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Abstract

The lithium-ion battery scrap pool is set to grow extensively in volume as first-
generation electric vehicles reach their end-of-life in upcoming years. There are many
key environmental and socioeconomic drivers for the recycling of lithium-ion batteries
(Li-ion batteries, or LIBs) and methods to extract and process solid-state electrode

materials are an essential part of the recycling process.

Some electrode materials from first-generation cells, such as lithium manganese
oxide spinel, or LiMn204 (LMO), are no longer extensively used in current-generation
vehicle cells. Therefore, in this thesis, experiments investigating the “upcycling” of
LMO from lithium-ion battery cathode material are outlined, from quality control-

rejected and end-of-life cathodes, in an array of experiments.

In the first results chapter LMO is selectively extracted from quality control-rejected
(QCR) and end-of-life (EOL) cathode material followed by interconversion into an
array of upcycling products. The experiments outlined highlighted the effectiveness of
a selective leaching process for the extraction of LMO from spent cathode material
and the success of the interconversion explored. The LMO, Mn oxalate dihydrate,
Mn203 and Mn3O4 products formed with structures Fd3m, C12/c1, Pcab and |41/amd
respectively, across the pristine and leached QCR and EOL samples in all cases,
with minimal contamination that did not jeopardise the material structure, indicating

this success.

In the second results chapter, upcycling experiments are conducted with QCR and
EOL-derived Mn oxalate to generate MNO—C nanocomposite conversion anodes. In

the first section synthetic conditions are investigated to manufacture nanosized MnO



suspended in a carbon matrix to ensure that intrinsic issues seen for conversion
electrodes, that lead to poor capacity retention, are minimised for optimal
electrochemical performance. The conditions chosen for this synthesis involved a
mechanochemical route followed by an inert atmosphere heat treatment step,
whereby the mechanochemical product was heated to 600 °C and held at this
temperature for 4 hours under nitrogen. These conditions gave rise to the desired
nanoMNO—C composite for subsequent electrochemical analysis, which was then
applied to generated nanosized carbon composite Mn (Il) oxide electrodes from
lithium-ion battery-derived Mn-based precursors. The electrochemical performance of
these leached nanocomposites highlights the upcycling opportunity for redundant
LMO leached from QCR and EOL cathodes, with capacities of 777 (£12), and 916
(£37) mAhg' reached after 15 cycles, respectively. These capacities exceed the
theoretical capacity for MnO, at 755 mAhg-", significantly in the EOL case,

highlighting the potential for upcycled products from leached cathode materials.

In the final chapter Mn oxalate, generated from pristine and leached material in the
first chapter, is studied as a conversion anode. Though this anode material has been
investigated in the literature, this chapter outlines innovative experiments to develop
an electrochemical understanding of Mn oxalate anodes and to determine whether
upcycled QCR and EOL Mn oxalate exhibit enhanced electrochemical behaviour
when compared to the performance of pristine material. Firstly, electrochemical
conditions are tailored to probe the anode material’s fascinating capacity behaviour,
by cycling the anode to a 2 V and 3 V voltage maximum. By the 100 cycle, the
discharge capacity of the 2 V max cells averaged out at 160 (x 7) mAhg'and the 3V

max cells averaged out at 723 (£8) mAhg" at 14% and 70% of their first discharge



capacity, respectively, indicating the effect of the 3 V maximum voltage on capacity
retention. Furthermore, redox activity was much more significant out to 100 cycles for
the 3 V max than the 2 V max anode, as exhibited in differential capacity analysis,
which indicates that the 3 V max cell undergoes additional redox activity through
increased oxidation state of Mn, or even through anionic redox of the oxalate group
within the polyanion. In-situ pair distribution function (PDF) analysis gave additional
insights into the origin of the interesting electrochemical behaviour, indicating that the
conversion product at the end of the first cycle does not resemble Mn oxalate. This
structure at the end of charge has been hypothesised to match with a zincblende-
structured MnO with space group F43m, countering the reports of the reversible
conversion reaction outlined extensively in the literature for Mn oxalate, but providing
more insights into the electrochemical deviation between the 2 V and 3 V max half-
cells. Finally, the electrochemical behaviour of Mn oxalate derived from pristine and
leached QCR and EOL LiMn204 has been explored to determine the success of
upcycling LMO into Mn oxalate conversion anodes. After 100 cycles the capacity
recovery of the 3 V max cycled half-cells remained as high as 650 mAhg™' for the
QCR and 475 mAhg-" for the EOL sample, proving to be highly successful in
upcycling the interconverted LiMn204 into Mn oxalate material. Though the capacity
retention after 100 cycles was lower with an increased degree of contamination from
the leached samples, the capacity still outperforms the expected capacity based on

the theoretical calculation, at 375 mAhg".
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1.2 Why do we need lithium-ion batteries?

Worldwide, fossil fuels are used in abundance, both domestically and industrially, for
various applications including for vehicles and heating. Unfortunately, the use of non-
renewable fossil fuels is having a detrimental effect on the environment due to the
emission of greenhouse gases; principally carbon dioxide."” One way in which the
transition away from these non-renewable fuels has been achieved is by use of energy
storage materials, such as batteries, which enable energy to be held in reserve for
periods of high demand. In a report published by the United Nations Department of
Economic and Social Affairs in 2021, it was stated that the largest contributor to
greenhouse gas emissions worldwide was the electricity and heat sector, which,
between 2011 and 2016, emitted ~15 billion GHG emissions (CO2 equivalent) per year
alone.? Looking domestically: the main findings from the UK government’s ‘Transport
and environment statistics 2022’, highlighted that the transport industry contributed to
just under a quarter of total greenhouse gas emissions in 2020.2 This has been the
case for numerous years, and there has been increased pressure inflicted by climate
change, alongside relevant policy alterations and tax incentives, to electrify this
industry within the UK and worldwide. To make steps towards reduction in GHG
emissions, the UK Government announced in 2020 that sales for new petrol/ diesel
cars and vans will be banned by 2030, and all sales of other emitting vehicles will be
eradicated by the end of the proceeding decade. In 2020 there was a > 50% decline
in diesel car registrations in Great Britain compared to the previous year, highlighting
public understanding that full road-vehicle electrification is looming.* These
commercialised electric vehicles (EVs) use lithium-ion batteries (Li-ion batteries) which

run via a ‘rocking-chair’ mechanism. The ‘rocking chair’ Li-ion battery, initially
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composed of a LiCoOz2 (LCO) cathode and a graphite anode, was first made
commercially available for use in mobile phones and laptops in the early 90’s by Sony.®
In subsequent years, there have been an array of modifications on this basic battery
design to increase properties including cycle-life and capacity. The improvement of Li-
ion battery cycle-life is of utmost importance to EV manufacturers, as it is necessitated
that they achieve a lifetime comparable to petrol/diesel vehicles, before their battery
cycle-life reaches 80% capacity (which is considered end-of-life (EOL) within an

electric vehicle).®

1.3 Rocking-chair lithium-ion batteries and their
composition

The rocking-chair Li-ion battery is composed of five principle components: the cathode,
anode, current collectors, electrolyte and separator, The name ‘rocking-chair’ is due to
the reversible intercalation of lithium ions between the anode and cathode, shown in
Fig. 1.1.7 In the vast majority of current commercialised Li-ion batteries, the anode is
coated onto a copper foil current collector, and the cathode onto aluminium foil.2 Each
electrode must exhibit effective conduction of ions and electrons, respectable capacity
retention, reversible insertion and extraction ions from its structure, and stability with
respect to the other battery components - all while being inexpensive.® A binder
material, such as polyvinylidene fluoride (PVDF), adheres the electrode material to the
current collector, and the addition of carbon black into the electrode coating enables

the electrode to establish a substantial electronic conduction network.'%' The
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CHARGE DISCHARGE

Non-spontaneous process: energy Spontaneous process: stored energy is
required to oxidise the cathode utilised and anode is oxidised

ANODE (carbonaceous material)

AQUEOUS ELECTROLYTE (Li salt in organic solvent)

CATHODE (Li-rich transition metal oxide)

Figure 1.1. The rocking chair motion of Li ions in a Li-ion battery, with ‘rocking chair’ referring

to the motion of the lithium ions between the anode and cathode within the battery format.

separator provides protection between electrodes and the liquid electrolyte, while
hindering the likelihood of a short circuit.’?> The electrolyte facilitates the transport of
ions between electrodes and has an array of compositions. To ensure electrolyte-
electrode compatibility, the energy of each electrode material must fall within the
‘electrolyte stability window’, depicted in Fig. 1.2, to prevent unfavourable electrode-
electrolyte redox reactions which lead to loss of valuable materials within the battery.
In many cases the electrode will sit outside this electrolyte stability window and react
with the electrolyte to form a solid electrolyte interphase (SEIl) layer. The formation of
the SEI layer is irreversible and uses the finite Li and electrolyte within the cell initially
but once formed it acts as a protective layer which inhibits the propagation of more

side reactions. This SEl layer was first recognised by A.N. Dey et al. as a vital protective
16
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Figure 1.2. The electrolyte stability window. The stability of the electrolyte to redox reaction
is dependent on the electrochemical potentials of each electrode, as indicated in the energy
difference between the lowest unoccupied molecular orbital (LUMO) and the highest

occupied molecular orbital (HOMO) of the anode and cathode, respectively.

film for primary lithium-ion batteries in the late 70s, whereby they emphasised the
importance of characterisation of this film, and since then many experimentalists have
studied its formation at length. Over the years, experimentalists have found that the
SEI layer is ionically conductive but electronically insulating, and that the most
desirable characteristics for this passive layer is that it is thin, uniform, stable and
mechanically flexible.'®'* The anode donates electrons during discharge and is

typically composed of graphite, which has a layered structure for Li-ion
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insertion/extraction during battery cycling, and has limited adverse mechanical and
electrical effects.’® The cathode accepts electrons during discharge and should have
redox-active transition metals in the structure, alongside lithium (in LiBs) for Li-ion
intercalation. In first-generation commercial LiBs, the cathode material was the layered
transition metal oxide (TMO) LCO. However, due to safety and stability issues of cobalt,
alternative transition metals compositions including metals such as nickel, cobalt, and
manganese, were investigated. For electric vehicle batteries characteristics such as
energy density, cell safety, fast charging — to ensure EVs have comparable charge
times to that of refuelling an internal combustion engine vehicle — are all in demand for
EV application. These requirements mean investigation into high energy density Ni-
rich batteries, with chemistries such as LiNio.sMno.1C00.102 (NMC 811) have recently
been prioritised. In a stationary energy storage application, however, fast charging is
far less of a priority for consumers and safety/ stability is prioritised, meaning LiFePO4
(LFP) batteries and lower-Ni NMC chemistries are generally being favoured. Although
LFP traditionally has a lower energy density than the aforementioned Ni-rich
chemistries, this material is now being favoured for usage in EV applications due to its
long lifetime, low cost and intrinsic safety — in fact, in Tesla’s Q1 2022 update, it was
confirmed that almost half of their EVs produced that quarter used LFP batteries."® In
China, where the EV revolution is highly advanced, the majority of heavy-duty (HD)
vehicles use LFP chemistries. HD EVs in China are the most advanced in the world,

in 2021 the Chinese produced over > 90% of electric buses globally.'”
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1.4 Li-ion battery recycling

1.4.1 Why do we need to recycle lithium-ion batteries?

As EV demand increases across the globe (with just under 7 million EV sales
worldwide in 2021) the requirement for effective LiB recycling does too, as the
materials found in LiBs (specifically the cathode) are not all readily available, nor are
they inexpensive. By the beginning of the next decade, the amount of end of life lithium-
ion batteries is set to reach > 100 GWh/ year.'® Lithium (due to its growing demand
and unbalanced world distribution, illustrated in Fig. 1.3) and cobalt (due to its value)
are two elements of concern for recovery, with world total reserves of approximately
22 and 7.6 million tonnes of Li and Co metal existing worldwide in total in 2022,
respectively.’® The reduction of landfilled LiBs is also essential due to the fact that
unattended battery debris with remaining charge in the battery may result in an
elevated internal cell temperature, causing exothermic reactions with the electrolyte
resulting in fire or explosions (or both).?° As mainstream commercialised LiBs consist
of an electrolyte in which an organic solvent is mixed with a LiPFs salt, upon exposure
to moisture from the air at such elevated temperatures, hydrofluoric acid may also be
produced, which is extremely toxic. The presence of the heavy metals, electrolyte
components and alkaline metals also pose pollutant issues, since the vast majority do
not readily degrade, and therefore can contaminate the surrounding ecosystem: by

means of the earth, water or vegetation. 21-22
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Figure 1.3. Distribution of Li reserves recorded by the USGS in 2022 — ‘other countries’ with
recorded Li reserves corresponds to (Austria, Canada, Congo (Kinshasa), Czechia, Finland,

Germany, Mali, Mexico, and Serbia).

1.4.2 Battery recycling worldwide — scrap pool considerations

The Li-ion battery scrap pool is composed of two sources of scrap: manufacturing (or
process) scrap and end-of-life (EOL) batteries. Process scrap refers to inevitable
battery material losses that come from battery manufacture, for which there are three
main stages — electrode manufacture, cell assembly and cell finishing, outlined in Fig.
1.4.23 The volume of end-of-life lithium-ion batteries available for recycling is growing
year-on-year however there is a significant delay between the beginning and the end

of a LiB’s usable life which — depending on the battery application — can be anywhere
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between 3 and 15 years. Such a lag in this supply of end-of-life scrap material therefore
means that most of the current lithium-ion battery recycling scrap pool is composed of
process scrap rather than on end-of-life material, which will remain the case in the
short-term. For battery manufacturers in their start-up stages manufacturing losses are
far more prevalent while the battery plant is in its pilot stage and, while these losses
can be limited, there are always inevitable material losses that hold value for LiB
recyclers. When considering composition of the process scrap pool worldwide, the
chemistry mixture of this scrap will reflect the chemistry of the batteries being sold (and
therefore manufactured) at the time, therefore application and battery requirement
demand will determine the process scrap pool chemistry mix.?4 In 2021, over 3 million
EVs were sold in China, which was greater than the fotal global EV sales in 2020.%°
With the huge demand for the electrification of the transport sector worldwide, EV sales
— and therefore the global process scrap pool composition — are profoundly influenced
by the Chinese EV market. This heavy influence highlights that, in 2021, the global
manufacturing scrap pool will have been heavily influenced by Chinese EV
chemistries. As there is a delay in the number of LiBs coming reaching end of life, the
volume of the EOL scrap pool will take several years to overtake the contribution from
the process scrap pool, as global EV demand remains high in upcoming years. In the
long-term, the volume of the process scrap pool will remain significant, as many battery
producers will be operational with streamlined manufacturing processes to diminish
process losses, but the EOL scrap pool will dominate; due to the huge volume of
portable, EV and stationary energy storage batteries set to reach end of life.2* With all

these contributions taken into consideration, the volume of the global scrap pool is set
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to be excessive in upcoming years, and a promising opportunity for LiB material

recovery is presented to battery recyclers worldwide.

Cell

Manufacture

- Slurry mixing

Cell

- Electrode foil coating

- Coating drying

Assembly

- Electrode calendaring

- Electrode cutting / slitting - Stacking (pouch) / winding

,,,,,,,,,,,,,, (cylindrical or prismatic)

- Packaging
- Electrolyte filling

Cell

Finishing

- Formation cycling
-Aging
- EoL testing

Figure 1.4. The three key stages cell manufacture, and crucial assembly steps within each

stage whereby process scrap losses may occur.

