increases. Changes in temperature, pH and bath composition do not influence the Tafel slope
(Golodnitsky et al. 1998; Zech et al. 1999). The cathode reactions were found to be first order with
respect to Ni** and Co** concentrations which entails a two-stage process, where the rate-
determining step is the acquisition of the first electron (Golodnitsky et al. 1998). Additional
support for this assumption is the large apparent activation energy of alloy deposition (15.5

kcal/mol) (Golodnitsky et al. 1998; Zech et al. 1999).

To elucidate the anomalous co-deposition of N** and Co®, it is worth considering the formation
of the individual complexes from the standpoint of crystal-field theory. In light of this theory, Ni®*
and Co®* complexes can be related to coordinative substances, whose structures show little

sublevel splitting and are high-spin complexes. This possible deduction points to the fact that the
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inhibiting of the discharge rate of the nobler component is likely to depend on the internal

structural features of Ni°* and Co ?* species involved in the reduction process.

To further explain the anomalous co-deposition of Ni** and Co?*, it is pre-eminent to consider the
individual metal ion complexes from the standpoint of the crystal-field theory. Cobalt possesses
the electronic structure 3d4s?. Nickel has the electronic structure 3d®4s? In the light of this theory,
aquo- and protonated sulpha mated Ni** and Co®* complexes can be related to coordinative
substances, whose structures show little sublevel splitting, namely, high spin complexes
(Golodnitsky et al. 1998; Zech et al. 1999). The calculated crystal field stabilization energy for Ni**

in octahedral complexes is 29.3 and 17.1 kcal for Co**.

High-spin octahedral Co?* complexes with three unpaired electrons are more labile than that of
Ni?*. Therefore, the formation of high-spin Co** complexes is more feasible (than high-spin Ni**
complexes) and is expected to react rapidly. It is believed that the formation of labile high-spin
cobalt complexes would explain the preferential reduction of Co®* as compared with Ni**.
Moreover, high-spin complexes involved in the reaction would permit a two-step reduction
mechanism, which is in complete agreement with the experimentally modelled Tafel slopes by
Golodnitsky et al. (1998). Notwithstanding the fact that the actual electrode reactions of
electrochemical alloying of the iron-group metals may include additional intermediate steps, the
author believes that in a first approach, the crystal-field theory permits generalization for
anomalous co-deposition of Co?* and Ni?* from different electrolytes. Along with competitive
adsorption and underpotential deposition, the crystal-field theory can be considered as one
possible explanation of the anomalous behaviour of electrochemical alloying of the iron-triad

metals.
5.4 Effect of Applied Potential on Current Efficiency and Rate of Deposition

The investigation of potential against the rate of deposition revealed that there was an increase

in the rates of deposition for an increase in applied potential (Figure 5-4 a). In addition, the current
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density ramps up as the potential is increased (Figure 5-3). The highest deposition rate was found
to be 0.0382 g/hr.cm? at -1.45 V (vs Ag/AgCl) and 1 cm cathode-anode distance. As the potential
increases, more electrons are availed for the deposition reaction (metal ion reduction reaction)
leading to an increased amount of deposit formed. The deposition rate is highest (0.0382
g/hr.cm?) at -1.45 V. Since the surface of the deposit on the cathode became irregular at high
deposition rates and the supplementary deposited mass could not stick to the cathode, the
impurities could easily be deposited along with Co and Ni, therefore, it is not advisable to operate
at high potentials. Figure 5-3 illustrates the effect of applied potential on the current as a function
of time. There was no significant current density and efficiency response difference between 50

and 60 °C and pH of 4 and 5.
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Figure 5-3: Effect of applied potential on the current as a function of time (tests done in 47.5 g/L of

Ni?*025C0%*0.1Mn?* o 15Li*0 5 solution at pH=5, 60 °C and 2 cm?/250 cm? AA/EV).
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Figure 5-4: Effect of applied potential on a) the mean current and rate of deposition b) current efficiency
and Co/Ni ratio and ¢) current efficiency and % Li and Mn impurity (tests done at pH=5, 60 °C and 2 cm?/250
cm? AA/EV in 475 g/L Ni2+o,25C02+o,1Mn2+oA15Li+oA5.

The deposition rate-potential curves exhibit similar trends to current-potential curves, as seen in
Figure 5 4 a), since more active electrons are availed for the Co®* reduction at higher applied
potentials and currents. In the region where the curves are steep (between -1.25 to -1.45 V vs
Ag/AgCl), after the limiting overvoltage (-0.95 V vs Ag/AgCl), the system becomes unstable (as
indicated by the high voltage fluctuations in Figure 5-3), and the liberation of hydrogen produces
a spongy-cobalt deposit onto the cathode as depicted by Figure 5-5. Figure 5-4(c) indicates that
the impurities composition increases with applied potential due to the non-selective reduction of
impurity species on the cathode at higher applied potentials. At -1.15 V vs Ag/AgCl, the
composition of impurities was 1.8 %, while at -1.45 V versus Ag/AgCl, the composition of

impurities reached a substantial 9 %. It is also possible that the impurities are getting trapped
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within the pores on the surface since at the degree of non-uniform morphology increases with

applied potential.

Figure 5-4 (b) shows that the Co/Ni ratio increases from 2.0 to 2.75 when the potential decreases
from -0.95 to -1.05; hereafter the Co/Ni ratio remains virtually constant at approximately 2.5. The
anomalous Ni-Co deposition is discussed in the previous section 5.3. The Co-Ni composite current
efficiency reaches a maximum (81 %) at -1.05 V vs Ag/AgCl. The liberation of hydrogen and non-
selective reduction of impurity species is intensified as the potential increases, this leads to a
subsequent decrease in current efficiency (Figure 5-4 b). The maximum of the current efficiency
coincides with the formation of the stable, coherent and more orderly and uniform structure of
Ni-Co composite at higher potentials. The decrease in current efficiency as a function of Co*
concentration in a sulphate electrolyte could be attributed to the reduction in hydrogen evolution
overpotential on cobalt-rich composites. This reduction means that the cobalt-rich composites
become more effective at catalysing the hydrogen evolution reaction (HER), leading to an
increased rate of HER and, consequently, a decrease in current efficiency for the desired

electrochemical process (see Figure 5-5).

Partial polarization curves of Ni** and Co?* co-deposition presented by Golodnitsky et al. (1998)
indicated that at high Co concentrations, the curve is accompanied by the positive (0.2 V) shift of
the cobalt reduction potential whilst the opposite effect (-0.5 V) was established for Ni (Il) co-
deposition (Golodnitsky et al. 1998). This shift indicates that Co deposition is more favoured at
high concentrations of Co. At lower potentials, the Ni is favoured, whilst at higher potentials, the

reaction kinetics, enhanced by higher potential, favour Co over Ni.

Figure 5-5 depicts the SEM imaging of the cathode surface at different applied potential levels.
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Figure 5-5: SEM images of cathode surface after applying different potentials a) 0 V (Fresh electrode), b) -

115V, ¢ -125 V, d) -135 V, e) and f) -145 V vs Ag/AgCl (Deposit obtained in 47.5 g/L of

Ni?*025C0%*0.1Mn?*o 15Li*0 s solutions at pH=5, 60 °C and 2 cm?/250 cm? AA/EV).