1.4.3 Commercialised lithium-ion battery recycling procedures

In the UK, the LiB recycling industry is extremely nascent. Not only are there very few

process scrap sources within the UK, but there is also an improved understanding of

the management of spent batteries required. This requirement, however, is hindered

by complications surrounding the quantity and timing of batteries reaching EOL, their
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ultimate composition, and the economic viability of recovering valuable material from
the EOL battery waste stream. Within the UK, the ‘UK Battery Strategy’ outlines key
investments that are being allocated to advance understanding into Li-ion battery
recycling and technological advancement, including funding from initiatives such as
the Faraday Battery Challenge — which is focussed on driving the expansion of a robust

supply chain for Li-ion batteries in the UK, encapsulating recycling within this. 2

Due to its significant cost, the cathode currently drives economic practicality for LiB
recycling, though anode recovery must not be completely overlooked, as finite
resources are also still being depleted in order to meet consumer demand.?” There are
generally two overarching stages to battery recycling — pre-treatment and processing.
The main processes used in industry include pyrometallurgy, hydrometallurgy and
closed-loop (or direct) recycling, however commercialisation of direct recycling is still
currently gaining traction compared to pyro- and hydrometallurgical techniques.?®

These techniques are outlined in the subsequent discussion.

1.4.4 Battery pre-treatment

There are a vast number of battery pre-treatment stages, which include collection,
sorting, deactivation/discharge, disassembly, crushing and filtration/ separation, to
name a few.?® Depending on the sector, battery collection has specific issues. Within
the battery industry — and particularly the portable battery industry — collection rates
are typically low, due to a previous lack of incentivisation for recycling and recovery
by governing bodies. In Europe in late 2022, however, members of the European

parliament declared their highest collection targets for portable batteries yet, at 70%
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by 2025 and 80% by the end of the decade. Alongside these targets, obligation for
collection of all EOL automotive, EV and industrial batteries was also addressed.?° It
is worth mentioning that post-collection, not all batteries are pre-treated in the same
way prior to processing — it is specific to each treatment process. For
pyrometallurgical treatment, for example, complex disassembly and shredding of the
battery packs and modules is not always necessary — whereas for hydrometallurgical
processing it is (both metallurgical treatment methods are outlined in sections 1.4.5
and 1.4.6). Generally, most end-of-life lithium-ion batteries are discharged prior to
treatment to eliminate hazards from handling batteries with residual stored energy —
this also means that unused energy may also be harvested. After discharging, one
method that many hydrometallurgical commercial processes have in common
involves a sequence of mechanical processing stages including shredding and
drying, separation, sieving and crushing.?® These mechanical steps eventually lead to
the separation of electrode foils and a recovered powder intermediate material that
can be sold/ recycled, known as black mass. Black mass is a valuable powder
intermediate which contains valuable cathode active transition metals such as Li, Co,
and Ni. Due to the great mixture of battery chemistries in the LiB waste stream the
composition of these elements found within black mass can vary greatly.3° Within
Europe and across the globe, all battery recyclers that intend to use
hydrometallurgical processing will do so via this black mass intermediate. Once

formed, the black mass will either be:

- Sold onto other companies.
- Sent to recycling companies with whom they have pre-determined offtake
agreements in place.

24



Sent to another one of the company’s plants for processing — pre-treatment
and processing of battery materials by the same company is considered an

‘integrated’ process.

There are many recycling plants that produce black mass intermediates, such as

BASF (at their Schwarzheide plant), EcoBat Solutions Germany, all of Li-Cycle’s

existing and planned spoke facilities (in North America and Europe), and the Poland

Legnica Sourcing Centre (PLSC). 3'-3* These facilities handle their black mass as

follows:

BASF — Have plans to build a hydrometallurgical treatment centre to make this
an integrated recycling process for the company. In the meantime, it is likely
this black mass will be sold to trusted partners.3’

Ecobat Solutions Germany — This company has formed partnerships with
offtake agreements for materials extraction once their black mass has been
produced. It appears that their ‘trusted partners’ will be using
hydrometallurgical treatment to produce battery materials for subsequent LiB
manufacture.3?

Li-Cycle — This company has a ‘spoke and hub’ model for LiB recycling. At Li-
Cycle’s spoke facilities, black mass is produced. The black mass from the
spoke will then be transported to Li-Cycle’s planned hub facility in order to
extract metal sulphate and carbonate products, meaning Li-Cycle operate
using an integrated process.33

PLSC — POSCO Holdings built PLSC as a battery recycling subsidiary in
September 2022. The black mass generated at the PLSC plant in Poland will

be shipped to POSCO Hy Clean metal (a South Korean joint recycling venture
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between the companies Posco and Huayou Cobalt) in order to integrate the
recycling process and extract battery grade Ni/Co/Li/Mn powders for

subsequent LiB manufacture.343%

1.4.5 Pyrometallurgy

Pyrometallurgy is a developed and straightforward physical recovery process which
involves heating of the battery material at high temperatures. The high temperatures
are used to drive redox reactions in which the transition metal oxides present in the
cells are reduced to metals for subsequent recovery from mixed metal alloys, as
outlined in Fig. 1.5. The constituent metals can then be separated using
hydrometallurgical techniques, for use in succeeding cathode materials, or the alloy
itself can be used in an alternative application. Advantages for the pyrometallurgical
process include simple pre-treatment and simplicity for scaling-up. Disadvantages of
pyrometallurgy include high energy consumption, hazardous gas emission, and the
loss of lithium and aluminium in the slag. This waste stream containing Al and Li may
be leached for recovery, however this is expensive and energy intensive, so is

generally avoided.36:37
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1.4.6 Hydrometallurgy

Hydrometallurgy is a highly exploited chemical recovery process which involves
recovery of metal salts or precursor cathode active material (PCAM) from mechanically
pre-treated battery material, or black mass, using aqueous chemistry.3® The main
process involved in hydrometallurgy is leaching, outlined in Fig. 1.6, whereby inorganic
or organic acids are employed. Inorganic acids, such as hydrochloric (HCI) or sulfuric
acid, are effective in the recovery of Li and Co from spent batteries, with HCI proving
to have the highest efficiency of Co recovery when used alone.3® One common way of
increasing Co recovery is through the use of a reducing agent in conjunction with the
acid. Hydrogen peroxide reagent is used with sulphuric acid, to further convert Co®* —
Co?* from the evolution of oxygen through H202 decomposition.*® Unfortunately the
residues from inorganic acid-based leaching can be polluting, and hazardous gas may
sometimes be emitted (e.g. Cl2 from leaching using HCI). As a resolution to some of
the environmental issues, organic acids have been explored for metal recovery using
hydrometallurgy. Advantages of hydrometallurgical leaching include a high metal
recovery rate, reduced energy consumption and a decrease in wastewater.
Disadvantages include the uncertain efficiency of the process, and the expense of the

chemical reagents required.383941
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1.4.7 Closed-loop recycling
Using hydrometallurgy to regenerate precursor material

Closed-loop LiB recycling is gaining attention commercially as involves the direct
reuse of spent LiB materials for application in new LiBs through regeneration of
cathode active material, avoiding the mineral processing step. A commonly used
closed-loop recycling method involves hydrometallurgical treatment and succeeding
co-precipitation to form PCAM, as highlighted in the left-hand flow chart shown in Fig.
1.7. Closed-loop recycling is deemed preferable to reagent recovery for some battery
recyclers, as it eliminates the need for separation of Co, Mn and Ni from recycling

waste streams, and reduces depletion of natural metal resources.*?

A range of closed-loop recycling practices have been analysed over the years, and a
general hydrometallurgical route is shown on the left-hand side flow chart in Fig. 1.7
with the following discussion. In 2013 Wang et al. conducted a study in which
LiNi1/3sMn1/3C01/302 (or NMC 111) was recycled from a mixture of cathode materials,
including LMO, NMC 111 and LiFePOs4 (or LFP). After leaching using sulphuric acid
and hydrogen peroxide, the ratio of Co, Ni and Mn sulphates were adjusted to a 1:1:1
ratio in preparation for the objective NMC 111 product. Using NaOH, the alkalinity of
the solution was increased to induce co-precipitation of the transition metals as
hydroxides. Li2CO3 was precipitated out using Na2COs and was then ground with the
transition metal co-precipitates. The ground precipitates were then pelletized and then
sintered to produce NMC 111, which was synthesised into a cathode for
electrochemical testing. The electrochemical performance of this product NMC 111

was exceptional. Almost 100% of the transition metals were recovered by this
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method.?° The following year, Wang et al. conducted further investigation on the
hydrometallurgical closed-loop recycling of the whole cell. This process adopts the
similar leaching conditions to the 2013 study; however, the whole battery was
processed rather than just the cathode material alone. Batteries were fully discharged
and then shredded and separated using magnetic separation, sieving and chemical
treatment. Battery processing steps led to the formation of Nio.33Mno.33C00.33(OH)2
(NMC(OH)2) which was a precursor to NMC 111. Recovered NMC(OH)2 was also
proposed as a precursor to lead to other NMC cathode materials depending on the
required transition metal ratio. When exposed to the leaching stage, certain metal
hydroxide impurities were yielded, namely iron/ aluminium/ copper hydroxides, as
these metals are all found in LiBs in the current collectors, LFP batteries and steel
casing. It was found that the impurities recovered alongside the desired NMC(OH)2
material were fairly low, at around 50 ppm, which is desirable to ensure effective
cathode performance, eluding to the success of this closed-loop processing.*® In 2015
it was outlined that the processing of the aforementioned NMC(OH)2 product in order
to manufacture NMC 111 cathode material was viable, and it was demonstrated that
there was practicality and feasibility for scaling up and commercialisation of this closed-
loop process. Alongside this, recycled cathode material exhibited favourable
electrochemical behaviour and can also be synthesised with different transition metal
ratios.** In 2019, M. Chen et al. demonstrated that this hydrometallurgical closed-loop
recycling method using NMC-LMO and NMC-LMO-NCA (NCA = nickel cobalt
aluminium oxide) is commercially viable. They disclosed that compared to reference
commercial cathode material, the closed-loop hydrometallurgical recycling product

exhibited almost equivalent performance electrochemically, and rate enhancement.
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Figure 1.7. General process flow of closed-loop recycling — with hydrometallurgical/non-
hydrometallurgical routes outlined. Both can be used to generate precursor cathode active
material (pCAM) or CAM. pCAM can be fed into CAM synthesis and CAM into electrode

manufacturing.
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Experimentation on 1 kg of EOL batteries, in which reaction times were approximately
30 hrs, were successfully scaled up to 30 kg with a reaction time of just under 170 hrs.
On the lab-scale, at 25 hrs, it was established that the precipitant particle size remained
constant indicating co-precipitation had occurred. The final cathode material was
synthesised by sintering the co-precipitant with Li2COs, and it was realised that the
particle morphology has a huge impact on the quality of the electrode material
produced. Spherical particles with great uniformity were realised to enhance electrode

capacity and energy density significantly.*®

Other closed-loop recycling methods to regenerate precursor
material

The less commonly used method for closed-loop recycling involves recovery and
regeneration, whereby cathode strips are extracted from EOL batteries and stripped
from current collectors using sonication and solvents such as dimethyl carbonate and
N-Methyl-2-pyrrolidone (NMP). Spent cathode material is then separated for
subsequent regeneration. The closed-loop methods are indicated in the right-hand side
of the flow chart in Fig. 1.7. Regeneration has been explored in several ways, including
using high temperature solid-state method or through hydrothermal treatment followed
by annealing. In 2018, Y. Shi et al. compared these two regeneration methods, and it
was observed that solid-state regeneration provided the inferior cathode product, with
little rate capability for application. They deemed the hydrothermal treatment to be

superior for the following reasons:
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e Regenerated active material provided a higher capacity and enhanced rate
capability.

e Time and energy consuming heat treatment was not required as the dosage of
lithium during hydrothermal treatment ensured stoichiometry is achieved.

e Its compatibility with batteries with an array of faded capacities.*6

The chemistry of these hydrothermal regeneration with annealing has been
streamlined in recent years. In 2021, P. Xu et al. optimised their hydrothermal step by
striking a fine balance between reaction temperature, time and cost of reaction
without compromising on the product of their recovered material, while reducing their
annealing temperature too.%” The following year, X. Yu et al. released a paper
outlining their low-temperature hydrothermal method to reform different Ni-content
NMC materials with a Li hydroxide Li source. They halved the relithiation temperature
used in P. Xu et al.’s experiments with the use of environmentally sound additives
within their reaction vessel.*® Direct recycling research is reliant on improvement and

modification of these low temperature methods in upcoming years.

Issues, future, and commercialised closed-loop lithium-ion battery
recycling procedures

Most previous research accounts for a single stream of EOL batteries for experiments
involving their recycling and is still in the process of being scaled up. Unfortunately, the
non-destructive closed-loop hydrometallurgical process requires numerous intricate
steps to ensure effective metal recovery, making its scale-up viability challenging.*® In
some hydrometallurgical studies, it is of interest to battery recyclers to deduce whether
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Ni/ Mn/ Co hydroxides can be precipitated out before Al and Fe impurities are, to
ensure that the recycling process holds its efficiency.*® As the chemistry of cathode
materials change it is important to remember that the recycling stream is going to be
several years old when it comes to future processing. LCO used to be the predominant
cathode material, but now there are an array of chemistries including NMC, NCA, LMO,
LNO, and LFP in the waste stream. In 2023, F. Maisel et al. put forward their estimate
for the future raw metal demand scenarios for lithium, cobalt and nickel in electric
vehicles based on 2 different cases: one being that Ni-rich chemistries will continue to
be the most sought-after cathode in upcoming years, and the other that assumes that
the market share of iron and manganese-based chemistries will expand more out to
2040. Alongside this, they also included three global socioeconomic outcomes that
would enable forecasting of materials available worldwide to be done — shown in Figs.
1.8 and 1.9 in the low, medium, and high case. The low case corresponds to very little
change into global movement towards sustainability, medium to a respectable effort in
ensuring recycling and sustainable practices are adopted, and high in that
governmental efforts worldwide are maximised to ensure there is a global commitment
to tackling climate change through the EV industry.*® It is clear from the diagram of the
scale of material demand required will be immense with respect to Ni recovery if Ni-
rich chemistries are required. In all cases the demand scenarios are in the case of

kilotons of material, highlighting the sheer scale of this recovery operation.

To reduce battery cost, development into decreased Ni and Co content in cathode
materials is growing, meaning infrastructure and processes which can handle such

diverse battery waste need developing.*® This being said, in the above-mentioned
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hydrometallurgical closed-loop recycling investigation by M. Chen et al. in 2019,

numerous advantages from their investigation were stated, including:

e The ability to apply their processing method to a range of LiB chemistries in the
recycling waste stream, demonstrated by their use of EV batteries from multiple
car manufacturers.

e The electrochemical performance of the recycled material had an equivalent or,
in some cases, a superior performance when compared to commercial

cathodes.
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Figure 1.8. Future Li demand for EV LIB cathodes in 2040. Numbers and definitions for ‘high’

‘medium’ and ‘low’ case are taken from Maisel et al.*°
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¢ Investigation has been done for scaling up their experiment from 30 kg of battery

material to approximately 500 kg.*°

These promising results, alongside the previously mentioned benefits of closed-loop
recycling, provided an optimistic depiction for its future. Though there are numerous
challenges to overcome, specifically related to recycling infrastructure, it is vital that
there is ongoing study into scale-up operations and improvement of recycling
efficiency, as closed-loop recycling has the potential to reap great reward if it is found

to be feasible.