The cathode plate was found to have a non-sticking, spongy deposit at potentials higher than -

1.25 Volts (Figure 5-5 c-f). Cleaning the cathodes was challenging since the porous layer of Co

could be lost during cleaning, increasing the likelihood of an efficiency mistake. Electrowon

deposit obtained when the applied potential was below or at the limiting potential (-1.15 V vs

Ag/AgCl) resulted in a smooth, greyish and adherent deposit as shown in Figure 5-5 (b). However,

applying potential above the limiting potential produced an uneven, non-adherent, and nodular

electrowon deposit, which denoted an unstable electrowinning system. The irregular-spongy
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deposit could be lost during washing, which would raise errors in the deposition rate and, as a
result, reduce the apparent efficiency as it is now. In light of this, the limiting potential was

established as -1.15 V vs Ag/AgCl for the next section of studies.

As the applied potential increased, the thickness of the film increased, and the electrode surface
became more homogeneous, as the hemispherical grains growing on each crystal overlapped into
larger agglomerates (Figure 5-5 ¢ — e). The width of the cracks, now more linear in shape, seemed
to increase with increasing film thickness, and some of them followed the grain boundaries. For
-1.35V and -1.45 Vin particular, some deposits had been detached from the cathode surface. The
existence of thin layers of Co-Ni in some of the pits caused by deposit exfoliation demonstrates

that some material was lost from the anode surface during electrolysis (Figure 5-5 f).

The cathode plate was found to have a non-sticking, spongy deposit at potentials higher than -
1.25 Volts (Figure 5-5 c-f). Cleaning the cathodes was challenging since the porous layer of Co
could be lost during cleaning, increasing the likelihood of an efficiency mistake. Electrowon
deposit obtained when the applied potential was below or at the limiting potential (-1.15 V vs
Ag/AgCl) resulted in a smooth, greyish and adherent deposit (Figure 5-5 b). However, applying
potential above the limiting potential produced an uneven, non-adherent, and nodular
electrowon deposit, which denoted an unstable electrowinning system (Figure 5-3). The irregular-
spongy deposit could be lost during washing, which would raise errors in the deposition rate and,
as a result, reduce the efficiency as it is now. In light of this, the limiting potential was established

as -1.15 V vs Ag/AgCl for the next section of studies.
5.5 Effect of pH on Current Efficiency

The correlation in Figure 5-6 depicts the influence of the pH of the electrolyte on the Co-Ni
electro-deposition current efficiency at different temperatures. The current efficiency rises sharply
as the pH rises to around pH=4 (81%); then it stabilizes between 4 and 5 and then decreases

sharply beyond 5. A similar trend was observed for the current efficiency and temp correlation at
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pH=4. It is also noteworthy that the average current efficiency is slightly lower at 60 °C than at 50
°C due to increased Co-Ni deposition kinetics that can lead to an increased rate of the hydrogen

evolution reaction, potentially lowering the selectivity for Co and Ni deposition.

—=-50 Degrees -A&-60 Degrees

8 r m 80-85

Current Effiency (%)

Figure 5-6: Influence of pH of the electrolyte on Co-Ni electro-deposition at different temperatures (47.5

g/L of Ni**925C0**01Mn**g 15Li* 05, 50 °C and 60 °C and , -1,15 V vs Ag/AgCl and AA/E of 2 cm?/250 cm?).

At lower pH, the higher H™ ion concentration results in substantial H2 gas evolution at the cathode
resulting in porous and poor morphology electrowon deposits that are poorly adherent to the Al
cathode substrate. This subsequently results in poor current efficiency of the electrowon deposit.
when pH is adjusted to levels higher than 5, the continuous consumption of H* ions (through H>
gas evolution) and increased OH" ions (from NaOH) at the cathode results in increased pH in the
catholyte initiates Co(OH), and Ni(OH). precipitation (Jeffrey et al. 2000b). At high pH levels (>5),

Ni and Co hydroxides precipitate and become incorporated into the electrowon deposit, resulting
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in a very poor adhesion and suboptimal deposit morphology (Altamirano-Garcia et al. 2021). It is
noteworthy that below pH 2.5 and more than 4.5 the current efficiency steeply drops. Hence a pH
range of 3 to 4.5 appears to be reasonably optimal and satisfactory for good quality and adherent

deposit, as further supported by enhanced current efficiency within the range.
5.6 Effect of Temperature on Current Efficiency

The correlation in Figure 5-7 depicts the effect of temperature on the current efficiency at an
applied potential of -1.15 V vs Ag/AgCl, pH=3, pH=4, pH=5 and pH=6 using an electrolyte
composition of 47.5 g/L [Ni**025C0®"01Mn?*q15Li*os]. Generally, an increase in temperature leads
to an increase in current efficiency across all pH levels up to 60 °C, indicating a positive
temperature dependence. However, at higher temperatures (70 °C and 80 °C), the current
efficiency begins to exhibit a decline, suggesting a potential temperature threshold beyond which
the current efficiency diminishes, possibly due to unfavourable side reactions i.e. hydrogen
evolution reaction and formation of cobalt oxide. Furthermore, the efficiency of the current is
influenced by pH levels, and variations in the degree of change are evident across different pH
values. The peak efficiency for each pH level occurs at different temperatures, emphasizing the
interdependence between temperature, pH, and current efficiency in the electrochemical system

studied.

The electrowinning data for cobalt deposition reveals compelling trends. The positive correlation
between increasing temperature and current efficiency up to 60 °C is consistent with expectations
in electrowinning, indicating enhanced kinetics at higher temperatures. However, the subsequent
decline at 70 °C and 80 °C suggests a critical temperature threshold beyond which the benefits
diminish, possibly due to unfavourable side reactions (hydrogen evolution reaction and metallic
hydroxide formation reaction). The mean current efficiency is significantly higher at pH=5 than
pH =3 due to the decreased rate of the hydrogen evolution reaction, potentially improving the
selectivity for cobalt deposition. The mean current efficiency is notably reduced at pH levels below

3 and above 6. This is because, at pH < 3, the increased rate of hydrogen evolution competes with
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metal deposition, while at pH > 6, the formation of cobalt and nickel hydroxides predominates.
Both conditions can decrease the selectivity for cobalt and nickel deposition. As depicted Figure
5-7 b), the highest current efficiency levels were recorded at temperatures between 50 °C and 60
°C and pH=4 and pH=5. The optimal values were chosen as 50 °C (to reduce the thermal factor

related energy consumption) and pH=4.5 (to reduce chemical consumption).
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Figure 5-7: The effect of temperature on the current efficiency at an applied potential of -1.15V, pH=3,4 5

and 6 using an electrolyte composition of 47.5 g/L [Ni**025C0%*0.1Mn%*o15Li*05] and AA/EV of 2 cm?/250 cm?.
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Electrowinning of Co-Ni alloys at higher temperatures (50 and 60 °C at pH=5) enhanced both
deposit quality and adherence, although the deposit generated at temperatures up to 40 °C was
non-uniform and non-adherent. The enhanced ionic mobility at higher temperatures is what
effectuates an increased current efficiency. The rapid fall of current efficiency from 70 °C is
attributed to the decrease in hydrogen evolution overpotential on the cobalt-rich alloys, resulting
in a hydrogen evolution side reaction. This trend is also iterated with correlations by Lu et al.
(2018), who demonstrated that the voltage needed to achieve the specified current density falls
as the temperature rises (Lu et al. 2018). The rapid availability of Co ions at the cathode can also
result in less stressed, better-quality deposits (Sharma et al. 2005a; Lu et al. 2018). Other factors,

such as phase composition, affect the quality of the deposit as further detailed as follows:

= Cobalt can be found in both a and h forms, but the h form is favoured since it is face-
centred and the a form is hexagonally close-packed and not typically deposited in an

electrochemical cell (Pradhan et al. 2001; Cohen-Hyams et al. 2002).