With respect to current companies using commercial closed-loop, or “direct”,
recycling methods, there are a very few that have showcased this recycling route.
One pioneering American company that has disclosed their closed loop recycling
method is Princeton NuEnergy — they utilise a lower temperature closed-loop method
which involves the use of plasma to aid material recovery. They claim that their
process not only recovers and purifies end of life cathode and anode material, but
also that they have the capability to improve the electrochemical performance. The
process involves shredding and separation of the cells with anode, copper and
aluminium foil recovery followed by plasma assisted purification steps in order to
regenerate battery quality cathode materials that are ready for use in subsequent

cathode applications.%°

1.4.8 Current upcycling methods for spent cathode material

Regarding direct cathode recycling, one method which requires more extensive

research is upcycling. Upcycling facilitates the reuse of discarded cathode material to
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enhance its value/quality and environmental value in a closed-loop fashion. Currently
in the literature, there are a limited number of battery recycling methods which focus
particularly on upcycling, and there is a broad scope for its investigation. Regarding
upcycling battery materials for use in a new application, V.P. Parikh et al. outlined
their method for extraction of LCO from spent batteries for used as an additive in a
graphene-based solid lubricant. LCO was particularly appealing for such an
application due to its low price and nontoxicity, and therefore proved to be of great
value when upcycled for this application.®' Though this upcycling case is interesting,
to keep the battery materials within the LiB supply chain, it is more useful for
electrodes to be regenerated into new relevant electrode materials that can be used
in LiB applications. One example of such an upcycling study comes from T. Wang et
al., who used a ‘reciprocal ternary molten salt system’ to upcycle NMC 111, that had
been chemically delithiated, into Ni-rich NMC material which resembled NMC 622.
This upcycled material had extremely similar thermal stability and chemical
composition to a pristine NMC 622 sample, and exhibited superior electrochemical
performance to the low-nickel material, rendering the upcycling process highly
promising.®? Another example of a successful battery upcycling experiment comes
from G. Qian et al., who outlined an experiment whereby degraded NMC 532
cathodes were upcycled into a high-performance single crystal NMC material with
higher Ni content, using a molten salts method. The upcycled cathodes had over
94% capacity retention in full cells (and a graphite anode) after 500 cycles. This
impressive capacity retention, and their extensive analysis of techno-economic
viability of the upcycling process, renders the option of upcycling a very appealing

one.%3
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1.4.9 Required upcycling methods — LMO cathode material

Within the EV industry, a sector that is rapidly expanding and will need plenty of
materials available for future manufacture, there is a current focus on Ni-rich and LFP
compositions. In previous batteries this was not the case: the first generation 24kWh
Nissan Leaf, for example, was composed of an NCA/LMO composite cathode.
Nowadays, the LMO portion of this cathode material has been phased out of
subsequent Nissan Leaf models in favour of having a greater proportion of materials
within these cells with higher energy density.5* As first-generation electric vehicles
reach end of life, the extraction of the constituent electrode materials for recycling and
upcycling must be optimised, for effective repurposing into new valuable Mn-based
materials for future Li-ion batteries, and LMO upcycling is not something that must be

overlooked.

1.5 Alternative anode materials for Li-ion batteries

1.5.1 Current anodes - graphite

Graphite is a carbonaceous material that has been used commercially as an anode
in lithium-ion batteries since Sony first commercialised the LiB in the 1990s. It is
composed of layers of sp?-bonded carbon atoms in a hexagonal array and can stack
either in a hexagonal or a rhombohedral fashion, as shown in Fig. 1.10. A separation
of ~ 3.36 A is found between hexagonal layers, and the C—C distance within each
graphene layer is approximately 1.42 A. Graphite can be described as a

carbonaceous material with no (or very minimal) turbostratic disorder.>® The electrode
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reaction which arises at the graphite anode are as follows in equation 1 (forward

reaction corresponding to cell discharge):
Li,Cs & Liy_,Co+ yLi™ +ye~ [1]

Graphite is desirable due to its a low electrochemical potential vs. Li, respectable
cyclability and theoretical capacity (372 mAhg ') and abundance, which currently
renders it as inexpensive.%® Graphite can generally be classified as natural or
synthetic graphite. Natural graphite is a naturally occurring form of graphite which
was included in the 2022 US Geological Survey list of critical minerals as its current
ubiquitous use in commercial lithium-ion batteries across the transport, portables,
and ESS markets is not forecast to decline any time soon. In the US Geological
Survey, from January 2023, it was estimated that current recoverable graphite
resources surpass 800 million tonnes globally.%” Though naturally occurring graphite
is vital for the sector electrification, its uneven global distribution mean that this
supply alone is not sufficient to meet demand, which is where synthetic graphite
comes into action. Synthetic graphite is derived from carbonaceous material such as
petroleum coke and coal tar — these materials require numerous treatment steps
including carbonisation and graphitisation, amongst other stages, to generate the
graphitic battery grade material required. Carbonisation involves converting the
precursor materials into pure carbon, and graphitisation involves high temperature
thermal treatment (to 2000 — 3000 °C).%8 In order to ensure optimum Li transport into
the anode, graphite is often sphericalised to ensure lithium transport remains
effective into the graphite structure during cell cycling. By sphericalising the graphite

particles, the basal plane surface (parallel to the (001) crystal plane of the hexagonal
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lattice) is exposed to the electrolyte so that Li transport into these graphene layers is

optimised, and first cycle irreversibly capacity loss is reduced. %°

1.5.2 Shortcomings of graphite circularity

Currently, graphite dominates the lithium-ion battery anode market, however a high
number of recyclers do not focus on graphite recovery — examples of current reasons

graphite loss occurs within industry include: ©°

- Usage as a reducing agent during battery pyrolysis.
- Sold as scrap material — often lost within the slag.
- Burnt off as CO2 when recycled using high temperature techniques (such as

pyrometallurgy or, recently in India, carbothermal treatment).

Even for those recyclers who focus on methods that would facilitate recovery of
graphite from battery scrap; this material would be impure with undesirable
morphology from its first life, and graphite must be phase pure and spherical for
optimal anode performance, meaning regenerative steps would be essential to
recover this material as battery grade graphite.' Due to its current low cost and
abundance, incentivisation for companies to focus on labour intensive graphite
recovery and regeneration are not currently in place. If the EV and EES markets
expand as rapidly as predicted with no alternate commercial anode materials,
reliance will be placed on countries with high graphite mining activity — such as China

— which will cause supply bottlenecks and inflated stock prices.??
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Though graphite has an array of attributes, including its inexpensive primary
extraction, well-understood performance and a considerable cycle life, this material is
not routinely recycled industrially. As stated previously, the two most established
recycling methodologies are pyro- and hydrometallurgy. Pyrometallurgical treatment
involves high temperature incineration of spent battery material to produce an alloy of
the precious cathode metals, a Li-rich slag, and a fly ash phase. During this heat
treatment, graphite is lost as COz, therefore pyrometallurgy is not a viable option for
graphite recovery. In the case of hydrometallurgy, graphite recovery is possible,
however as an array of metal impurities contaminate the material during cell cycling,
and as the structure degrades, repair of this material is necessary in order to bring
the material to a similar quality to primary graphite.®’ The requirement for graphite
repair increases the energy required in its due to these processing steps, reducing
economic viability of recycling.63%4 Due to these issues, it is vital that alternative

anode materials are explored to reduce this high reliance on graphite.

1.5.3 Mn-based conversion anodes for Li-ion batteries

The low economics for recycling of graphite mean that alternate electrode material
options are appealing, and conversion anodes have an array of attributes.
Conversion electrodes store mobile ions through a conversion reaction, exhibited in

equation 2:
M X, + (b-n)Li*+ (b-n)e” & aM + b Li,X [2]

In this equation, M is a transition metal (such as Mn), X is an anionic species (such

as 0), a and b refer to the stoichiometry of the oxide, and n to that of the Li product.®®
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As observed in this equation, the host crystal structure of a conversion electrode
reacts and forms a new phase. When compared with intercalation electrodes, in
which only one alkali-ion is usually transferred per formula unit, conversion
electrodes exhibit extremely superior ionic transfer and uptake.®® Despite the
noteworthy capacity that these materials can reach, their long-term cyclability has
been compromised in the past due to large volume changes during the conversion
reaction. These structural changes lead to loss of contact between grains and the
current collector, isolating areas of the electrode and reducing the capacity
drastically. Measures can be made to reduce the strain on the active material during
the conversion reaction, which is where nanosizing and carbon composites have
been investigated. Nanosizing has been found to reduce conversion-induced strain,
and carbon composites increase the electrical conductivity of the conversion
electrode materials while acting as a buffer for the drastic volume changes.
Nanosized carbon composites therefore are commonly utilised when synthesising
conversion anodes.®7-88 Additionally in conversion anode materials, first cycle
irreversible capacity losses are commonly observed. This is partially due to the
formation of solid electrolyte interphase (SEI) layer with the material. On one hand
the SEI layer is vital for ideal cell cycling, as mentioned in section 1.3, as it is
electronically insulating and ionically conductive to Li-ions. Once formed, it prevents
further electrolyte consumption by creating a physical barrier between the electrode-
electrolyte interface. On the other hand, SEI layer formation limits the optimal
capacity of the cell, as there is a permanent loss of Li and electrolyte which occurs
from this irreversible reaction.®® Mn-based conversion anode materials are desirable

alternatives to graphite, due to the abundance and non-toxicity of manganese and
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the ability to accommodate a significant amount of lithium when compared to these
Li-intercalation electrodes. Much research has been done into these manganese-
based anodes’ notable electrochemical performance and cyclability in Li-ion cells,
and many methods have been outlined to enhance their cycling behaviour and
reduce intrinsic conversion anode issues, such as voltage hysteresis and large first
cycle irreversible capacity losses. Such experiments include through nano
structuring, carbon anchoring and encapsulating of Mn-based nanoparticles in a
carbon framework.57:70-72 |f these materials can first be recovered from leached
electrode material with similar crystallographic properties and low proportions of
impurities to the phase pure case, then there is an exciting opportunity to enhance
the value of the LMO coming from battery scrap, through interconversion of these

materials and effective upcycling.

1.5.4 MnO conversion anodes

MnO conversion anodes are promising due to their high theoretical capacity of 755
mAhg-! compared with 372 mAhg" for graphite. Furthermore, MnO conversion
anodes are known for their reasonable discharge potentials and their low
overpotentials, as well as the non-toxicity of manganese itself.”> The general reaction

equation for de/lithiation of MnO is shown in equation 3:74
2Li + MnO & Li,0 + Mn [3]

As stated in the previous section, long-term cyclability of conversion anodes is often
compromised due to volume changes that arise from de- and reconstruction of new

phases during cell runtime, meaning that long-term cyclability is hindered due to
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inevitable contact losses that arise between the active material coating and the
current collector, causing isolation of areas of the electrode and reducing the
capacity. This therefore means that when considering MnO conversion anodes, it is
observed that nanosized MnO carbon composite (hanoMNO—C) materials already
have the desired characteristics to reduce conversion anode shortcomings that are
usually sought after by experimentalists. Furthermore, any issues relating to electrical
conductivity of transition metal oxides are alleviated by integration of the Mn with a
carbon matrix at the nanoscale. Not only does this material have desirable
characteristics to reduce long-term cycling issues observed for conversion anodes
but based on a study composed by X. Hua et al., it has been hypothesised that the
magnitude of inevitable first cycle irreversible capacity losses can also be reduced
when compared to other Mn oxide counterparts, such as Mn203 or Mn304. X. Hua et
al. have thoroughly investigated the reaction pathway that MnxOy conversion anodes
take during take during their first charge-discharge cycle using techniques including
Metropolis non-negative matrix factorisation (NMF), a technique used to distinguish
individual phases within a sample that are not known prior to measurement and
operando PDF analysis amongst many others, outlined by X. Hua et al. Their
investigation into the experimental intermediates showed that for MnO and Mn3Oa4 the
reaction pathways for the first discharge-charge cycle (and subsequent cycles) can
be hypothesised, shown in Fig. 1.11.7%76 Shown in reaction scheme a, the first
discharge of MnO pulverizes it into a nanosized MnO phase, and with further Li
addition, the nanosized MnO converts to Mn metal and lithium oxide. For the Mn3O4
phase shown in reaction b, there is an initial conversion of Mn3O4 to LiMn304, which

then breaks down into MnO and Li2O. This
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MnO phase then follows the same conversion mechanism as for MnO. In the first
charge, shown in the forward reaction scheme c, the Mn metal and Li2O converts via
an intermediate Li—Mn—O phase to form a nanosized zincblende-structured MnO.
Subsequent cycles are then thought to convert between this zincblende MnO and Mn
metal with Li2O, meaning the original Mn oxides aren’t reformed. This is likely to be
one of a multitude of reasons behind the high first cycle irreversible capacity loss
often seen for these Mn oxides, which means that X. Hua et al.’s conversion reaction
pathways can be used to determine the best Mn oxide precursor to minimise this —
which, in this case, would be to begin cycling with nanosized MnO. Not only do is the
initial conversion step eliminated to reduce conversion anode losses, but beginning

with a smaller particle size means that less pulverization would be needed.

1.5.5 hanoMNO—C composite electrochemical behaviour

It has been indicated in an investigation by J. Liu et al. that in the first discharge of
MnO the initial MnO particles convert to form metallic manganese nanoparticles and
lithium oxide in a disordered matrix all coated in an SEI layer. In their study on
MnO/C nanocomposites for high capacity Li-ion battery applications, J. Liu at al. then
stated that during charge this metallic manganese reconverts back into nanosized
MnO with partial SEI decomposition.”” Considering the electrochemical behaviour of
these materials highlights the promise of this material as a conversion anode. In D.
Zhan et al.’s study on biomass-derived MnO—C nanocomposites reliable cycling
performance was observed after several hundred cycles which was ascribed to the

carbon-rich framework from the biomass buffered the volume changes for the MnO
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conversion reaction. The capacity of one of their MnO nanocomposites sat at 1326
mAhg' with an initial coulombic efficiency of ~69 % in the first cycle.”® For
electrochemical investigations conducted by T. Wang et al., the initial discharge
capacity observed for this nanocomposite was 1542 mAhg" and the initial Coulombic
efficiency was 64 %.”® Morphological comparisons between electrochemical
performances of MnO—C nanosheets formed from terephthalic acid and MnO—C
microspheres have been done by J. Zhu et al, and it appeared that the nanosheets
exhibited superior electrochemical performance to the microspheres. Their
understanding of this superiority was due to the smaller sized MnO nanoparticles
within the nanosheets that enabled more effective lithium diffusion than for the large
MnO microspheres. Furthermore, in these investigations, first discharge of these
samples aligns with those seen for the nanocomposites in this thesis with a
significant voltage drop, to 0.25 V in this case, followed by a voltage plateau which is
indicative of the reduction of Mn?* to Mn during the conversion reaction (as well as
SEIl formation). There is no plateau in the charge but rather an incline between 1 and
1.5 V which has been assigned to the oxidation of the manganese back to its divalent
state.®? For G. Nagajaru et al.'s MOF-derived nanocomposite electrodes, a great first
cycle irreversible capacity loss was observed which was suspected to be due to the
formation of the solid electrolyte interface layer in the initial discharge. After the first
discharge there was no obvious plateau seen in the charge or discharge voltage
curve for the nanocomposite. It was also observed that the discharge capacity of the
MnO—C composite electrode increased after more cycles — which was thought to be
due to electrode activation and stabilisation during cycling. At 100 cycles, the

capacity was around 99.5% that of the original capacity, showing an impressive
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retention rate. At 800 cycles, the capacity retention was around 89% - which still
indicated an impressive retention for these materials, indicating the potential for
nanoMNO—C composites to compete as an effective lithium-ion battery anode
material.®! As highlighted in these investigations, one significant feature to note when
electrochemically testing MnO conversion anodes is that the capacity of the material
far exceeds that of the expected theoretical value in the first cycle. This has been
ascribed to the pulverisation of the crystalline material during this first cycle along
with the reaction of the electrolyte at the surface of the anode to form the solid
electrolyte interface (SEI), all contributing to this significant first cycle irreversible
capacity loss for these materials.”®82 Another phenomenon observed for MnO
conversion anodes involves the increased capacity recorded during cycling, which
investigators have ascribed to the oxidation of manganese to higher oxidation states
during cell runtime.””-8283 To probe this further, an investigation by H. Liu et al. on
MnO material involved assessment of the influence of Mn oxidation state on capacity
behaviour by introducing transition metal composites, including as Co, Ni, and Cu,
alongside the MnO structure to determine their impact on inhibition of manganese
oxidation during cycling. Their results provided evidence for this phenomenon as the
introduction of the transition metal interrupted the oxidation of the Mn?* during cycling
which meant that the capacity behaviour could be adjusted.®® Additional to this,
theories for increased capacity include “activation and stabilization” within the anode
during cycling, which can be ascribed to the continuous growth of a surface
polymeric gel film during cycling, and/ or to capacitive lithium storage on the surface

of the electrode and in these systems.”°8183
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1.5.6 hanoMNO—C composite synthesis