It is asserted that the Co deposit will be h if made at higher temperatures and a mixture of a and
h if made at lower temperatures. The latter composition exerts stress on the deposit and lead to
its dissociation from the electrode substrate (Mehmood et al. 2015). Another issue with cobalt
deposits is that in addition to cobalt (Il), which is produced at the anode, cobalt (Ill) is also present
in the electrolyte (Lakshminarayanan et al. 1976). Lakshminarayanan et al. (1976) examined C0,03
deposit collected at the anode in an oxidation-reduction process using ferrous-cobalt sulphate
solutions. Lakshminarayanan et al. (1976) noted that the presence of multivalent cations in the
electrolyte causes a decrease in the efficiency and dendritic character of the deposit, even if the
effects of Co () in the electrolyte are unknown, a trend that was also noted in this work when Ni-
Co-Li-Mn sulphate solutions (containing mono and multivalent cations) were used as depicted in
Figure 5-8. However, it must be noted that the effects were not detrimental to the objectives of
this work. Figure 5-8 depicts the SEM images of cathode surface (with Ni-Co alloy deposit) after
electrowinning in a solution containing pure (a) 30 g/L of Co**03Ni’*o7; and (b) 47.5 g/L

Ni**025C0%*01Mn%* g 15Li*0s .
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Figure 5-8: SEM images of cathode surface (with Ni-Co alloy) after electrowinning in an electrolyte solution
containing a) pure 30 g/L of Co**03Ni**o7 and b) 47.5 g/L Ni**925C0**0.1Mn?*o15Li*os ( tests done at 1.15 V vs
Ag/AgCl, 50 °C, pH = 4.5 for 180 minutes).

In order to generate Co-Ni alloys at optimal current efficiency, a higher temperature of 50 °C was

chosen as optimal for next set of experiments.

5.7 Effect of Concentration on Co-Ni Concentration on Current Efficiency

Electrolysis was conducted by varying the Ni-Co concentration from 0 g/L to 30 g/L in the 2
cm?/250 cm?® AA/EV set-up, at a temperature of 40 °C, 50 °C, 60 °C and 70 °C, pH 4.5 and applied
potential of -1.15 V (vs Ag/AgCl). The results are summarized in Figure 5-9, show that the current

efficiency increases with an increase in cobalt concentration and temperature of the electrolyte.
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Figure 5-9: Effect of Co-Ni concentration [Co®*925Ni**1] in @ multi-ion [Co**025Ni**0.1]Mn?*q1sLi*os solution
on the current efficiency at -1.15 V vs Ag/AgCl, pH=4.5, Temperatures=40 °C, 50 °C, 60 °C and 70 °C using

a varied electrolyte composition up to 30 g/L [Co%*025Ni**o.1] solution and AA/EV of 2 cm?/250 cm?.

Additionally, it was noted that electrowinning at low Co?*-Ni** concentrations (<15 g/L)) produces
Co-Ni deposits that are stressed and brittle and ultimately stick loosely, therefore easily falling off
from the Al cathode during electrowinning. This trend results in a reduced current efficiency.
Electrowinning at higher Co®*-Ni** (> 15 g/L) concentrations produces Co-Ni deposits that are
smoother and less brittle and ultimately don't fall off easily from the Al cathode during
electrowinning. This correlation is indisputably due to the more abundant availability of Ni** and
Co?* ions, vis-a'-vis hydrogen ions (H*), at the higher Co?* concentrations, while at lower cobalt

concentrations, relatively higher H. evolution, and its consequent incorporation into the
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electrowon Ni-Co deposit, results not only in lower current efficiencies but also in brittle and
stressed deposits. Since no additional benefit is derived in going beyond 25 g/L, a higher 30 g/L
Co-Ni concentration value was chosen as the optimum Co-Ni concentration. The energy required
to deposit cobalt also drops as the Co concentration increases. This is an obvious consequence of
the lower voltage requirement (due to higher conductivity at the higher Ni-Co concentration

levels) and the increased current efficiency.

As seen in Figure 5-9, Ni and Co electrowinning activity is favoured between 50 and 60 °C since
higher current efficiency (83 % to 84 %) is recorded at high Ni-Co concentrations (30 g/L)
compared to temperatures out of this range (77 % for 40 °C and 81.5 % for 70 °C). In-between the
optimal temperature range, electrowinning at a higher temperature (60 °C) evidently yields slightly
higher current efficiency (84.2 %) than low temperature (50 °C) which yields 83.1 %. This is due to
the correlation that elevated temperatures accelerate Ni-Co electrodeposition reaction rates and
enhance ion mobility, leading to faster electrodeposition of Co-Ni metallic deposits. The increased
thermal energy can reduce the activation energy barriers for the Ni-Co electrowinning reactions,
promoting a more efficient metal recovery. Moreover, higher temperatures may impact the
physical properties of the electrolyte, such as its conductivity and viscosity, which can influence
the overall performance of the electrowinning cell. However, it's essential to strike a balance, as
excessively high temperatures pose challenges, including increased energy consumption,
potential electrode passivation, and concerns about the stability of the electrolyte (hence why 60

°C is the limit, but 50 °C is the optimal).
5.8 Effect of Inter-Electrode Distance on Developed Current

The effect of inter-electrode distance was investigated against the developed current density in
the electrowinning cell circuit for a fixed potential level. The results, depicted in Figure 5-10,
indicated that the 0.5 cm inter-electrode distance had the highest developed current density

compared to all the distance levels. As per current-distance correlation Figure 5-10, the highest
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developed current density is 0.03 A/cm? (at 0.5 cm interelectrode) and the lowest is 0.01 A/cm? at

3 cm inter-electrode distance.

The results also indicate that increasing the inter-electro distance increases the resistance across
the electrowinning cell as electron and ionic species have to be transported over longer distances
for electrochemical reactions to occur. As a result, transportation of electron and ionic species
over longer distances requires a higher electromotive force (to mobilise the species) for the
desired reactions to occur. This phenomenon ultimately increases the voltage whilst reducing the
current field strength and the current density on the active areas of the electrodes. As a
consequence, of the slower rate of deposition that occurs at lower current density levels, the

reduced current density will lengthen the time required for the deposition process to be

completed.
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Figure 5-10: The effect of distance between electrodes on the developed current density at -1.15 V vs

Ag/AgCl, 47.5 g/L [Ni**025C0*"01Mn?*q 15Li*os], pH=4.5, 50 °C and AA/EV of 2 cm?/250 cm’.

The inter-electrode distance-resistance trend, depicted in Figure 5-10, suggest that the developed
current density decreases with an increase in inter electrode distance and increases with a
decrease in inter electrode distance. This correlation is attributed to the increased electron and
ionic species mass transfer kinetics between the cathode and anode. Increasing the distance

between electrodes increases the ohmic resistance ( voltage) and consequently reduces the
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current density leading to a reduced rate of metal deposition due to decreased inter electrode
electric field strength on the electrode-active area and active species mass transfer kinetics (Chen,

Mojica, et al. 2017) .
5.9 Effect of Electrode Active Area on the Developed Current

The active area of the electrode affected the developed current as indicated in Figure 5-11. Four
different active areas were used during the investigation (1, 2, 3 and 4 cm?). The results show that
the developed current for a small active area (1 cm?) was lower (0.022 A) when compared to those
of the other active areas. The highest active area (4 cm?) exhibited the highest limiting current (0.1

A). The values for the 2 cm? and 3 cm? distances were found to be 0.042 and 0.064 A respectively.
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Figure 5-11: Effect of Electrode-active Area on the developed Current density at -1.15 V vs Ag/AgCl, 47.5
g/L [Ni#*025C0%**0.1Mn?*q 15Li*os], pH=4.5, 50 °C and AA/EV of 2 cm?/250 cm?.