Within the literature, many experimentalists have explored synthetic routes to
manufacture MnO—C nanocomposites for applications including lithium-ion battery
anodes, supercapacitors, sensors, and water remediation materials.”8-82.84-87 One
method for nanocomposite synthesis involve the use a carbon-rich precursors that
are derived from biomass. For example, in 2 experiments conducted by D. Zhan et al.
and Y. Lin et al. rice husks and camellia petals were used, respectively. After
pretreatment of these biomass precursors (to remove unwanted organics, impurities
etc.), they were each immersed in Mn acetate solutions to ensure the carbonaceous
material was populated with manganese. In the calcination step of these
experiments, the Mn-rich carbon materials heated in an inert atmosphere, leaving
behind the desired nanoMNO—C composites.”®85 In another investigation by T. Wang
et al., MnO films were produced by synthesising a Mn oleate precursor in solution,
which was then cast onto a substrate before heating in an inert atmosphere to
produce the MnO-C nanocomposite. The oleate groups from the precursor were
thermally decomposed into CO2 which left behind the nanoMnO in the carbon
framework.”® Another well-documented method for nanoMNO—C composite synthesis
involves the decomposition of a metal organic framework (MOF) precursor. In an
investigation by P. Pachfule et al., a MOF precursor was a partially fluorinated Mn-
metal organic framework (labelled Mn-HFMOF-D) whereas in a study by R. Wang et
al., a Mn-MIL-100 MOF precursor was used. Both MOF precursors in their
experiments were synthesised using solvent-based routes.?6:8889 |n both syntheses
the respective Mn-MOFs were decomposed to form the nanoMNO—C composites, via
a 900 °C heat treatment of the MOF in nitrogen/ air and a 700 °C calcination under
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nitrogen with a 2-hour hold by P. Pachfule et al. and R. Wang et al., respectively.86-%
In further MOF-derived nanoMNnO—C composite experiments, J. Zhu et al. and
G.Nagaraju et al. generated these materials for investigation as conversion anodes.
As was the case for P. Pachfule et al. and R. Wang et al., the MOF precursors in
these experiments were synthesised using solvent-based methods. In J.Zhu et al.’s
experiments, the Mn-based MOF was synthesised using a trimesic and terephthalic
acid precursors, as this afforded metal organic frameworks with differing
morphological compositions, the former being a micro spherical Mn-based MOF and
the latter being a nanosheet Mn-based MOF. To decompose the MOF structures to
form the MnO-C material the precursors were heated to 700 °C for 3 hours under
argon.% Terephthalic acid was also used for nanoMNO-C composite synthesis in this
thesis, however a mechanochemical method was used to generate a MOF-like
precursor rather than the solvent-based method used in J. Zhu et al.’s experiments —
the decomposition conditions outlined in the aforementioned investigations were

used to guide the experimental conditions explored within Chapter 5.

1.5.7 Mn oxalate conversion anodes

In the literature, there have been many investigations into Mn oxalate synthesis for
an array of applications, including as precursor materials for oxide synthesis or as
energy storage materials. When cycled electrochemically, Mn oxalate can be used a
conversion anode which reversibly converts into a new product during cycling. In the

literature, this reversible reaction has been described in equation 4.7291-94
MnC,0, + 2Li & Li,C,0, + Mn [4]
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In previous studies of Mn oxalate anodes the oxalate source used for synthesis has
been oxalic acid, as used in this chapter, however the Mn source and synthetic route
vary greatly due to focus being placed on manipulation of Mn oxalate particle
morphology in literature studies. Not only are the capacities reached for Mn oxalate
far higher than the theoretical capacity calculated based on the Faradaic reaction
(375 mAhg"), but these anodes have been known to increase in capacity while
cycling. The origin of both these phenomena are yet to be fully understood, however
it has been hypothesised that side reactions with the electrolyte, electrochemical
activity of the conversion product (Li2C204) and formation of a polymeric gel-like layer
are all possible reasons for this increased capacity/ capacitive increase. 72°1-% In
studies between 2019 and 2023 by Y. Yang et al. Y. Duan at al., Y. Jia et al., and Y.
Zhang et al., synthetic, and electrochemical performance investigations were made
on Mn oxalate and transition metal-doped structures. In all cases, Mn oxalates (or
TM—doped oxalates) were synthesised using a hydrothermal method that required
Mn acetate Mn source and an oxalic acid oxalate source. In Y. Duan et al.’s study the
oxalate source used was an oxalic acid dimethyl ester. In these studies, galvanostatic
cycling voltage limits conditions discharged 0.001 or 0.01 V, but in all cases the cells
were cycled to a 3 V maximum voltage.”>9395% As outlined in Yang et al.’s study in
the first discharge there was a small plateau at 0.8 V, corresponding to solid
electrolyte interphase formation, followed by a plateau in voltage at approximately 0.4
V, which corresponds to the reversible conversion of Mn oxalate, shown in equation
4. The slope down to the end of discharge from this plateau was assigned to a non-
Faradaic Li storage mechanism which gave rise to pseudo capacitance. It was

hypothesised that a surface gel-like film was formed on the electrode which caused
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this. In all these studies, for the first cycle for each of these Mn oxalate half-cells,
there was a huge first cycle irreversible capacity loss with first cycle coulombic
efficiency as low as 29.4% in Y. Duan et al.’s study. This was hypothesised to be due
a multitude of electrochemical characteristics, including the formation of Li2CO4
during discharge, radical volume changes from the active material pulverisation
discharge during cycling, and due to side reactions in this first cycle — namely the
reaction of the electrolyte on the anode surface to form solid electrolyte interphase
(SEI). For the undoped Mn oxalates their capacities exceeded 1000 mAhg-' in the
first discharge in all cases. In Y. Yang et al.’s study, Mn oxalate microtubes had an
initial discharge capacity of 1287 mAhg-', and a first cycle coulombic efficiency of
48%. In Y. Zhang et al.’s investigations the first discharge capacities of these Mn
oxalate samples of varying structures spanned capacities between 1061 and 1356
mAhg. InY. Jia et al.’s study the initial discharge capacity of the undoped material
was as high as 1829 mAhg!, however the first cycle coulombic efficiency of this
material was the poorest at 29.4%. 72939 |n all these studies, the cause of the
capacity increase during cycling was the same — due to the reversible formation of a
polymeric gel film that became activated during galvanostatic cycling of the Mn
oxalate half-cells. The initial decrease in capacity during cycling was hypothesised to
be due to impedance of Li diffusion through the polymeric gel film that had formed at
the surface, but after several cycles this film was activated during electrochemical
cycling. The growth of this film has been reported as a reversible phenomenon and
this gives rise to (pseudo)capacitive Li storage — increasing the discharge capacity
during cycling. Furthermore, it is determined by Y. Jia et al. that there is interaction

between the organic oxalic framework and the Mn nanoparticles nano-particles
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interact between themselves and the oxalate matrix, causing a catalytic effect for

polymeric gel film formation. 72.93.95-97

1.5.8 Oxalate contributions to capacity — combined cationic-polyanionic

redox

In other oxalate-based electrochemical studies, there have been theories
surrounding the involvement of the oxalate organic group in the high capacities
achieved by the conversion anode. In a study by W. Song et al. a copper oxalate
system was studied in a proton battery using an array of structural / imaging
techniques, including Raman, X-ray photoelectron spectroscopy and XRD, amongst
many others. It was found that during discharge both groups acting as synchronous
redox centres in the system — not only was copper (Il) reduced to Cu(0), as expected,
but the C=0 oxalate group also partially converted to C—O during discharge. This
electrochemical activity provided this material with a maximum capacity of 350 mAhg-
" which exceeded the capacity expected based on charge balancing with protons
because of the involvement of the oxalate group in the increased capacity of this
system. Though this study was for a proton battery and did not use a Mn transition
metal source it is key to note the role of the oxalate as an oxidation centre in the
setup.®® In a study by W. Yao et al., an iron-based polyanionic system, Li2Fe(C204)2,
was investigated and also found the involvement of oxalate in the redox activity of
this material using techniques such as X-ray absorption and Raman spectroscopy.
Again, the C=0 oxalate group contributes to capacity by providing anionic redox

alongside the cationic redox, which occurs without oxygen evolution due to the strong
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covalency in the bonding of the polyanionic groups of the oxalate.®® Though these
oxalate systems are not precisely the same structure as the Mn oxalate outlined in
Chapter 6, they provide evidence for the contribution of the oxalate group to half-cell
capacity for these materials. This phenomenon, alongside the growth of an activated
polymeric gel, could further explain the vast deviation from the theoretical capacity

measured for the Mn oxalate half-cells.

1.5.9 Sustainable methods for Mn oxalate synthesis

To synthesise Mn oxalate all that is required is addition of a manganese-rich
precursor and an oxalate anion source which, in the experiments outlined in this
thesis, was LiMn204 and a 1.25 M solution of oxalic acid, respectively. Mn oxalate
materials have traditionally been used as precursors for Mn oxides, as demonstrated
in Chapter 4, and have frequently been overlooked as anode materials themselves,
despite Mn oxalate having a similar theoretical capacity to graphite.®? With effective
extraction of Mn oxalate (or any appropriate Mn based precursor) from used LMO
battery waste, upcycling Mn based material into a Mn oxalate conversion anodes has
exciting potential, particularly if the oxalate source comes from a sustainable source.
Worldwide there has been great global interest for carbon capture and utilisation
technology as this can be used in an array of applications — one of which is the
manufacture of oxalic acid. In 2008 a spin-out company from the University of
Princeton, named Liquid Light, begun in-depth investigation of electrochemical
conversion of COz into major carbon-based chemicals. In 2017, this company was
acquired by a chemical technology company, named Avantium, in order to harness
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the experience in electrochemical conversion that Liquid Light had, and to utilise it to
enhance Avantium’s research and development into renewable production of major
chemicals, including oxalic acid. 190191 |n recent years, Avantium have been working
with the OCEAN project, a European Horizon project (funded by the European
Research Institute of Catalysis) focussing on the electrochemical reduction of COz2,
for which they have developed demonstration plants for this carbon utilisation activity
for oxalic acid production at scale.'9?2 As there is such a requirement for uptake of
CO:z2 in the current climate, and as deriving value from redundant Li-ion battery
material is essential (and will continue to be the case as the LiB scrap pool grows),
converting LMO battery waste into Mn oxalate provides a strong upcycling
opportunity for LMO material, particularly if the oxalic acid source utilised carbon

capture, and the energy required to do this came from a renewable resource.

1.6 Conclusions

With the global transition away from fossil fuels and the electrification of the transport,
ESS and portables sectors, lithium-ion battery demand is surging and will continue to
do so in upcoming years. With such a high number of lithium-ion batteries being
manufactured and used within these sectors, there is going to be a significant amount
of valuable process and end-of-life material set to enter the scrap pool in upcoming
years. This means that the requirement for closed-loop recycling practice will increase
in future, as legislative measures are put in place and component materials are
depleted due to the mounting increase in LiB demand.'® Though pyrometallurgy and

hydrometallurgy are commercialised recycling technologies within the industry, there
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are still shortcomings that need to be addressed, and direct recycling has not been
implemented extensively on a commercial scale. One lesser researched Li-ion battery
scrap treatment method is upcycling, which enables the reuse of discarded battery
material to enhance its value, quality, and circularity. There is adequate upcycling
research for NMC chemistries, but very little has been explored for LMO. As LMO is a
common 15t generation LiB chemistry — it will be prevalent in the earlier EOL battery
waste stream, therefore research into its recovery is essential for its imminence.
Alongside this, there are a lack of alternative chemistries to graphite for anode usage.
This material has a great capacity of 372 mAhg™'; however, it has stringent
morphological requirements which make recovery challenging. Furthermore, it is burnt
off in pyrometallurgical processing which means adaptations/ alternatives must be
used.®® As recycling technology is currently targeted towards cathode material, it is
remarkable that there is little focus on upcycling of lesser used cathode materials to

manufacture new anode materials.

In this thesis, LMO is the material of choice for upcycling, as it is lesser used in current
LiB applications and can be upcycled into exciting new materials with attractive
electrochemical properties, which in this case are nanoMnO-C composite and Mn
oxalate conversion anodes. Furthermore, finding an alternative anode material to
graphite is of great concern — its near monopoly in the market will cause supply
bottlenecks in future, and utilising redundant cathode material and keeping it within the

battery supply chain provides great circularity in this process.

Much research has been done investigating the electrochemical behaviour of nano-
MnO—C composites and Mn oxalate conversion anodes, however the use of leached

cathode material as a precursor to their synthesis has not been explored in either
59



case, due to the nascency of the lithium-ion battery recycling industry. Understanding
how electrochemical performance of these leached materials compare to those from

pristine sources will emphasise the value of upcycling.

With respect to nanoMnO-C composite anodes, syntheses have involved treatment of
carbon-rich precursors derived from biomass, solvothermal methods, and inert
atmosphere MOF degradation, to name a few. These synthetic routes are often
moderately involved, therefore investigation of methods to streamline this synthesis

further enhances the upcycling opportunity for redundant LMO cathode material.

Additionally, with respect to the Mn oxalate conversion anodes, manipulation of the
electrochemical conditions required to stimulate the observed capacity increase have
not been explored, nor have the electrochemical products formed in-situ, providing

an enthralling avenue of research for these materials.
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2 Aims

Though there has been extensive research into recycling of spent battery materials in
the literature, very little research has been done on upcycling electrodes and, notably,
on upcycling of spent LMO cathode material. Exploring routes to extract this dated
cathode material and exploring methodologies to showcase the potential of the
derived Mn-based materials from outmoded LMO cathodes will be studied

extensively in this thesis.

Experiments outlined in Chapter 4 aim to investigate selective extraction of LMO from
spent cathode material and the effectiveness of interconversion of this material into
Mn oxalate, Mn203 and Mn30Oa. To contextualise this, leached materials will be
compared to their pristine counterparts to determine whether this interconversion

route is effective in upcycling LMO into the desired Mn-based materials.

In Chapter 5, synthesis and electrochemical studies of nanoMnO-C composites will be
explored. As outlined in section 1.5.6, synthesis of hanoMNO-C composites from MOF
precursors involves complex solvothermal routes and little investigation has been
done into mechanochemical synthesis of these materials. The first aim of this
Chapter is therefore to determine a synthetic route that will streamline this
manufacturing process significantly, emphasising the upcycling opportunity for this
material. Secondly, the leached Mn oxalate materials derived in Chapter 4 will be
used to manufacture these nanocomposites, and the electrochemical performance of
these materials will be compared with that of the pristine equivalent, with the aim of
demonstrating the effectiveness of these nanocomposites as conversion anode

materials.
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Finally, experiments outlined in Chapter 6 aim to develop understanding into the in-
situ mechanism of Mn oxalate conversion, using in-situ pair distribution function
(PDF) and galvanostatic cycling experiments. Furthermore, comparison of the
electrochemical behaviour of Mn oxalate conversion anodes from pristine versus
leached material sources will be investigated, in the aim of further indicating the

success of upcycling LMO into this conversion anode material.
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3 Experimental
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3.2 Crystallography and x-ray diffraction

‘Crystallography’ refers to the study of crystal structures and their properties.
Crystallography was discovered in the early 1900s by Knipping and Friedrich using
basic x-ray experiments, in which they also verified the nature of x-rays and x-ray
diffraction (outlined further in section 3.2.2).%* There are multiple sophisticated
crystallographic techniques which use diffraction of radiation to characterise crystal
structures. The most used radiation source, outlined in this chapter, is x-ray radiation

however neutron and electron beams may also be used.