Figure 5-11 indicates that an increase in the active area increased the limiting current because a
higher active area provides more area for electron transfer resulting in a higher developed current.
The rate of reaction and therefore the rate of deposition of Co will be affected by this correlation.

If there is a drop of current, there is a corresponding drop of mass deposited at the cathode.

188



Tendai Tawonezvi Electrowinning Optimization Using Synthetic Quasi NMC 532 Solutions

5.10 Effect of Monosodium Phosphate on pH Fluctuation

The tests were performed in a jacketed single-compartment reactor; however, there was
significant pH variation during the experiments. A buffer was incorporated into the electrolyte
solution to obtain higher current efficiency and an optimal way to limit the pH variation. Figure
5-12 (a) demonstrates the pH variation of the catholyte-anolyte solution during the course of the
experiment. It can be observed that, except for the correlation related to a system with buffer, the
pH tends to decline during the course of the experiment. Excluding the effect of electrochemical
reaction mechanisms and kinetics, these correlations also indicate that a higher solution
temperature effectuates an increase in the proton migration and consumption rate as the pH
decrease is much lesser in a higher temperature solution than in a lower temperature solution.
The pH decreases rapidly from 4.5 to 3.7 after 120 minutes without the use of a monosodium
phosphate buffer solution and less rapidly from 4.6 to 3.95 when monosodium phosphate is

incorporated into the electrolyte solution.
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Figure 5-12: a) pH variation with time at different buffer dosages and effect of buffer dosage on the current
efficiency in the electrowinning set-up at -1.15 V vs Ag/AgCl, 47.5 g/L [Ni®*925C0**0.1Mn®*o15Li* o], Starting
pH=4.5, 50 °C and AA/EV of 2 cm?/250 cm?.

The pH stabilizes (decreases negligibly) over a 120-minute electrowinning period as the dose of
monosodium phosphate increases. The pH decreased slightly from 4.6 to 4.2 after 120 minutes
when monosodium phosphate buffer solution was utilised at 15 g/L. In the corresponding
correlation, when electrowinning was conducted at 50°C, it was observed that the pH decreased

at a significantly faster rate compared to when monosodium phosphate was not used. This effect
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confirms the buffer utilization efficiency in pH control and contributes to cost reduction since it

reduces the amount of chemical reactants necessary for continuous pH adjustment.

This pH variation may occur due to the water decomposition reaction on the anode electrode
surface that yields oxygen gas and H* ions, which tend to migrate to the cathodic plate, where
they accept electrons to produce H; gas. The continuous generation of H* at the anode results in
a decrease in pH and current efficiency as the H" concentration in the electrolyte continues to
increase. The buffer counteracts the rapid decrease in the pH (increase in H* ions) (Figure 5-12 a)
and consequently the current efficiency (Figure 5-12 a) by neutralising the generated H* ions. As
seen in Figure 5-12 an increase in the buffer dosage results in pH stabilisation and current
efficiency increase Thus, the pH increases for the test done at 50 °C could be explained as a
function of the reaction rate gradient between the rate of H* ions generation (from water

electrolysis) at the anode and the rate of H* rate of consumption (H. evolution).

It is important to note that at lower temperatures (<40 °C), due to the low molecular kinetic
energy, the rate of the proton mobility and consequently migration from the anolyte phase to
the catholyte phase is consequently reduced (Sharma et al. 2005a). Regarding electrowinning at
very low temperatures (<30 °C), a negligible change could be observed in the pH variation when
monosodium phosphate was added since little Co/Ni is expected to be deposited (Santos et al.
2007). However, at higher temperatures, the proton (H*). migration is significantly increased due
to heightened kinetic mobility, thereby intensifying the effect of the pH increase due to H»
evolution, making the pH decrease less rapid during the course of the tests since this effect
counteracts the effect of pH decrease due to H* generation (Bertuol et al. 2016). Evidently,
monosodium phosphate addition, when acting as a buffer, effectuated improvements regarding

the pH variation and current efficiency for the results obtained at 50 °C.
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5.11  Effect of Na2SO4 on the Current Efficiency

The incorporation of an alkaline metal sulphate additive into the electrolyte solution increases the
conductivity of the electrolyte solution medium (Sharma et al. 2005a). Experiments were
performed by the addition of alkaline sulphates of sodium. The addition of a small amount of
sodium sulphate resulted in an adherent and uniform morphology Co-Ni composite deposit. The

effect of sodium sulphate concentration on the current efficiency is depicted in Figure 5-13.
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Figure 5-13: Effect of Na,SO4 in an electrowinning set-up (-1.15 V, pH =4.5, 15 g/L of buffer, 50 °C, 47.5 g/L
Of Ni2+oA25C02+oA1Mn2+o,15Li+o‘5, AA/EV Of 2 cm2/250 cm3).

As can be observed, the current efficiency increases from 83.48 to 84.47 with Na,SO, addition up
to 15 g/L, beyond which further addition of the salt exhibits insignificant effect since current
efficiency was stagnate at ~84.47 after 15 g/L. The trend is largely due to solution
electroconductivity induced by the free sulphate and sodium ions which act as charge carriers,
therefore the more the amount of free and mobile ions, the higher the conductivity. The
correlation is explicitly depicted by trends presented by Schalenbach et al. (2022), which depicts
the parametrisation of the molar conductivity of Na,SOs as a function of concentration
(Schalenbach et al. 2022). The increased molar conductivity results in lower H, evolution and

higher efficiency for Co recovery. When the NaSO4 concentration is increased above 15 g/L, there
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is a negligible drop in overpotential and a negligible increase in current efficiency. The lowering
of the applied potential and the increased current efficiency also results in lower energy

requirement.
5.12  Effect of Rotating Cathode Speed on Current Efficiency and Current

The effects of cathode electrode rotation on the EW electrowinning performance were
investigated by varying the cathode rotating speed from 0 to 40 rpm. As shown in Figure 5-14,
the operating current density of the EW process increased from 0.018 +0.001 A/cm? (Orpm) to
0.024+0.001 A/cm? (20 rpm) and eventually to 0.35+0.001 A/cm? (40 rpm).
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Figure 5-14: Current as a function of rotating cathode speed (-1.15 V, pH =4.5, 15 g/L of buffer, 15 g/L
Na,SO4, 50 °C, 47.5 g/L of Ni**025C0**0.1Mn**015Li*0s, AA/EV of 2 cm?/250 cm?®).

This correlation in Figure 5-14 indicates a significant 74% surge in the current density from 0 to
40 rpm. The deposition rate at 40 rpm was denoted to be 0.062 g/cm?.hr), which increased by 76
% from the deposition rate at 0 rpm (0.035 g/cm?hr). In addition, the cathode rotation speed
played a significant role in effectuating turbulence in the electrolyte flow. This is reflected in the

estimated Reynolds number (Re) that increased from 465 (10 rpm) to 1850 (40 rpm) using the equation:
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Nge = =258 5-1

Where n is impeller rotational speed (rev/s), De is plate effective diameter (0.08 m), p,4 is the

specific gravity (1.3) and uy is the kinematic viscosity (0.000003 m?/s).

The turbulence in the electrolyte flow, indicated by a higher Reynolds number, can effectuate
higher ionic and electronic mobility, resulting in accelerated reduction reaction kinetics and less
species build-up on the electrode-electrolyte interface per each level of potential. Meanwhile, the
constant turbulent fluid motion also accelerates the diffusion and transfer of protons and anions
from the anode surface film, thereby minimizing a localized pH gradient within the electrolyte-
anode interphase. In addition, increased turbulence within the electrolyte flow can decrease the
anodic and transport resistance for ionic species through to the cathode side, resulting in a higher
current density (Sleutels et al. 2009; Pan et al. 2019). When the cathode rotation speed was set to
Orpm, current density quickly decreased to 0.055 +0.02 A/cm? demonstrating that the cathode
rotation speed played a significant role in the increase of the current density. The Levich plot
analysis of the set of electrowinning experiments conducted at different rotational speeds is

depicted in Figure 5-15 b).
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Figure 5-15: a) The Levich plot analysis and b) the effect of cathode rotational speed on current efficiency

and (-1.15V, pH =4.5, 50 °C, 47.5 g/L of Ni**025C0**0.1Mn*g 1sLi*0s, AA/E of 2 cm?/250 cm?3).
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The rotation speed of the electrowinning set-up also affected the current efficiency of Ni-Co
deposition, as depicted in Figure 5-15 b). Although the effect of rotating cathode speed on current
efficiency was not immediately apparent between Orpm (84%) and 10rpm (84.5%) since the
current efficiency negligibly increased, further increasing the rotating speed gradually increased
current efficiency to 85.5% (20 rpm), 87.5% (30 rpm), 87.9% (40rpm) and 88.1% (40rpm) and 88.2
% (50 rpm). The correlational trend distinctly indicates that the increasing cathode rotating speed
results in a significant surge in the current efficiency. It is worth noting that the current efficiency
increased significantly from 84% at 0 rpm to 87.7% at 30 rpm, and then only slightly to 88.2%
between 30 and 50 rpm. Meanwhile, the increase in current density was minimal (between 30 and
40 rpm), indicating that power consumption per unit of mass decreased. This was possibly due to
the verity that the anode electrode rotation enhances the ionic, electron and bulk species mass
transfer, thereby increasing the activities of electrochemically active ionic and electronic species

in the solution.
5.13  Cobalt/Nickel Electrowinning Using Synthetic Solution

Following completion of the electrowinning optimization experiments with synthetic solutions,
which aimed to determine the ideal and optimal electrowinning conditions (-1.15 V vs Ag/AgCl,
47.5 g/L Ni**025C0**0.1Mn?*g1sLi*os, 50 °C, 15 g/L of NaH,POs, 15 g/L Na,SO4, pH 4.5 and 40 rpm
cathode speed (CS)), final electrowinning of Co-Ni was performed using the previously optimized
conditions and parameters. The aluminium plate electrode was utilized as the cathode, and Pt
coated Ti electrode as the anode. The stripped electrowon Co-Ni deposit exhibited smooth
morphology and evenly distributed particle size and shape, as shown in Figure 5-19 a), and a
significant part of it adhered to the cathode surface; therefore, it was quite possible to easily

calculate the accurate, current efficiency.

In order to assess the best separation technique between constant current electrowinning and
constant voltage electrowinning, the deposit quality and composition were assessed. Optimal

level for constant current (0.035 A/cm?) for constant current electrowinning were noted from the
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approximated current response at the -1.15 V vs Ag/AgCl potential level whilst optimal
potentiostatic electrowinning parameters were experimentally determined in this work. As
illustrated by Figure 5-16, constant current electrowinning at optimal current (0.035 A/cm?)
(galvanostatic electrowinning) produced a deposit with lower purity (82 % Ni-Co) than at constant
potential (potentiostatic electrowinning), which produced 98 % pure Ni,Co,. Constant potential
electrowinning is more selective to specific reactions (Co and Ni reduction at -1.15V vs Ag/AgCl)
at a specific potential compared to constant current, which reduces relatively most of the cations
in the solution. The lower purity of constant current electrowinning is primarily due to the

deposited Mn, Li and Al and other impurities as confirmed by ICP and EDS analysis.
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Figure 5-16: Composition of deposit from constant current electrowinning (CE) vs constant potential
electrowinning (PE) (PE=>-1.15 V vs Ag/AgCl, CE=> 0.035 A/cm?, 180 minutes, 2cm?/250 cm?® AA/EV in 47.5

Ni%*025C0%* 0.1Mn?* o 1sLi*0s Solution).

A graphical representation of how current efficiency varies over time is depicted in Figure 5-17.
The figure indicates that current efficiency decreases over time, it decreases insignificantly
between 0-180 minutes then rapidly after 180 minutes. This trend is attributed to the build-up of
the non-conductive cobalt oxide layer on the aluminium cathode plate and the decrease in the

pH, which promotes the hydrogen evolution side reaction.
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Figure 5-17: Expected mass deposited vs actual mass deposited over a 120 minute period (-1.15V, pH =4.5,

50 °C, 47.5 g/L of Ni**025C0** 01Mn**q.15Li* 05, AA/E of 2 cm?/250 cm?).

In addition, Figure 5-18 indicated that electrowinning of Ni-Co in a 30 g/L [Co®*03Ni**o7] solution
can be depleted to approximately 4.75 g/L g/L Coo3sNioss solution over a period of 180 minutes
using a two layered 3 X 10 cm? Pt coated Ti anodes and a rotating 3 x 10 cm? aluminium plate
electrode (active area-electrolyte volume (AA/EV) ratio of 30 cm?/250 ml). Through the
implementation of an optimised electrowinning process 75% and 90% of Ni and Co respectively
were effectively recovered from the leachate as presented in The EW process was halted when the
electrolyte concentration dropped below 4.85 g/L since the current efficiency starts dropping
rapidly (from 88 % at 180 minutes to 66 % at 250 minutes). Since the reaction rate is solely
dependent on one composite reactant (Co:Ni) as evident from Figure 5-18 a) and the linear plot
of In[A] vs time in Figure 5-18 (a), the electrowinning Co-Ni is deemed to be first order. The

electrowinning first-order reaction proceeds according to the following reaction:

In[C;] — In[Cy] = —kt 5-2
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Where C;is concentration at any time t, Gy is the initial concentration, k is reaction constant, and t
is time. The reaction constant, k, is calculated to be 0.016 1/min as depicted in Figure 5-18 (b)

bringing the first-order equation to the expression:
In[C,] — In[C,] = —0.016¢ 5-3

As per the kinetics correlation in Figure 5-18 a), the reaction kinetics correlation indicates a
negative linear correlation between time and concentration, thereafter the electrodeposition stalls
as indicated in Figure 5-18 (a). This inactivity is attributed to less mass transfer gradient between
the electrolyte and cathode surface, due to depleted metal ion species in the electrolyte, resulting
in less metal ion transfer from the electrolyte to the cathode electrode. In light of this, there is a
need for continuous electrolyte replenishment therefore after 180 minutes of electrowinning,

fresh new electrolyte is added to the electrowinning chamber.
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Figure 5-18: a) Concentration variation of a 30 g/L [Co®*03Ni**o7] mixture within a multi-ion synthetic
solution (47.5 g/L of Ni**025C0?*01Mn**o15Li*05) over 250 minutes of electrowinning and b) kinetics of Co-

Ni electrodeposition during the first 120 minutes (at -1.15 V, pH 4.5 and 50 °C in 30 g/L [Co®*03Ni®*7]).
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Table 5-1 presents the elemental composition of the electrowon deposit, as obtained by ICP-OES,
which evidently shows that the deposit largely constitutes Ni and Co (98 wt.%). The results indicate
that post electrowinning, 77% and 90% of Ni and Co respectively were effectively recovered from
the synthetic leachate. However, only 0.8% of Li and 4.05% of Mn was recovered during the
selective electrodeposition process. This indicates the optimised process is highly selective to Ni
and Co. The EW process was halted when the electrolyte concentration dropped below 4.85 g/L
since the current efficiency starts dropping rapidly (from 88% at 180 minutes to 66% at 250
minutes) as highlighted in Figure 5-17. As shown in Table 5-1, at low AA/EV ratios, the electrowon
Ni-Co alloy deposit contains more Co than Ni, despite the solution being predominantly Ni**. This
anomalous phenomenon of preferential Co deposition over Ni is discussed in detail in Section 5.3.
However, at high AA/EV ratios, the larger electrode surface area enhances reaction kinetics,
particularly for Ni, due to its significantly higher concentration of Ni** in the electrolyte solution.
This results in a higher Ni content in the deposit at high AA/EV ratios, mitigating the initial

preferential deposition phenomenon of Co.