3.2.1 Crystal structures

Solids are crystalline materials when they are composed of a regular repeating
arrangement of atoms or molecules with long-range order. The crystal structure of a
material refers to the regular arrangement of atoms in a crystal lattice. The smallest
repeating unit of the crystal structure is known as the unit cell, for which lattice points
are repeated in three dimensions to form a full lattice. The origin of the unit cell is
arbitrary. As depicted in Figure 3.1 for a cubic unit cell, the edges of the unit cell are
defined by a, b and c, and the angles between edges by a, B and y.'%41% There are
only 7 permitted unit cell shapes, or crystal systems, whose parameters are listed in
Table 3.1.7% |n conjunction with the cell centring (for which the most common are body-
centred cubic, hexagonal close packed and cubic close packed) there are 14 different
Bravais lattices that exist in three-dimensional space. A ‘Bravais lattice’ refers to the
number of lattices that can fill three dimensions using repeating unit cell units without

overlap.1%®
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Figure 3.1. Unit cell and parameters for the cubic crystal system

Table 3.1. The 7 crystal systems and their unit cell parameters '

Crystal system Unit cell parameters
o, Bandy a,bandc
Triclinic No restrictions No restrictions
Monoclinic a=y=90° No restrictions
Orthorhombic a=B=y=90° No restrictions
Tetragonal a=pBandy=90° a=b
Trigonal No restrictions a=b=c
Hexagonal a=p=90° a=b
Cubic a=B=y=90° a=b=c
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3.2.2 Laboratory x-ray diffraction (XRD)

XRD of a powder enables phase identification, purity, and unit cell parameters of
crystalline materials to be determined by use of monochromatic x-rays. These x-rays
are generated by firing electrons at a target metal anode. The anode is metal as it must
be conductive to electrons; the most used metal target is copper, as it gives a
sufficiently short wavelength (A = 1.54056 A). Copper, however, is not always an
appropriate anode material, as for compounds containing iron, cobalt and manganese,
significant background is observed in the XRD patterns because of fluorescence. To
overcome this issue, a cobalt or iron anode is often used (A = 1.78897 A)."7 When
these generated x-rays are targeted at a crystalline sample, the atoms within the
sample (ordered in a regular arrangement), act as a diffraction grating for the x-ray
beam — on reaching the sample, the x-rays diffract. In this process, constructive
interference between diffracted x-rays arises when they are ‘in-phase’ with one
another. To be considered ‘in-phase’, the beams must have a path length difference
that is equivalent to a whole number of wavelengths. The XRD pattern comprises a
series of peaks (or reflections) that arise when the diffracted x-rays reach the detector
at an angle which satisfies Bragg’s law, depicted in Figure 3.2 and equation 5. In the
equation: n is an integer value, A is the X-ray wavelength, d is the distance between
lattice planes, (or path difference) and 8 is the angle between the incident ray and the

plane of scattering.
nA = 2dsinf [5]

Due to the vast number of planes within a crystalline lattice, there are several

diffraction peaks observed in an XRD pattern, as there are several occasions where
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Bragg’s Law is satisfied for a set of planes. When the x-ray beam is diffracted by a
crystal, the detector records a series of ‘spots’ from the diffracted beams to generate
a diffraction pattern, and all the information about the atomic positions of the atoms
within a given lattice are resolvable from this pattern.'® In the standard room
temperature laboratory XRD experiments outlined in the thesis, the diffractometer
used was a Bruker D2 Phaser diffractometer, which has a Co x-ray source and a 3
filter. A The use of a Co x-ray source was appropriate as all the compounds under
analysis were rich in manganese. The use of a filter was necessary to ensure that
only the wanted high intensity Ka radiation was utilized for the XRD analysis.'®® For
peak indexing to take place, patterns were collected between 26 values across the
range of 10 — 100 °. The XRD was performed in reflection mode, and samples were
spun at 15 rpm. The scan duration varied between the timescale of 30 minutes (for
simple pattern matching purposes) and 12 hours (for use in Rietveld refinements,

outlined in section 3.2.3).
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3.2.3 Rietveld refinement

In order to determine lattice parameter data from the XRD patterns, Rietveld
refinement was used, via the programme GSAS."° This refinement technique is ideal
for crystalline powders as it distinguishes between overlapping Bragg peaks in an XRD
pattern using the least squares method. During each refinement, differences between
the measured experimental data (from a 12-hour XRD scan in each case) and a
reference model pattern, taken from a scientific database, are minimised. In each case,
factors such as pattern peak shape, sample displacement, sample micro strain,
alongside numerous other features of the material under analysis, are used to fit the
experimental data to the model and extract the lattice parameters. The sample position
is an example of one property of the sample that is refined during the calculation.
During the Rietveld refinement, intensities and peak profiles of the peaks are
reproduced, which can be defined by the structure of the material and through the
instrument used. To reduce the number of variables to be refined during the Rietveld
refinement, an instrument parameter is used, which is measured prior to the refinement
and gives rise to the instrumental configuration. This means that during the refinement
of the sample of interest, instrumental parameters are set and sample-specific
calculations (such as micro strain and crystallite size of the sample under analysis) can
be modelled in situ to determine the lattice parameter data. Once fitted, there are an
array of validation indicators that can be utilised to help determine the
success/progression of the fitting, including Rwp, Rexp, and 2. Rwp refers to the weighted
profile factor, Rexp refers to the expected R factor, and x? to the goodness of fit, where
X is equal to the weighted profile factor divided by the expected factor. The calculated
R factors are to be as low as possible and x? should fall as closely to one as possible
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to indicate a decent fit. In these experiments, the weighted R factor is shown in the
experimental tables as this is considered to be the most important reliability factor of
these parameters, with a lower value indicating a better fit in conjunction with the other

validation indicators.'

3.3 Synchrotron light sources

3.3.1 What is a synchrotron?

A synchrotron is a particle accelerator that accelerates electrons through
arrangements of magnets around a ring until they reach velocities close to the speed
of light."? A general diagram of a synchrotron x-ray source is shown in Figure 3.3. To
generate synchrotron radiation, an electron gun is used to fire electrons under
vacuum through a linear accelerator which leads into a booster ring, where electrons
are accelerated to near the speed of light, before being injected into a storage ring
which is joined up using a series of bending magnets. The electrons are injected into
the storage ring at 10-minute intervals to minimise the effect of energetic losses. As
these high velocity electrons move around the ring they emit high energy light (known
as synchrotron light) as they are bent by the magnetic field within this ring."3 At
regular intervals around the spherical particle accelerator is a beamline, which
utilises the tuneable synchrotron light for tailored experiments. In this project
Diamond Light Source (UK), used a synchrotron light source to generate tuneable
beams of light with high-energy/ brilliance for experimentation. Modern third
generation synchrotrons utilise insertion devices, mainly undulators (although

sometimes they may use wigglers), to cause oscillation of electrons within a
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generated magnetic field at straight portions of the ring. If the amplitude of the
oscillation is small enough, then they can generate an in-phase series of
wavelengths and a tuneable x-ray beam that can be utilised by experimentalists for
an array of experiments, including diffraction and pair distribution function analysis.
The tuneability of this beam and its high brilliance means that determination of the
local order of samples is facilitated with synchrotron radiation.'* The experiments
conducted at Diamond were done on a dedicated beamline — the 115-1 x-ray Pair
Distribution Function (XPDF) beamline.? The theory of pair distribution function is

outlined in section 3.4.
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3.3.2 Synchrotron radiation for in-situ experiments

To develop chemical understanding of the reactions occurring in lithium-ion batteries,
synchrotron x-ray analysis has proven to be extremely valuable. Information
regarding degradation mechanisms, electrochemical products and charge storage
mechanisms can be uncovered in operando/ in-situ synchrotron experiments using
high energy radiation generated at these facilities. Instantly probing the reaction
taking place during battery runtime provides a more reliable idea of the chemical
reactions occurring due to electrochemistry alone."” The frequent measurements
taken in operando/in-situ experiments provide equally spaced data points that enable
precise and accurate data analysis, which in turn gives a reliable idea of how the
electrochemical conversion reaction is happening at a given time/ point within the
experimental voltage window. Additionally, any short-lived phases are immeasurable
ex-situ (due to the requirement for cell disassembly) can be identified through this
technique. The results from this are valuable in predicting and elucidating common
electrode material conversion reactions and products during cell cycling which is vital

for the experiments outlined in this thesis.

3.3.3 In-situ data collection at Diamond — the DRIX cell

At Diamond Light Source, a Diamond radial in-situ x-ray (DRIX) cell was used to
analyse the electrochemical behaviour of selected materials during cycling. The DRIX
cell is illustrated in Fig. 3.4 and has a radial geometry cell which facilitates the focus
of the x-ray beam on the sample within a quartz capillary that has been stacked and

compressed between two current collector rods which, in these experiments, were
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composed of stainless steel. The cell facilitates the observation of the active material
layer during battery runtime and reduces the interference of other components within
the battery with the in-situ scan, due to the DRIX cell being placed parallel to the x-
ray beam which enables isolation of each Li / separator/ active material layer within
the measurement. Due to the requirement for isolation of the active material layer,
the active material required a thickness of at least 100 microns, as depicted in Fig.
3.4. Stainless steel was the only available current collector that was suitable for use
in these experiments due to its electrochemical inertness in the voltage ranges being
studied, however, this metal is known to be highly scattering which causes sloping in
the background of the resultant x-ray diffraction data. Though this cannot be
eliminated in this setup, the DRIX cell has been designed to minimise the effects of
current collector interference, which facilitates more straightforward correction of the
collected data and better accuracy in the data produced. The quartz capillary body in
the DRIX cell is kept airtight setup by use of two Swagelok unions to keep the system
sealed. The design of this cell setup reduces the likelihood of parasitic scattering by
keeping the number of optical elements before the target sample as minimal as
possible. Furthermore, this setup also minimises absorption from the cell, while
enabling collection of high-quality total scattering and PDF data, which is essential to
ensure that short-range order features, such as amorphous phases that are vital to
observe in the experiments outlined in this thesis, are collectable in a matter of

minutes.'”

85



,u|B 18 zadoT-zeig ‘W wo ||99 [ed1wayo0430918 XY d ay} Buisn

uonouny uonnguisip Jied Aei-x opuelado jse, WoJj suo Yo paseq welbeiq ‘dnes |90 X[¥qd S,80.n0S 1ybi puowelq “'¢ ainbi-

9P0J139|9 J21uUN02 |elall I

LOumgmn_wmw.hQE.O.hu_E sse|p ——— — —

(w1 Suipuels 9auy)
|el491ew 3A130E UOJIIW 00T~

S3UINM} V4d %0|98eMS PalJIPOIN — .

10323[|02 JU31IND |931S SS3|UIRIS

86



3.4 Pair distribution function (PDF)

Pair distribution function (PDF) analysis is a technique used to probe the structure of
a material on the atomic scale. As stated in the section 3.2.2 — when x-rays are
targeted at a crystalline solid the interatomic distance between atoms in each plane
act as a grating for x-rays to diffract. As a result of this, the generated diffraction
pattern is a Fourier transformation of the interatomic distances within this ‘grating’.
PDF is based on the collection of an XRD pattern which is then Fourier transformed
to provide information on the spacing between atoms within the sample — the
distribution shown in a PDF pattern shows the radial distance r (in Angstroms, A) of
atom pairs with respect to an average atom located at the origin. To obtain this
information, high energy x-rays are required, which is why PDF data is predominantly
collected at synchrotron x-ray sources. PDF analysis not only takes into account the
Bragg peaks and the diffuse scattering within the diffraction pattern — the analysis of
the diffuse scattering enables experimentalists to analyse irregular interatomic
distances that are not collected using Bragg peaks within XRD analysis."8 In
crystallographic PDF analysis, the ability to use the diffuse scattering to determine
interatomic distances at short-range order means this technique can be used to gain
insight into the structure of nanosized samples, or those with localised defects/
vacancies, as these features do not give rise to sharp diffraction peaks due to their
lack of long-range order. In a PDF distribution, the y axis shows G(r) which
represents the number of atoms in a spherical shell of unit thickness at a distance r
from the reference atom (at the origin). Equation 6 exhibits G(r), where p(r) and po

correspond to the local and average atomic number densities, respectively.’®
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G(r) = 4mr[p(r) = po] [6]

3.5 Electrochemical testing

3.5.1 CR2032 half-cell synthesis

In these experiments, the manganese-based materials were employed as working
electrodes for non-aqueous half-cell testing to analyse their electrochemical
behaviour vs Li/ Li*. To synthesise electrode slurries, sodium carboxymethyl cellulose
binder (CMC) was first dissolved into deionised water using a THINKY centrifugal
mixer at a speed of 1300 rpm for 10 minutes. After this, carbon black (CB) was added
to the slurry along with more deionised water and centrifuged for a further 10 minutes
at 1300 rpm. Once these had mixed effectively, the Mn-based active material was
added with the appropriate amount of water and centrifuged for a further 10 minutes
at 1300 rpm, before one final degassing step at 1800 rpm for 3 minutes. The slurry
was then coated onto a sheet of copper foil with a thickness of 15 microns. Unless
stated otherwise, all films used in these experiments used an 80:10:10 ratio of active
material: CB: CMC. this coating was dried for 2 hours in a fume hood at 80 °C, before
being transferred to a vacuum oven for 24 hours 110 °C to completely dry the film
under vacuum. Once dried, 14 mm diameter discs of the given anode material were
cut, and these electrode discs were then transferred into an inert atmosphere
glovebox for subsequent coin cell assembly. The CR2032-type coin cells were
assembled as per the schematic outlined in Fig. 3.5, with a Li metal counter
electrode. The composition/ concentration of the electrolyte used was (1.0 M LiPFs

EC:DEC = 50:50). Once assembled and crimped in the glovebox, the coin cells were
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rested for 16 hours, to ensure electrolyte wetting had occurred sufficiently. The cells

were then galvanostatically cycled using a Biologic VPM3 potentiostat.

ﬁ Coin el cap and gastet
- Stainless steel spring

- Stainless steel spacer

Li metal counter electrode

LiPF¢ electrolyte

Glass fibre separator

Active material coated onto
copper foil

Coin cell base

Figure 3.5. Order of assembly for each CR2032 coin cell for galvanostatic cycling

experiments.
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3.6 Galvanostatic cycling and differential capacity analysis

For all electrode materials outlined in this thesis, the general electrochemical
procedure used was known as ‘Galvanostatic Cycling with Potential Limitation’. In
these experiments, this technique involved testing the performance of half cells
during charge and discharge between assigned voltage limits at predetermined
current rates (determined by applying a given current per active material mass).
Based on the performance of the half-cell, the specific gravimetric capacity can be
calculated. This technique therefore not only enables the investigator to assess how
the cell capacity changes over time but also enables understanding of the cell’s
coulombic efficiency.'® The voltage profiles produced also enable the investigator to
analyse whether polarisation of cells occurs during cycling, and the differential
capacity curve (known as dQ/dE vs E curve) enables resolution of phase transition
behaviour that is less obvious in the plateaus in the complementary E vs capacity
curve. Plotting differential capacity versus voltage curves means that these plateaus
are observed as peaks, and determination of changes in peaks between cycles is
much easier. These peaks can correspond to key phase transitions in the electrode

materials and can highlight the reversibility of the process.'?!

3.7 Raman spectroscopy

When a sample is exposed to monochromatic laser light (known as incident light),
most of the radiation is transmitted to the sample, however, some is scattered in all
directions by the sample. Of this scattered radiation, around 99 % is equal in energy

to the incident light, known as Rayleigh scattering, and the remaining 1 % scatters
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and exhibits the ‘Raman effect’. The Raman effect refers to the difference in
frequency of the incident (vi) and scattered (vs) radiation and is exhibited in Fig. 3.6.
The difference in vi and vs arises because of the interaction of this radiation with
vibrating molecules within the sample. Raman is known as a two-photon process, as
the irradiated molecule absorbs a photon during excitation to a state known as the
virtual energy state (which arises due to the excitation wavelength of the light source)
and emits one upon relaxation. The scattered inelastic light gives the structural
information of the sample, depending on the polarizability of the molecules within it,
as this is what affects the energy of the scattered radiation.'??-'24 |n these
experiments, a Renishaw inVia confocal microscope was used. For these
measurements, a 633 nm laser source with a 633 filter was used. The Raman shifts
obtained ranged between 200 — 1800 cm™ and all measurements were accumulated

20 times 25 mW laser power irradiating the sample.'?®
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Figure 3.6. Initial (v;) and scattered (vs) radiation leads to Stokes and Anti-Stokes inelastic
scattering (Stokes: v; < vs, Anti-Stokes: v; > vs). Raman scattering arises due to the difference

in incident and scattered radiation frequencies.
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3.8 Scanning electron microscopy (SEM) and energy
dispersive x-ray (EDX) analysis

To obtain high resolution images of the surface of a sample, SEM utilises a focussed
electron beam under vacuum, which rasters across the surface of a sample. A
vacuum is essential to ensure the electrons can travel the required distance that they
would not be able to in air. The electron source is an electron gun which produces
electrons using a high temperature filament. The filament used in these experiments
was made of tungsten and has acceleration voltages between 5 and 20 kV.126:127 The
detection of backscattered and secondary electrons that are ejected as a result of
this electron beam, shown in Figure 3.7, provide an image of the sample surface.
Backscattered electrons are used to produce images which show atomic number
variations, whereas secondary electrons give insight into the topography of the
sample. When SEM is combined with an EDX analyser, x-rays from the sample can
also be used to obtain chemical information. EDX analysers are used to identify
elemental composition at the surface of a sample as well as quantitative
compositional information. Each atom in a sample possesses a distinct number of
electrons in shells with distinct energies. When the electron beam strikes the inner
shell of an atom, the inner electron is ejected which leaves a positive electron
vacancy. This positive vacancy attracts another electron from an outer shell to fill the
‘electron hole’. This replacement electron releases energy in the form of an x-ray as it
moves into a lower energy inner shell. The x-ray emitted possesses an energy which
is exclusive to the element and electronic transition.'?® This two-step process is

exhibited simplistically in Figure 3.8. In these experiments, a HITACHI TM4000 plus
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table-top microscope was used for SEM measurements, and a micsF+ x-stream-2

EDX analysis machine for the EDX analysis.
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Figure 3.8. Schematic showing how x-rays are generated for EDX analysis through electron

displacement, electron vacancy filling, and subsequent x-ray emission in a two-step process.
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3.9 Transmission electron microscopy (TEM)

Like SEM, TEM utilises a focussed electron beam to gather information on samples,
however, the image is created by transmitted electrons that pass through the
selected sample as opposed to scattered electrons. Transmission electron
microscopy is therefore better suited for evaluating nanosized materials, which is why
it was selected for analysis of Mn oxides suspended in a carbon framework in these
experiments. Key differences between SEM and TEM include higher energy
electrons in TEM to ensure they pass through the sample, and a greater number of
electromagnetic lenses when compared to a scanning electron microscope to
enhance the resolution. Furthermore, samples must be extremely thin in order to
ensure transmitted electrons are generated which is not necessary for analysis in
SEM, making sample preparation in TEM far more labour intensive.'?® TEM analysis
was preferable in some of these experiments due to the requirement of materials on
the nanoscale, for which the resolution of the available benchtop SEM was not high
enough. The microscope used in these experiments was a JEM-1400Plus
transmission electron microscope to produce images with high precision and

resolution.

3.10 Inductively coupled plasma — optical emission
spectroscopy (ICP-OES)

To gravimetrically determine the contaminants contained within the synthesised

materials in these experiments, the Agilent 5110 Synchronous Vertical Dual View

97



ICP-OES was selected. This is a superior quantitative technique to X-ray
Fluorescence Spectrometry (XRF), as the detection limits for the desired elements in
these upcycling experiments are inferior for XRF compared to ICP-OES (there are
over 70 elements that are detectable using ICP-OES with high sensitivity and low
interference). The main reason for qualitative elemental analysis in these
experiments is to determine the presence of minor contaminant ions from the
upcycling experiments, which is facilitated by ICP-OES due to its coordinated multiple
elemental analysis capabilities at high speeds.’?® In order to analyse the samples by
ICP-OES, they must be introduced into the high temperature plasma in a form that
means that the sample can be vaporised and atomised. As a result of this, in these
experiments, all powder samples were microwave digested using a Milestone
ETHOS UP microwave digester. Each solid sample was added to a Teflon liner along
with 10 ml of aqua regia solution and digested for an hour. The dissolved materials
were then filtered and diluted using ultrapure dilute nitric acid, ready for sample
introduction to the plasma torch under Argon. A nitric acid matrix was ideal for these
experiments as all the desired elements (such as Ni/ Co/ Mn/ Li, etc.) in the
experiments were stable and soluble under this matrix.’>® The sample of choice is
introduced to the high temperature plasma as a liquid aerosol, at temperatures
ranging between 5000 and 9000 K, breaking the chemical bonds between the
materials and leaving behind individual atoms for detection. Each atom in these
samples emits light which has an intensity that is attributed to the given element
within the sample. Calibration standard solutions are used to ensure the elemental
concentration of these elements is determined using calibration curves and the

associated emission intensities — in these experiments, a standard containing all the
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expected contaminant elements was used. Regarding sample detection: there are a
series of optics that direct the light emitted from the elements in a sample into the
spectrometer. The intense light is measured through separation of the light into
specific wavelengths, and these wavelengths are detected between 167 and 785 nm
in unison. Each element is identifiable through the specific emission lines specific to
them for which there can be numerous) and the highest intensity emission line is

generally used for analysis. The Agilent ICP-OES setup is shown in Figure 3.9.

Emitted light
£ A\ [ Detector ]
High temperature A M_ /

argon plasma

Polychromator

Argon gas

Spray chamber

Argon gas

Drain

Peristalticpump

Autosampler

Figure 3.9. Schematic showing the key components of an ICP-OES setup.
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3.11 Thermogravimetric analysis — mass spectrometry
(TGA-MS)

Thermogravimetric analysis-mass spectrometry (TGA-MS) is a technique used to
determine the thermal behaviour of a solid by use of mass variation. After a
calibration measurement, a small amount of solid (microgram scale) is loaded into
the instrument, and is heated and weighed simultaneously, using a balance with
high precision. This means that the change in mass of the solid is recorded over
time and can be observed by a characteristic descending curve. The resultant plot of
temperature vs weight % can then be used to determine the decomposition
processes, and the degradation products can be calculated from the total mass lost
during the thermal decomposition steps. Gas, water and solvent evolution can also
be monitored during heating.’3! In these experiments, a Netzsch STA 449 F1 Jupiter

Thermal Analyser and an QMS 403C Aéolos Quadro Mass Spectrometer were used.
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4.2 Chapter introduction

In this chapter, experiments will focus on the synthesis of Mn oxalate, Mn203 and
Mn3O4 through selective extraction of LiMn204 (LMO) from redundant battery material
followed by interconversion. When extracting lesser used and redundant cathode
chemistries from preliminary cells, it is imperative that the value of this product is
exploited once this material has been selectively removed. The process of extraction
and repurposing recycled material to increase its value is known as upcycling and, as
outlined in section 1.4.8, LMO is a prime example of a lesser used material which
can be upcycled to form a variety of Mn-rich materials with interesting properties. For
these leached materials, what is unknown is how extraction of spent electrode
material and upcycling will impact the product formed, due to the potential presence
of contaminants from the extraction process that may interrupt the interconversion
process. The aim of this chapter is therefore to explore selective extraction of LMO
from spent cathode material and the effectiveness of interconversion of this material
into Mn oxalate, Mn203 and Mn304. The leached materials will be compared to their
pristine counterparts to contextualise these findings and verify whether this
interconversion route is effective in upcycling LMO into the desired Mn-based

materials.
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4.3 Methods

In this chapter, comparison will be made between samples which have been

synthesised from three different LMO precursors. Each LMO precursor was used to

synthesise Mn oxalate, which was then used to synthesise Mn203 and Mn3Oa.

4.3.1 Sample origins

Depending on the LMO precursor, samples are defined as follows:

Pristine material — This is used to define any samples which were formed from
commercially-purchased (Alfa Aeser, 99.5 %) LMO powder. These samples
were used as a reference for the expected interconversion behaviour of the
leached LMO material.

Nissan Leaf quality-control-rejected (QCR) material — Any ‘QCR’ samples
have been synthesised from LMO which had been leached from the cathode
of a first-generation Nissan Leaf pouch cell cathode from the Nissan’s
production line, which appear to have undergone some formation cycles prior
to being discarded. This cell was discharged below 0% state-of-charge to give
an open circuit voltage of 0 V by Nissan, which then rose after resting.

EOL (EOL) Nissan Leaf material — Any ‘EOL’ samples are those formed from
LMO that has been leached from a first-generation Nissan Leaf pouch cell
cathode, however, prior to disassembly the cell had been cycled in a vehicle
which had covered 40,000 miles prior to a mild overcharging regime, as
outlined by P.S. Attidekou et al. The regime involved cycling the pouch cell for

500 cycles, by the end of which only 13% of the original capacity was lost.'32
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After this cycling, the cell was discharged to 0% state of charge prior to

disassembly.

To obtain the individual QCR and EOL sheets for chemical testing, R. Sommerville
and A. Zurin dismantled the pouch cells in the school of metallurgy and materials at
the University of Birmingham. The open circuit voltage (OCV) of the EOL and QCR
cells prior to disassembly were 3.22 V and < 1.0 V, respectively, the latter OCV being
due to over-discharging of the QCR cell, which has been reported to cause copper
dissolution.®".133 The pouch cells were opened using a nonmetal scalpel in an inert
Argon glovebox, whereby the H20 and Oz concentration was < 0.1 ppm, to remove
the cell casing to enable easy extraction of the stacked electrodes and separators.

Once removed these layers were separated and dried.'34

4.3.2 Leaching process

In these first-generation cells there is a mixed Ni-rich layered phase mixed with a
LMO spinel phase. Selective extraction of LMO is vital to leave behind a Ni-rich
phase that can be relithiated and used in second-generation cells, but the LMO must
be repurposed within the cells as it is not sought after for second-generation Nissan
Leaf pouch cells. In this Chapter, repurposing of this outmoded material is
demonstrated through interconversion into Mn oxalate and oxides. Based on a
method developed by L.L. Driscoll et. al, reductive acidic leaching was used to
reduce lithium manganese oxide from the Nissan Leaf composite cathode into
solution.>* Reductive leaching refers to the process whereby high valence metal ions

in a solid material are reduced into an aqueous state with lower valence. By leaching

110



out manganese into solution and adding oxalic acid, Mn oxalate is formed by
precipitation. The acid employed for reductive leaching of lithium manganese oxide
from the electrode strip was ascorbic acid. This inorganic acid works by reducing all
the insoluble Mn3* found in the strip to soluble Mn2* which can then be extracted from
the solution. The cathode strip left behind contained only a nickel-rich phase, which
could be reformed into a new Ni-rich cathode sheet through re-lithiation and
reintroduction of transition metals to ensure the correct stoichiometry was achieved.

A detailed explanation of this experiment is outlined below:

The composition of the cathodes extracted from Nissan Leaf material was a 75:25
LMO:NCA composite cast onto an Al current collector. To remove the aluminium
current collector, the cathode sheet was cut, weighed, shredded, and added to 10%
(by weight) sodium hydroxide (NaOH) solution to cause the Al to react (shown in

equation 7):
ZNGOH(aq) + 2Al(s) + ZHZO(I) i ZNGAIOZ(aq) + 3H2(g) [7]

Once all the Al had reacted (once there was no more effervescence of Hz) the
remaining strip was filtered using a Blchner funnel and washed several times with
deionised water. After drying the strip at 60 °C in air for 60 minutes, the strip was
weighed and then stirred into a 1.25 M solution of ascorbic acid which had been
heated to 70 °C on a hotplate. Using ascorbic acid, LMO was selectively leached
from the composite electrode and reduced all insoluble manganese in the spinel to
Mn?2*. After 10 minutes, the remaining strip and brown leachate were removed from
the hotplate and a Bluchner funnel was used to filter the strip from the solution. The

strip was dried, re-weighed, and characterised using XRD to ensure all LMO had
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been leached out of the strip. The brown leachate was then saved for subsequent
treatment. To obtain LMO powder, the leachate was dried at 150 °C for 12 hours to
evaporate off the ascorbic acid and form a ‘honeycomb’ dried product. The
honeycomb mixture of was then ground and annealed in air at 700 °C for 12 hours to
form LMO (either categorised as QCR or EOL LMO depending on the condition of the
precursor cathode). The formation of a honeycomb-like structure from an acidic
transition metal solution has been outlined by Y. Han et al. in another LiMn204
synthetic procedure, whereby a modified Pechini synthesis was used to generate a

‘puffed char’ containing Li and Mn for subsequent calcination to LiMn204.13%

4.3.3 Interconversion process

The pristine, QCR and EOL LMO powders were used as precursor material for the
interconversion reactions. To synthesise Mn oxalate dihydrate, LMO powder was
added to a 1.25 M solution of oxalic acid at 70 °C and was stirred until a pale pink
precipitate had evolved. This pale pink precipitate was Mn oxalate dihydrate, which
was dried overnight in air at 70 °C. The remaining filtrate from the oxalate
precipitation was rich in Li and could be used to precipitate out the valuable Li which
could then be used in the re-lithiation of the Ni-rich cathode strip. This would ensure
closed-loop recycling of the Ni-rich portion of the strip and upcycling of the redundant
LMO material. To interconvert Mn20s3, the Mn oxalate dihydrate powder was
transferred to an alumina crucible and heated up to 700 °C in air at a ramp rate of 5

°C/ min for 12 hours. To interconvert into Mn30a4, this Mn203 material was heated in
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air to 1000 °C at a ramp rate of 5 °C/ min for 12 hours. A flow chart to illustrate the

interconversion process is outlined in Fig. 4.1.
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4.4 Results

Pristine, QCR and EOL products from the LMO interconversion experiments were
compared to determine compositional and structural differences between the
materials obtained. Samples were analysed using x-ray diffraction (XRD) and
Rietveld refinement, Raman spectroscopy, thermogravimetric analysis with mass
spectrometry (TGA-MS), scanning electron microscopy (SEM), energy dispersive x-
ray analysis (EDX) and inductively coupled plasma optical emission spectroscopy

(ICP-OES).