Table 5-1: Chemical composition, determined by ICP-OES, of the Ni-Co deposit obtained in the
electrowinning process (47.5 g/L of Ni**025C0%*01Mn?*1sLi*05,-1.15 V vs Ag/AgCl, 50 °C, 15 g/L of buffer,
15 g/L of NaSOs, pH 4.5, 40 rpm).

Component Weight % (After Weight % (After EW) Synthetic % Recovered
EW) [AA/EV of Leachate AA/EV
[AA/EV of 30cm?/250 cm?] (Before EW) [30cm?/250
2cm?/250 cm?] [g/1] cm?]

Co 68.09+0.67 34.07+0.33 8.5 92

Ni 30.1840.31 65.45+0.72 21.25 78

Na 0.35+0.01 0.3940.01 -

Al 0.1240.01 0.0940.01 -

Mn 1.584+0.02 1.7140.02 12.5 4.2

Li 0.01+0.001 0.0240.001 5.5 0.95
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As expected, Na traces (0.35+0.01%, from NaOH and Na,SO4) and Al traces (0.12+0.01%, from Al
cathode and cathode material) were co-deposited with Ni and Co as impurities and possibly the
deposit’s relatively rough morphology qualities were caused by the presence of such impurities
(as shown in SEM imaging in Figure 5-19 a). To determine whether the electrowon deposit was
solely constituting metals listed Table 5-1, an analysis by microprobe (EDX), presented in Figure

5-19 (b), was performed.
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Figure 5-19: a) Micrograph of the deposit morphology, deposit obtained from the synthetic solution
electrowinning and b) EDX spectrum of the deposit (47.5 g/L of Ni**025C0**01Mn**g1sLi*0s,-1.15 V vs
Ag/AgCl, 50 °C, 15 g/L of buffer, 15 g/L Na,SOs, pH 4.5, AA/E of 2 cm?/250 cm?).

The results, EDS results summarized in Table 5-2, demonstrate that no other metal was detected,
however, they indicate the presence of other elements such as oxygen (O), sulphur (S), and sodium
(Na). The presence of these impurities is probably associated with the contamination by from
unwanted side reactions or species from the electrolyte solution. The oxygen evolved at the
anode or if there are side reactions involving oxygen, the oxygen can get incorporated into the
deposit in small amounts. However, it is also worth noting that EDS, the results being referred to
are a surface limited analysis, so the figures dose not the reflect the matrix composition and

regarded as relatively inaccurate.
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The presence of sulphur in the deposit is also an indirect indicator of sulphur based anion
involvement in the cathodic reaction (Golodnitsky et al. 1998). In spite of the deposit, as presented
in Figure 5-19 a), being rinsed and dried before the analysis, the cleaning process was possibly

not effective in promoting the total removal of the solution contaminants.

Table 5-2: Chemical composition, determined by EDS, of the deposit obtained in the electrowinning (47.5
g/L of Ni**925C0**01Mn**g15Li*05,-1.15 V vs Ag/AgCl, 50 °C, 15 g/L of buffer, 15 g/L Na,SO4, pH 4.5, AA/E of
30 cm?/250 cm?).

Component Weight % (After EW)
Co 61.091+4.76

Ni 26.19+2.41

S 0.5610.2

(o) 9.94+1.2

Al 0.3140.1

Na 0.2240.1

Mn 1.67+0.3

+
| Spectrum 4

100pm 1
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When the weight composition of nonmetal species (S and O) detected by the EDS analysis are
excluded from the alloy purity calculation, the Ni-Co composition is determined to be 97.8 wt.%.
This result is further corroborated by ICP-OES, which reports a Ni-Co concentration of 98.2 wt.%.
ICP-OES is considered a more reliable analytical method due to its lower standard deviation
compared to EDS as shown in Table 5-2 and Table 5-1. Excluding nonmetal concentrations from
the alloy purity calculation focuses on the primary metallic components, providing a more
accurate assessment of the composition of key elements like Ni, Co, Li, and Mn, which are crucial
for evaluating the alloy's quality and performance. Nonmetal elements, being less critical, can be
easily separated from the alloy through simple reduction processes to improve purity. The
proposed method of using a reductive atmosphere to remove oxygen from the alloys is not
included in this work, as it falls outside the scope and is mentioned only as a recommendation for

potential future use if necessary.
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Chapter 6: Electrowinning Cell Voltage Optimization

6.1 Overview

In the Co and Ni production industrial sectors, the preeminent facet of operational expenditure
lies in the cost of electrolysis. Acknowledged by Tawonezvi et al. (2023), there exists an ongoing
and concerted scholarly effort directed towards the reduction of costs and energy consumption
associated with electrochemical processes integral to the extraction of Co and Ni. The imperative
to optimize this cost and energy consumption is of paramount importance, as it exerts a
substantial impact on the economic feasibility of the overall production process. The optimisation
of the electrowinning voltage, which is function input of both the electrowinning cost and energy

consumption, is the focus of this chapter.

Imperative to the comprehension of electrowinning cost is the nuanced recognition that the total
cell voltage (E), which is a function input of both the energy consumption and cost factor, is a
summation of several contributing component potentials. This chapter delves into a rigorous
exploration of the intricate network of factors influencing the operational dynamics inherent to
Co and Ni production. The aim of the chapter is to reduce the overall voltage consequently

reducing the overall voltage.
6.2 Cell Voltage Optimisation

As highlighted above, the cost of electrolysis constitutes the largest fragment of the total
operational cost involved in the Co and Ni production. Therefore, great efforts are continuously
being made in research to obtain the Co and Ni at a lower cost (Tawonezvi et al. 2023). The total
voltage of the cell (E) is a sum of the potential of various components, which include reaction
potential (ER), as well as contributions from the anode potential (E,), the anode overpotential

(n4), cathode potential (E.), the cathode overpotential ( the ohmic resistance of the electrolyte
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solution (Eyg), and the contact resistance (E¢s). The overall voltage is quantified as per the reaction

equation:
Ep = Ey + | nal — (Ec + [nc]) + Eop + Ecs 6-1

For the electrolysis of Co and Ni with a conventional couple of Pb and stainless-steel electrodes,
the total calculated E is 2.8, and in practice, it ranges in the interval of 2.75 to 4 V (Pradhan et al.
2001; Sharma et al. 2005a; Mulaudzi and Kotze 2013; Lu et al. 2018; Kazem-Ghamsari and
Abdollahi 2022). 5 Electrodes were selected as potential anodes for the electrowinning process,
namely, glass carbon (C), graphite (GC), platinum (Pt), lead (Pb) and Titanium (Ti). Anodic
overvoltage for the conventional Pb anode is 0.65V vs Ag/AgCl, for glass carbon (C) is 1.6 V vs
Ag/AgCl, for graphite (GC) 1.4 V vs Ag/AgCl, platinum (Pt) 0.25 V vs Ag/AgCl, and for Titanium (Ti)
is 0.8 V vs Ag/AgCl. Pt exhibit the lowest overvoltage compared to other electrodes whilst Pb
exhibit the highest instability over the course of electrowinning. Figure 6-1 denotes the anodic

overvoltage for the 5 electrodes.
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Figure 6-1: Anodic overvoltage for Pt, C, GC, Ti and Pb (0.035 A/cm? pH =4.5, 50 °C, 47.5 g/L of

Ni?*025C0%**0.1Mn** o 15Li*05).

The cost factor, service life factor, corrosion factor (mass loss during operation), and anodic
overvoltage for all five electrodes (Carbon, Graphite, Lead, Titanium, and Platinum) were

integrated for a comprehensive comparative analysis, as illustrated in Figure 6-2. Titanium appears
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to exhibit optimal well-rounded performance compared to other anodes. The capital cost of
titanium is way lower than platinum yet its service life and corrosion factor (mass lost per cm? per
hour) is relatively equal to that of platinum. Therefore, Pt plating of Ti which uses a relatively small
amount of Pt can increase the service life whilst reducing the anodic overvoltage.
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Figure 6-2: Comprehensive performance analysis of pure Pb. Ti. Pt, C and GC electrodes based on anode
overvoltage, cost, service life and corrosion factor (mass lost during operation) (Partial Data derived from

ref (Moradi et al. 2020; Bloomberg 2022)).
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Figure 6-3: Anodic voltage of Ti and Pt Coated Ti (at 0.035 A/cm? pH =4.5, 50 °C in 47.5 g/L of

Ni?*025C0%**0.1Mn** o 15Li*05).
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The Pt-coated Ti electrodes were prepared according to the reported procedure with no further
modification (Rao and Pushpavanam 2001). Following this method, the estimated amount of Pt
on the surface of the electrode would be 2 mg/cm? according to Rao and Pushpavanam (2001).
The actual deposited amount was not verified and outside the scope of the thesis. For platinum-
coated titanium DSA, the anodic over-voltage decreased by 0.35V when tested in 47.5 g/L of
Ni?*025C0%* 0.1Mn?*1sLi*os, at a pH of 4.5, and temperature of 50 °C as depicted in Figure 6-3.
Through the utilisation of Pt-coated titanium, only the conventional Pb anode will be replaced,
but not the main oxidation reaction of water to produce oxygen, H" protons and free electrons.
This transition leads to significant savings in specific energy consumption of the overall process
and eliminates the classic conventional problem of acid mist formation in electrowinning cells.
The results demonstrate that the proposed process exhibit 40% less anodic potential (~0.42 V vs
Ag/AgCl) compared to the anodic potential (0.72 V vs Ag/AgCl) of conventional electrowinning
cells. Per Ohms's law, this will reduce the power consumption of the cell by 30 % and consequently
the cost of operation. The oxygen evolution reaction (OER) reaction potential at pH=4.5is 1V vs

SHE therefore the anodic potential is determined to be 1.705 vs SHE.

Ec + ncis the cathode potential. Ec + nc (-0.812 V vs SHE) was obtained from data obtained from
cyclic voltammograms produced using a 50 °C electrolyte with 30 g/L [Ni**97C0o**03], 2M H,SO. at
pH=4. The cathode overpotential of plating Co-Ni on Al was obtained by the potential difference
between the backward sweep and the standard potential at cobalt deposition. The voltage drop
caused by solution resistance can be calculated using current density and electrolyte conductivity.
A suitable empirical equation [Eq. 6-2] for electrolyte conductivity was presented by Kargl-Simard

et al. (2003).
£ =103.86 — 0.29464[Co/Ni] + 0.82661T + 0.91000 [H,S0,] 6-2

Where ¢ is the electroconductivity (mS/cm), T is the temperature in degrees Celsius and [H,S0,]
is the H,SO4 concentration in g/L (Kargl-Simard et al. 2003). The conductivity of a 30 g/L (Coo:3Nio7)
in 2M H,SO4 (200 g/L), 50°C electrolyte was calculated to be 305 mS/cm (consistent with the
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measured value of 312 mS/cm). Current density of 350 A/m?, electrode areas of 5cm? and a face-
to-face anode to cathode separation of 0.025 m, the E,; was calculated to be 0.287 V using the

below equation.
Epp = /exLxI 6-3

where ¢ is the specific conductivity of the electrolyte, L is the electrode gap, and / is the current
density. The voltage component related to the contact resistance between electrode header bars
and the cell busbars was also calculated to have a resistance of 58 uQ for spool contacts (Battle
et al. 2016). Combining this with a 350 A/m? current density (5 cm? per electrode) at two contact

points per cell (one anode and one cathode) produces a potential drop of 0.001V.
Eop = QXLXI 6-4

where Q is the specific conductivity of the electrolyte, L is the electrode effective length, and / is

the current density.

Summating all the individual voltage components as shown in Table 6-1 produces a cell voltage
of about 2.745 V which is significantly lower than commonly reported values which range between
3-4 V (Mulaudzi and Kotze 2013; Carvajal Ortiz et al. 2020; Kazem-Ghamsari and Abdollahi 2022).
The calculated energy consumption assumes no short circuits and does not include electrical

consumption due to rectification and resistances in the electrical bus system.
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Table 6-1: Cell voltage contributions from anode potential, cathode potential, solution voltage and contact

voltage.
Component Value (V vs SHE) Percentage
Contribution (%)
Anodic Potential (E, + [1,]) 1.605 57
Cathodic Potential (E. — |n.]) -0.895 32
Solution Resistance Potential (E,f) 0.287 10
Contact Resistance Potential (E ) 0.001 0.0004
Total Voltage 2.785

In the scope of the parameters explored and optimised in this investigation, the energy
consumption (2.72 kWh/kg), as indicated in Figure 6-4, was derived utilizing the optimised cell
voltage of 2.785 V and a current density of 0.035 A/cm? (350 A/m?). The electrodeposition rate
used to calculate energy consumption is 0.06 g/cm®hr, as computed in Section 5.12, and the

comprehensive mass balance for the entire process is presented in Figure 9-2.

-0-Energy Consumption -%-Current

. 358 ¢ ~ 0.043
% { 0.042
$338 ¢ { o.0a1
= { 00a T
c 318 } 04 %
2 0.039 §
Q.
€ 298 | 0.038 =
c
2 0.037 &
Q N ]
% 2.78 0.036 3
§ 258 | 1 0035
& 4 0.034
2.38 0.033
45 -4 13 12 11 -1 -09

E vs Ag/AgCl

Figure 6-4: Cell potential vs energy consumption and current density for the electrowinning of Co-Ni

deposits.
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Please note the data used to compute energy consumption in Figure 6-4 is derived from Figure
5-4 data and the total electrowinning cell potential from Table 6-1. The Co-Ni deposit was
deposited at the rate of 0.06 g/cm?.hr at current efficiency of 88%. The results also indicate that
post electrowinning, 77% and 90% of Ni and Co respectively were effectively recovered from the
synthetic leachate. However, only 0.8 % of Li and 4.05 % of Mn was recovered during the selective
electrodeposition process. A more comprehensive mass balance is presented in Chapter 9: The

equation below was used to calculate energy consumption.