4.4 1 Structural identification and contaminant detection of leached

materials using XRD, ICP-OES, and TGA-MS

LiMn204

Initially, XRD patterns of each of the LMO materials were measured, shown in Fig.
4.2. In all cases XRD patterns were pattern matched to classify the structure as a
cubic close-packed spinel with space group Fd3m. In the Fd3m spinel structure,
oxygen anions occupy the 32e site, lithium ions occupy the tetrahedral 8a site and
the tri- and tetravalent manganese ions occupy the octahedral 16d site.'36-13° As
numerous transition metal contaminant ions have been identified through ICP
elemental analysis for QCR and EOL LMO, the XRD patterns can provide evidence
for their presence within the Fd3m cubic spinel structure. In doping studies in the
literature, all three ions have been found to occupy the 16d octahedral sites within
the structure, therefore it is expected that this will occur in these samples.36.138 One

feature of the pattern which can be used to identify cationic occupancies in the
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literature is the peak intensity ratio between the (311) and (400) peaks
(1311/1200).136:140-142 This ratio provides evidence for the different occupancies of
cations between the 8a tetrahedral and 16d octahedral sites in LiMn204. As stated in
the literature findings, the more dopant ions incorporated into the Fd3m structure
increases the value of I311/l200. When comparing QCR and EOL LMO, I311/l400 values
were 1.08 and 1.14, respectively. A higher intensity ratio for the EOL material could
be suggestive of a greater occupancy of contaminant cations in the 16d sites,
however as the expected transition metal contaminant ions (Ni and Co) scatter
almost identically to Mn, it could be due to a change the Li positions and therefore
observed scattering. To determine whether this observation was consistent with
contaminant ions detected, elemental analysis was done using ICP-OES. Using this
technique, contaminant metal ratios in LiMn204 (LMO) were detectable from pristine,
QCR and EOL LMO. The percentage masses of the samples have been calculated
and depicted in table 4.1. The columns where there is no value shown corresponds

to negligible amounts of elements present in the sample (< 0.01% mass).

The I311/ la00 intensity ratio observation is consistent with elemental analysis using
ICP: 1.68% of the QCR and 2.54% of the EOL material, respectively, was composed
of Ni/ Co/ Al contaminant ions, expected to come from the Ni-rich phase. The
presence of copper in the QCR leached sample is because of over-discharging of the
cell prior to disassembly, as stated previously. The decreased % Mn content for the
leached LiMn204 is indicative of manganese loss from the cathode, which is
expected, and has been commonly reported to occur during aging from studies of Li-
ion battery cycling in the literature.'#3-14% Furthermore, in study by A. Sargent et al. on

the reclamation of graphite from the Nissan Leaf pouch cells (with the QCR and EOL
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cells described in this thesis corresponding to the QCR and EOL Il cells in their
study), Mn deposition has been observed on the anode for these aged pouch cells
from expected disproportionation of trivalent manganese on the surface of the
cathode which led to Mn dissolution into the electrolyte. In their experiments, XPS
and Raman analysis was used to show the presence of Mn species on the surface of

spent graphite material from this aging mechanism during cell runtime.5"

Table 4.1. ICP data showing % mass of Li, Mn, Ni, Co, Al, and Cu within the pristine, QCR

and EOL leached LiMn>O4
% mass
LMO (% standard deviation)
sample Li Mn Ni Co Al Cu Total Un-
measured
Pristine 3.65 70.44 - - - - 74.09 25.91

(0.03) (0.24)

QCR 380 6213 039 005 1.18 006 67.61 32.39
(0.04) (0.26) (0.001) (0.002) (0.01) (0.0004)

EOL 417 6755 064 131 059 - 7426 2573

(0.02) (0.12) (0.003) (0.002) (0.001)
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Figure 4.2 XRD patterns (with indexing) of LiMn,O with space group Fd3m — pristine (a),

QCR (b) and EOL (c).




Rietveld refinement was used to determine the lattice parameters and cell volumes of
each LMO spinel sample. The a-parameters and cell volumes for each LMO sample
are shown in table 4.2, the refinements are shown in Fig. 4.3 a, b, and c, and the

lattice parameter and cell volume plots are shown in Fig. 4.4.

Table 4.2. Calculated a-parameters and cell volumes for pristine, QCR and EOL

LiMn2QOa4.
Sample a parameter (A) Cell volume (A) Rwyp (%)
Pristine 8.2351(1) 558.470(3) 6.74
QCR 8.1879(2) 548.856(5) 7.68

EOL 8.2086(2) 553.015(4) 8.62
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Figure 4.3. Refined XRD patterns (with indexing) of LiMn>O4 with reflections for space group

Fd3m marked in blue — pristine (a), QCR (b) and EOL (c).

120



8.24

8.23

a parameter / A
o o
N )
- N
1 1

oo

n

o
1

8.19

Pristine QCR EOL

560 -
559

®

558

557
< 556
—
® 555 -
£
3 554
4
— 553 o
()]
O 552 4

551 -

550

549 >

548 T T T
Pristine QCR EOL

Figure 4.4. Calculated a parameters and cell volumes for pristine, QCR, and EOL LiMn>O.

121



When comparing the QCR and EOL sample lattice parameters to those observed for
the pristine material, there was an a-parameter contraction by 0.57 % and 0.32 %
and a cell volume contraction of 1.72 % and 0.98 % for the QCR and EOL samples,
respectively. There was shrinkage in the lattice parameters and cell volumes of the
leached LMO structures when compared with the pristine sample (with the most
drastic shifting seen in the QCR sample). The presence of contaminant ions in the
16d sites rationalises these observed values. In the QCR material, most of the
contamination in the material is from aluminium. Nickel can be seen in much lower
quantities, followed by cobalt and copper are in even lower measures. In EOL
material, the aluminium and the cobalt are the highest contaminants with a lower

quantity of nickel.

In the literature, these M ions (with valences Al**, Ni?*, Co3*, Cu?*) have been doped
into the LMO structure on the 16d octahedral Mn3* site, and in all cases have been
found to cause a lattice parameter shrinkage due to ionic radii changes and/or

increased M—O bond strengths when compared to Mn—0O.

In the case of Co, in a study by R. S. Liu et al., the substitution of Mn for Co causes a
lattice parameter shrinkage of between 0.12 — 0.97 % in Li(Mn2xCox)O4, between x
values of 0.1 — 0.5. This was deduced to be due to the low spin state of the Co3®* ion
having an ionic radius in an octahedral environment which is lower than that of the
Mn3* ions it will be replacing, at 0.545 A and 0.645 A, respectively. Though there is
tetravalent Mn in LiMn204 which would lead to an increase in lattice parameter with Co
substitution, only shrinkage was observed with Co doping in their study, indicating the
0.53 A Mn** ion was not substituted.'#® With respect to Ni2*, based on a Ni-doping

study by H. Bai et al., this ion is expected to substitute for the high spin state Mn3* ions
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as they have similar ionic radii (0.690 A for the bivalent Ni). The low spin state Mn3* ions
were deduced to charge balance this replacement by changing to Mn**, which have an
ionic radius of 0.53 A. Furthermore, the Ni—O bond is (1.915 A) shorter than the Mn—O
bond (1.937 A) which further justifies the reason for the observed lattice contraction.
The lattice parameter contraction observed for LiMn204 to LiNio.1Mn1.904 is down to 0.5
% less than its original value.'” A similar case to Ni can be put forward for Cu?*
substitution in the 16d octahedral sites in a study by S. Wang et al., with a smaller
lattice contraction of 0.05% for LiCuo.0sMn1.9504." For AIP*, in a study on Al doping by
W. Xu et al., it has been hypothesised that AI** substitutes for the Mn3* ion in the 16d
site, which causes a lattice shrinkage due to its smaller ionic radius (0.535 A for AI?*
vs 0.58 A for the low spin state of Mn3* in an octahedral environment).'*® Based on
both the shortened bond lengths and decreased ionic radii introduced with all the
dopantions, itis unsurprising that this lattice contraction is seen in the case of the QCR
and EOL samples, due to a compounded effect of all these contaminants being
introduced into the structure. The larger lattice shrinkage in QCR material may also be
due to the higher proportion of Al ions within the structure, which have the smallest

ionic radii of the contaminant ions detected.
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Mn oxalate dihydrate

Regarding the hydrated Mn oxalates, it is notoriously challenging to refine their
structure using Rietveld refinement due to the high degree of structural disorder
within the crystalline phase, as discussed in a study by A.N. Puzan et al. on structural
disorder and decomposition of Mn oxalate dihydrate.®' From initial observations, the
XRD patterns appear to correlate to the structure as centred type a’-Mn oxalate
dihydrate with space group C12/c1, meaning that any contaminant ions seen in the

leached samples did not change the lattice structure of the material.

TGA-MS was used to approximate the stoichiometry of the water associated with
each hydrated Mn oxalate. Each Mn oxalate (pristine, QCR and EOL) was heated to
300 °C at a rate of 5 K/min to remove the water from the structure and determine the
stoichiometry of the hydrated material through the resultant mass of the compound
after heating. Water loss was confirmed to be responsible for the % mass loss, as
there was a peak corresponding to a high ionic current of ions detected with mass 18

(highlighted in blue) during the mass loss, shown in Figs. 4.5 —4.7.

Based on the percentage mass lost, the amount of water associated with each Mn

oxalate was determined below:

Pristine: MnC204-1.91H20
- QCR: MnC204-2.02H20

- EOL: MnC204-2.05H20.
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Figure 4.5. TGA-MS data showing water losses associated with pristine Mn oxalate.
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ICP-OES analysis was used to determine the contamination in interconverted Mn

oxalate from pristine, QCR and EOL LMO precursor materials. The percentage

masses of the samples have been calculated and depicted in table 4.3.

Table 4.3. ICP data showing % mass of Li, Mn, Ni, Co, Al, and Cu within the pristine, QCR

and EOL leached LiMn20O4
LMO
sample Li Mn
Pristine - 37.57

Ni

% mass
(% standard deviation)

Co Al Cu

Total

37.57

Un-

measured

62.43
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(0.3)

QCR 003 3773 041 005 - 003 3825 61.75
(0.0002) (0.1) (0.001) (0.0002) (0.0002)
EOL - 3620 133 091 - - 38.44  61.56

(0.11) (0.002) (0.01)

In the QCR sample there is the Cu contamination observed because of the over
discharging of the cell before disassembly. In both samples there is Ni and Co
contamination from the layered phase, however there is minimal Al/ Li precipitation
through from the LMO, despite there being > 3% Li in the starting spinel material
along with notable Al contamination from the layered phase (1.18 and 0.59 % mass
for QCR and EOL, respectively). This suggests that Li and Al do not precipitate out as
metal oxalates as readily as the other ions when LMO is added to the oxalic acid

solution.

These findings for Li are consistent with solubility values in the literature. For Li
oxalate precipitation to occur in water at 20°C, > 6.6 g of Li oxalate must be present
per 100g water, shown in Table 4.4. All the transition metal solubility values are
documented in the literature, and are at least 102 times less soluble than Li in water
at 20 °C. This finding agrees with the observed elemental contamination in the

samples.

127



Table 4.4. Literature findings for solubility/gram per 100g water — used to aid discussion on

elements seen in samples after interconversion.

Element Solubility/gram per 100g water
Li 6.6
Al -
Mn 0.0321%1
Co 0.00371%1
Cu 0.0026'%1
Ni 0.00121%1

As Al oxalate solubility was not identified within the literature, a qualitative method
was used to clarify that Al should not interconvert into the oxalate species when LMO
was treated in the oxalic acid solution. A LiMn1.95Al0.0504 sample (denoted AI-LMO in
table 4.5) was synthesised using a solid-state method — this material was used to
determine whether Al would be expected in the interconverted Mn oxalate sample.
The Al-doped sample was then added to the 1.25 M oxalic acid solution under the
same conditions as those used for interconversion of LMO samples into Mn oxalate,
to determine whether Al precipitated along with the Mn during this process. The
precipitate (labelled Al-Mn ox) was then analysed using ICP to determine the
elemental composition of the resulting Mn oxalate product, shown in table 4.5 and

Fig. 4.8.
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Table 4.5. ICP data showing percentage composition by mass of Li, Mn, Ni, Co, Al and Cu

within the AI-LMO and interconverted Mn oxalate samples

Sample % mass

Li Mn Ni Co Al Cu Total Unmeasured

AI-LMO 383 66.56 - - 077 - 7116 28.84
(0) (0.22) (0)

Al-Mn - 3190 - - - - 31.90 68.10

ox (0.11)

129



Al-LMO Al-Mn ox
Sample

Figure 4.8. Bar chart presenting ICP data: percentage composition by mass of Li, Mn and Al

within the AI-LMO and interconverted Mn oxalate samples.

As expected, the results show that negligible Li and Al contaminants were detected in
the resultant Mn oxalate, clarifying the absence of these ions is due the fact that they
do not precipitate as readily in these experimental conditions as the other
contaminant elements seen in the precipitation process do. Regarding materials
recovery and regeneration, the findings from this process show no Li precipitation
when upon treatment of LMO with oxalic acid. This therefore means that Li present in
the filtrate could be recovered to ensure this valuable Li is reused/ repurposed,
ensuring all the LMO is upcycled into useful products. Due to the rapid expansion of

the energy storage industry and the increasing popularity of Li-ion batteries, the
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requirement for recovery of lithium is increasing exponentially. In the literature one
recovery method that often arises is precipitation using Na2COs. The precipitate
product, lithium carbonate, is very valuable and may be used in electrode formation
of new LiBs which would ensure the circularity of the lithium-ion battery recycling
process. Outside of the battery industry, lithium carbonate may also be used in

catalysis, ceramics and other significant industrial applications.52-154.155

Rietveld refinement was used to determine the lattice parameters and cell volumes of
each Mn oxalate dihydrate sample. The a-parameters, c-parameters and cell
volumes for each sample are shown in table 4.6 the refinements are shown in Fig.
4.9 a, b, and ¢, and the lattice parameter and cell volume plots are shown in Figs.

410-4.12.

Due to the degree of error observed in these measurements differences between
lattice parameters indicated there was no significant lattice parameter contraction
between Mn oxalate samples and further data collection is required. In Mn oxalate
dihydrate, the Mn?* cation is coordinated to 2 water molecules and 2 bidentate
oxalate ligands in an octahedral fashion. Due to the expected shorter bond length of
Ni—O and Co—O or due to the replacement of Mn for these contaminant ions with
decreased ionic radii, it was expected that the substitution of Mn ions for Ni/ Co ions
would give rise to unit cell contraction. Furthermore, the overlap of error in the cell
volume data for the pristine and QCR samples give no evidence of any structural
change. In the EOL material, however, the values suggest that there is lattice
contraction. As both Co and Ni contamination were higher in the EOL sample (as

recorded in the ICP-OES data), a greater cell volume contraction for EOL > QCR >

131



pristine sample is rationalised, however more measurements are still necessary to

resolve the structural differences between these samples.

Table 4.6. Calculated a-parameters, c-parameters, and cell volumes for pristine, QCR and

EOL Mn oxalate dihydrate

Sample a-parameter c-parameter  Cell volume Rwyp (%)
(A) (A) (A)
Pristine 12.01(1) 9.979(8) 529.7(1) 10.96
QCR 12.01(1) 9.973(11) 529.6(2) 7.64
EOL 12.00(1) 9.968(8) 528.4(1) 6.85
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Mn20:

XRD patterns of all the Mn203 samples materials are shown with indexing in Fig.
4.13. After assessment of the XRD patterns through pattern matching, it was
identified that an orthorhombic Mn203 structure with space group Pcab had
successfully been synthesised in all cases. Upon observation, there is very little
difference between XRD patterns for the three materials, aside from an additional
reflection beside the (123) reflection of the EOL sample (marked with a red * in
Figure 4.13). Through pattern matching and refinement, shown in Fig. 4.14, this extra
peak has been identified as an Mn3z04 phase with space group 141/amd. Rietveld
refinement indicates that the weight fraction of Mn3O4 present in the EOL material is

0.04% (+0.01).
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Figure 4.13. XRD patterns (with indexing) of Mn,O3 with space group Pcab — pristine (a),

QCR (b) and EOL (c) — with an impurity phase marked with a red *.
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ICP-OES analysis was used to determine the contamination in interconverted Mn203
from pristine, QCR and EOL LMO precursor materials. The percentage masses of the
samples have been calculated and depicted in table 4.7. As observed for the Mn
oxalate sample, Ni, Co, and Cu contamination is interconverted through for the QCR
and EOL leached samples from the layered phase and the dissolution of the current
collector during overcharge. The alumina crucible used to form the Mn oxides in are

likely to be the cause of the minor Al contamination (~0.02%) in QCR Mn20s.