Where E represents the energy consumption (kWh/kg), 7 is the current (A/m?), Vis the
electrowinning cell potential (V), ¢ is the duration of electrowinning (hours), and m is the mass
(kg) of the Ni-Co over the time ¢ The relatively minimized energy consumption does not consider
corrosion, production rate and other operational limitations. On average, the total energy
consumption during Ni-Co electrowinning is typically around 3 kWh/kg, varying within the range
of 2.8 to 3.4 kWh/kg, while utilising a current density of 300 A/m? This work presents an
approximately 14 % decrease in energy consumption whilst operating at approximately 16 % more
current density and 88 % current efficiency. Based on the production capacities of the primary
cobalt electrowinning operations worldwide, which summed up to around 185,000-195,000 tons
per year in 2019, the energy consumption for the electrowinning stage of electrolytically refined
cobalt was estimated to be about 580-650 million kWh annually (Talan and Huang 2022). In light
of this, reducing the total energy demand by 1% would lead to energy savings of approximately

6 million kWh within a year.

209



Tendai Tawonezvi Co-Ni Electrowinning using Real NMC Leachate Electrolyte

Chapter 7: Co-Ni Electrowinning using Real NMC

Leachate Electrolyte

7.1 Overview

This chapter is centred on the recovery of Ni and Co from NMC 532 leachate solutions using a
hydro-electrometallurgy process route that integrates hydrometallurgy and potentiostatic
electrometallurgy techniques. This real leachate electrowinning model utilises the optimised
leaching and electrowinning parameters from the previous chapters. The selective electrowinning
metal recovery process route is a cost-effective alternative to the energy, cost and material-
intensive hydrometallurgy intermediate purification processes such as solvent extraction, selective
precipitation, and ion-exchange. The study delves into the deposit composition, impurities
composition and reaction kinetics. The composition of the precipitates was meticulously
quantified using ICP-OES and SEM-EDS, the phase composition was evaluated through XRD
analysis, and the morphology was examined using SEM. The results in this chapter successfully
demonstrate the technical feasibility of recovering Ni-Co alloys from real NMC 532 leachates,

yielding high quantities of industrial-grade pure Ni-Co alloys.
7.2 Co-Ni Electrowinning using real NMC Leachate Electrolyte

Following the completion of the optimisation tests with synthetic solutions, which aimed at the
determination of ideal electrowinning conditions (-1.15 V vs Ag/AgCl, 50 °C, 15 g/L of buffer, 15
g/L Na;SOs, pH 4.5), new tests were performed using a solution obtained through the Li-ionB
battery cathode leaching with sulphuric acid with added H>O,. Aluminium was used as the cathode
and Pt coated Ti as the anode. The obtained deposit did exhibit good quality, and a great part of

it adhered to the cathode, therefore, it was quite possible to easily calculate the current efficiency.

Table 7-1 presents the current efficiency levels attained using the different solution compositions.

The current efficiency of Ni-Co reduction is higher when electrowinning is done in electrolytes
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containing pure metal species. However, as additional species are introduced to the
electrowinning electrolyte, the current efficiency experiences a slight decline. This decrease is
attributed to side reactions, specifically the reduction of metals other than Ni and Co. These side

reactions occur, albeit at a restricted rate due to potential limitations.

Table 7-1: Current efficiency obtained using different synthetic solution compositions electrowinning (-1.15

V vs Ag/AgCl, 50 °C, 15 g/L of buffer, 15 g/L Na;SOa, pH 4.5).

Electrolytes Concentration [g/L] Current

Ni Co Mn Li Efficiency (%)
Ni 15 0 0 0 88.5
Co 0 15 0 0 89.2
Ni-Co 21.25 8.5 0 0 88.2
Ni-Co-Mn-Li 21.25 8.5 12.5 5.5 87.9

Table 7-2 presents the elemental composition of the electrowon deposit as obtained by ICP-OES;
it is evident that the composition of the electrowon deposit largely constitutes Ni and Co (98 wt.
%). However, the presence of Mn is still detected, despite its deposition potential window being
selectively phased out indicating that Mn was depositing but at a limited rate. As expected, Na
traces (from NaOH and NaxSO,), Mn (from cathode material) and Al traces (from Al cathode and
cathode material) were co-deposited with Ni and Co as impurities and possibly the deposit's
relatively rough morphology qualities were attributed to the presence of such impurities. As
expected, Al traces were deposited and possibly the deposit's relatively rough morphology
qualities were attributed to its presence. As shown in Table 7-2, at low AA/EV ratios, the
electrowon Ni-Co alloy deposit contains more Co than Ni, despite the solution being
predominantly Ni** This anomalous phenomenon of preferential Co deposition over Ni is
discussed in detail in Section 5.3. However, at high AA/EV ratios, the larger electrode surface area

enhances reaction kinetics, particularly for Ni, due to its significantly higher concentration of Ni**
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in the electrolyte solution. This results in a higher Ni content in the deposit at high AA/EV ratios,

mitigating the initial preferential deposition phenomenon of Co.

Through the utilization of optimized parameters during the electrowinning process, 77% of Ni and
90% of Co were effectively recovered from the leachate, as presented in Table 7-2. However, only
0.8 % of Li and 4.05 % of Mn was recovered during the selective electrodeposition process. The
EW process was halted when the deposition rate dropped below 4.85 g/L since the current
efficiency starts dropping rapidly (from 88 % at 180 minutes to 66 % at 250 minutes) as highlighted
in Figure 5-17. The current efficiency of the deposit obtained from the real leachate was
87.5+£0.08%, which is comparable to 87.9+0.05% from the synthetic leachate. This similarity in
efficiency indicates that the electrochemical processes are consistent across both real and
synthetic leachates. The minor difference of 0.4% could be attributed to slight variations in
composition or impurities, but overall, both types of leachates exhibit similar performance in terms

of current efficiency.

Table 7-2: Composition of the cathode before electrowinning, and EW Ni-Co deposit after the
electrowinning process as determined by ICP-OES (-1.15 V vs Ag/AgCl, 50 °C, 15 g/L of buffer, 15 g/L
Na2$O4, pH 4.5).

Component Weight Weight% (After Weight %(After Leachate % Recovered
%(Before EW) [AA/EV of EW)[AA/EV of before EW [AA/EV of
EW) 2cm?/250 cm®]  30cm?/200 cm?] [g/L] 30cm?/200 cm?]

Li 10.9 0.01 0.02 4.98 0.8

Co 18.17 68.05 33.31 19.94 90

Ni 44.6 29.81 64.46 8.21 77

Na - 0.21 0.28 11.59 -

Al - 0.1 0.10 -

Mn 26.2 1.61 1.71 4.05
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To verify whether the deposit was composed exclusively of the metals listed in Table 7-1, a
microprobe (EDX) analysis was conducted, and the results are presented in Figure 7-1 b) and Table
7-3. Additionally, to assess the phase composition and crystalline nature of the Ni-Co deposit, X-
ray diffraction (XRD) analysis was conducted, with findings shown in Figure 7-1 d). The XRD pattern
for the Ni-Co alloy confirms the presence of poorly crystalline Ni (JCPDS Card# 00-003-1051) and
Co (JCPDS Card# 00-015-0806) phases, while no Li or Mn based phases were detected.

The XRD diffraction peaks are characterized by low intensity and broadness, indicative of poor
crystallinity, small crystallite size, and significant disorder in the material. Specifically, a very broad
hump observed between 26 values of 70° and 80°, along with moderately broad peaks between

43° and 48° and between 50° and 55°, corresponds to the poorly crystalline Ni-Co alloy phase.

The NioesCooss alloy displays characteristic reflections at the (111), (200), and (220) planes, as
shown in Figure 7-1d). XRD analysis reveals that the Ni-Co deposits have a face-cantered cubic
(fcc) structure with a preferential [111] orientation. The diffraction peaks align well with those of
pure fcc-Ni and fcc-Co, as illustrated in Figure 7-1 d). The deposition was conducted at a relatively
low pH of 4.5. Accord