The cell volumes and a and c-parameters for the Mn203 phase (in each sample) are
shown in table 4.8 and Fig. 4.15. As was the case for LMO, lattice parameter and cell
volume contraction occurred in all cases for the QCR and EOL Mn203 samples when
compared to pristine material. This shrinkage was expected, as the occupancy of TM
contaminants in Mn sites within the structure were thought to have similar effects to
those outlined for LMO (stronger M—O bonding and decreased ionic radius effects).
The degree of error overlap between lattice parameter values for the leached
samples shows their parameter contraction was statistically significant when
compared to the pristine sample, but not to one another. For the cell volume values,
however, the higher degree of contamination in the EOL sample indicated the

greatest cell volume shrinkage.

139



Table 4.7. ICP data showing % mass of Li, Mn, Ni, Co, Al, and Cu within the pristine, QCR

and EOL interconverted Mn,Os; samples

Sample % mass
Li Mn Ni Co Al Cu Total Unmeasured
Pristine - 80.72 0.03 - - - 80.75 19.25
(0.44) (0.01)
QCR 0.05 75.62 1.56 0.19 0.02 0.05 77.49 22.51
(0) (0.2) (0.004) (0.0004) (0.0004) (0)
EOL - 76.61 0.53 1.63 - - 78.77 21.23

(0.05) (0.0008) (0.004)

Table 4.8. Calculated a-parameters, c-parameters, and cell volumes for pristine, QCR and

EOL Mn203
Sample a-parameter c-parameter  Cell volume Rwyp (%)
(A) (A) (A)
Pristine 9.4122 (6) 9.408 (6) 832.75 (6) 6.62
QCR 9.3870 (2) 9.387 (2) 828.30 (9) 6.31
EOL 9.3900 (2) 9.387 (3) 827.52 (9) 7.10
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Mn304

XRD patterns were taken of all the Mn3O4 samples materials their composition was
identified through pattern matching. It was observed that a tetragonal Mn3O4
structure of space group 141/amd had successfully been synthesised in all cases, and
the contaminant ions had incorporated into the structure without any phase change,
as was observed in a Mn304 Cu-doping study by Chen et al.’® Upon further
comparison of the XRD patterns, there is peak broadening in the Mn3O4 material
when leached, which is likely due to cationic contamination of the sample by the
leached ions. The origin of this is likely due to the contaminant Ni and Co ions the
structure, that lower the symmetry of this material. In an Mn304 doping study by Raja
et al., it was noted that the most intense peak in the XRD pattern was widened by
increasing the Ni content in their study, as is observed here for the Mn3O4 sample in
the refinements shown in Fig.4.16 indicating the transition metal ions are substituting

for Mn ions within the lattice.%”

ICP-OES analysis was used to determine the contamination in interconverted Mn3O4
from pristine, QCR and EOL LMO precursor materials. The percentage masses of the
samples have been calculated and depicted in table 4.9. As observed for all other
interconverted samples, Ni, Co, and Cu contamination is interconverted through for
the QCR and EOL leached samples from the layered phase and the dissolution of the
current collector during overcharge. The alumina crucible used to form the Mn oxides

in are likely to be the cause of the minor Al contamination (~0.02%) in QCR Mn30a4.
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in blue — pristine (a), QCR (b) and EOL (c).
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Table 4.9. ICP data showing % mass of Li, Mn, Ni, Co, Al, and Cu within the pristine, QCR

and EOL interconverted Mn3;O4 samples

Sample % mass
Li Mn Ni Co Al Cu Total Unmeasured
Pristine - 8274 0.02 - - - 8276 17.24
(0.03) (0.0005)
QCR 0.04 8157 0.59 0.07 0.02 0.04 82.33 17.67
(0) (0.12) (0.0004) (0) (0.0004) (0)
EOL - 7762 053 1.65 - - 79.8 20.2

(0.2) (0.001) (0.006)

The cell volumes and a and ¢ parameters for the Mn3O4 phase (in each sample) are
shown in table 4.10 and Figs. 4.17 and 4.18. Through refinement of the XRD
patterns, displayed in Fig. 4.19, the unit cell parameters and cell volumes of the
Mn30O4 products provide valuable information about the doping behaviour of the
contaminant ions. Lattice parameter and cell volume contraction occurred in all cases
for the QCR and EOL Mn30O4 samples. The occupancy of TM contaminants in Mn
sites within the structure were thought to have similar effects to those outlined for
LMO (stronger M—O bonding and decreased ionic radius effects), as seen in the
Mn203 phase. Additionally, as outlined by S. Zhang et al. and S. Hirai et al., an
increased concentration of dopant ions will affect the Jahn-teller distortion within the
structure of Mn304, by reducing the number of Jahn-teller active Mn3* ions present

within the structure. The degree of Jahn-teller distortion within Co-doped Mn30O4
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samples in their studies has been quantified using the Jahn-teller distortion indicator,

with equation \/% 198,159 The increased number of dopant ions within the structure

has an inverse effect on the Jahn-teller distortion indicator. For pristine, QCR and
EOL samples the Jahn-teller distortion indicators were 2.78607(1), 2.78426(2) and
2.78186(9), respectively, which was the expected trend due to the introduction of a
greater proportion of contaminant ions in structure of the material (pristine < QCR <
EOL, according to ICP). In Mn3Q04, the Mn**—O octahedra are elongated along the
[001] direction. The reduction in c-parameters and Jahn-Teller distortion values with
introduction of a greater proportion of contaminant ions therefore provides further
evidence of replacement of Mn3* ions within the structure for the dopant ions and/or

smaller charge balancing Mn** ions.

Table 4.10. Calculated a-parameters, c-parameters, and cell volumes for pristine, QCR and EOL Mn304

Sample a-parameter c-parameter  Cell volume Rwp (%)
(A) (A) (A)
Pristine 5.7597(2) 9.4560(2) 313.69(3) 7.58
QCR 5.7560(4) 9.4468(4) 312.99(4) 10.72
EOL 5.7563(5) 9.4389(7) 312.76(6) 18.52

145



5.760 -

5.759 -

<L

= 5.758 -

9

()]

e

©

© 5.757 -

) I
5.756 - ﬁ/j
5.755 . . .

Pristine QCR EOL
9.460 -
| |
9.455
<L
= 9.450 -
9
=
© [
C 9.445 -
(&)
9.440
n
A %
9.435 , : :
Pristine QCR EOL

Figure 4.17. Calculated a and c-parameters pristine, QCR, and EOL Mn3Oy

146



313.8

-l

313.6

313.4 +

313.2

Cell volume /A

313.0 4

—

312.8 I
1

3126 . . .
Pristine QCR EOL

Figure 4.18. Calculated cell volumes for pristine, QCR, and EOL MnsQO4

4.4.2 Raman spectroscopy

To analyse the structural evolution of LMO, Mn oxalate, Mn203 and Mn3O4 samples,
Raman spectroscopy was used, as this technique complements XRD in the analysis
of cation-oxygen coordination on a local scale.'?? As previously determined — there
are numerous contaminant ions present within the leached samples which, based on
XRD analysis, appear to occupy manganese sites within the crystal lattice of these
materials. As Raman spectroscopy is used to determine vibrational modes between
atoms in the lattice structure, any contaminant ions present that are expected to

disrupt the crystal symmetry/ replace Mn should impact the vibrational modes and
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therefore Raman bands observed in this technique. In each comparison, the Raman
spectra were normalised between 0 and 1 to enable clear understanding of the
differences between samples through peak visualisation. The normalisation was
performed by taking the maximum peak intensity as 100% in each Raman spectrum
and dividing the remainder of the peaks by the maximum intensity to generate a
normalised peak intensity relative to the maximum intensity. All the Raman scans

outlined in this section were run for the same duration and wavelength.

Add The Raman spectra for pristine, QCR and EOL LMO are shown in Fig. 4.19. The
Raman bands detected for this material further confirm that the LiMn204 phases
formed with space group Fd3m, as opposed to the ordered spinel structure (space
group P4332) which is fairly indistinguishable using x-ray diffraction, but very distinct
using Raman spectroscopy.'®? Distinguishing between M—O Raman bands,(e.g
Mn*—0O, Mn3*—0 and Ni?*—0) is not always straightforward due to the similarity
between Raman scattering of particular M—O bonds, therefore information can be
taken from the comparison of pristine LMO to the Raman scattering plots of the
leached materials. According to the symmetry rules of normal LiMn204 spinel, there
should be A1g, Eg and 3F2g Raman active modes observed for the cubic space group
Fd3m. Despite these symmetry rules, only two distinguishable Raman bands are
detected in the pristine LiMn204 sample. This can be rationalised by the high relative
electrical conductivity of uncontaminated LMO spinel, whereby the equal occupancy
of tri- and tetravalent Mn ions in the 16d octahedral sites causes a fast rate of
electron hopping rate between ions. This electronic hopping results in reduced
scattering intensity of the incident laser beam, causing fewer Raman active modes to

be observed. The presence of contaminant ions in the LMO spinel disrupts the
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structure of the materials, causing an unequal occupancy of Mn3* and Mn** ions in
the octahedral sites, reducing the relative electrical conductivity and the electron
hopping rate. This phenomenon can be used to explain the presence of an increased
number of Raman bands in the QCR and EOL materials.'®"1%2 The large peak
observed at ~633-639 cm' in all three LMOs is characteristic of symmetric Mn-O
stretching in an octahedral environment, and it corresponds to A1g symmetry with O7n
spectroscopic symmetry. The peak at ~342 cm in the pristine LMO sample
corresponds to the Li-O vibrational mode of the LiO4 tetrahedra within the structure.
Due to the presence of various extra vibrational modes in the contaminated leached
samples, this Li sublattice vibration is less obvious. The significant difference
between the pristine and leached samples is the broadening of the peak at ~633-639
cm' with more metal contamination, alongside multiple shouldering peaks. It has
been well-documented that if dopant ions are incorporated into LMO an Fd3m
structure at the octahedral 16d sites, the dopant ions will randomly distribute
themselves alongside charge balanced Mn ions, as has been supported by the XRD
data. 63-166 The broadening seen with leaching can be attributed to the fact that Mn-
O vibrational modes (and therefore the Raman bands produced) are highly sensitive
to the valence of the manganese ions in the structure. As the contaminant ions sit in
in these octahedral Mn sites, these directly affect the valence of Mn due to charge
balancing effects. For example, the Raman active F'2g vibrational modes observed
(at ~578 and 573 cm™' for QCR and EOL, respectively) provide evidence for this, as
an increased concentration of Mn** within the structure means that the shoulder
Mn#*—O Raman band is clearly visible for the QCR and EOL samples. The

prominence of this Raman band is greater in the EOL sample, which may be
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rationalised due to the larger proportion of divalent contaminant ions which were
incorporated into the EOL sample than the QCR material (determined using ICP).
The greater number of lower valence ions introduced requires more charge balancing
from Mn**, rationalising the prominence of this shoulder. The peak at 492 cm' in the
QCR and EOL samples can be attributed to F22g Mn—O stretching mode (or a Ni?*—O

stretch) and the bands located at ~380 cm to F32g symmetry.
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Figure 4.19. Raman spectrum of LiMn;O, with space group Fd3m — pristine (a), QCR (b)

and EOL (c).
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The Raman spectra for the pristine, QCR and EOL monoclinic a’-Mn oxalate
dihydrates are shown in Fig. 4.20 and 4.21. The commonalities in oxalate Raman

modes can be described as follows:167-169

515 — 574 cm': O—C—O bending

854 — 905 cm': O—C—O stretching or C—C stretching

1418 — 1462 cm™': symmetric C—O stretching

1614 — 1707 cm™': asymmetric C—O stretching

In Mn oxalate dihydrate, the Mn?* cation is coordinated to 2 water molecules and 2
bidentate oxalate ligands in an octahedral fashion. With the presence of contaminant
ions within the structure, this site occupation may be affected, and the Raman
spectrum indicates this with the presence of additional peaks. To focus on differences
between pristine, QCR and EOL samples, particular focus has been paid on the
lower wavenumber region of the spectrum where there are different Raman bands
observed between samples (between 400 and 1000 cm ). In this region, distorted
oxalate ion modes are anticipated, as well as M—O stretching vibrations within the
octahedral metal centre.'’%'7" There are peaks observed at 612 and 640 cm™ in the
QCR and EOL samples, respectively, which are not present in the pristine Mn oxalate
sample, indicating that introduced contaminant ions present within the structure are
causing localised distortion and further indicating that the contaminant ions are being

introduced in place of Mn within the structure.
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Figure 4.20. Lower region Raman spectra of a’-Mn oxalate dihydrate with space group

C12/c1 — pristine (a), QCR (b) and EOL (c).
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Figure 4.21. Extended Raman spectra of a’-Mn oxalate dihydrate with space group C12/c1 -

pristine (a), QCR (b) and EOL (c).
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The Raman spectrum for each Mn203 is shown in Fig. 4.22. The three Raman bands
(observed in all 3 materials) arose at 624 cm™, 337 cm™ and 281 cm in the pristine
sample. The most intense peak at 624 cm™' is assigned to the symmetric Mn3*—O
stretching modes in the filled octahedral sites (seen at 636 cm™ in QCR and 634 cm -
'in EOL). The Raman bands at 337 cm™" and 281 cm" are assigned to the
Mn—O—Mn asymmetric stretching mode and the out-of-plane bending modes of
Mn20s3, respectively. These bands are shifted to wavenumbers of at 348/342 cm"
and 293/290 cm™' for QCR/EOL materials, respectively.'’?>-174 The higher shift of
these Raman bands further clarifies the existence of contaminant ions within the local
structure of these manganese oxides, with the highest shift seen for the QCR
material with the highest proportion of contaminant ions. It is also clear that the
highest intensity of the Raman bands is seen for the pristine sample, which is
drastically reduced in QCR and EOL material. This reduced intensity and broadening
of the symmetric peak are defects which are introduced with contaminant ion
addition. The addition of divalent cations in place of Mn3* ions results in the need for
charge compensation within the structure of the Mn203, which is correlated with

oxygen vacancy formation in Mn oxides.'”3
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Figure 4.22. Raman spectra of Mn»O3 with space group Pcab — pristine (a), QCR (b) and EOL
(c)
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The Raman spectrum for Mn3O4 is shown in Fig. 4.23. Crystalline Mn3O4 has an
extremely distinctive Raman spectrum, with a dominant Raman band observed at
637 cm™ in the pristine sample which is characteristic of the spinel structure. This
intense peak is assigned with A1g symmetry and is caused due to the Mn-O
stretching vibration of the tetrahedrally coordinated Mn?* ions found in the structure.
In the pristine sample, the broad, low intensity peak at 455 cm™ is attributed to a Tzg
symmetry mode, caused by tetrahedral Mn?* motion within the structure (as observed
in experiments conducted by L. Malavasi et al.).’”® The vibrations at 350 cm™' and
267 cm™' can also be attributed to the T2g symmetry mode, and the peak at 297 cm™"
can be assigned the Eg symmetry mode.'62175-180 Ag seen for the Mn203 samples,
there is peak shifting and intensity reduction of the most intense Raman band when
compared with the pristine sample. The higher shift of these Raman bands further
clarifies the existence of contaminant ions within the local structure of Mn3Os4, and the
reduced intensities of the Raman spectra for the leached materials correlate with

oxygen vacancy formation in Mn the contaminated Mn3O4 samples.
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Figure 4.23. Raman spectra of MnsO4 with space group 141/amd — pristine (a), QCR (b) and EOL (c).
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4.4.3 SEM / EDX analysis

Scanning electron microscopy (SEM) was used to identify whether interconversion
had occurred through morphological comparison between samples. EDX analysis
was used to identify where contaminant ions were situated, to further determine
whether previous hypotheses about their location within the structures were correct.
SEM comparisons are shown in Figs. 4.24 — 4.29. Looking first at LMO, average
particle size is much lower in the pristine sample than in the QCR and EOL samples,
with most agglomeration arising in the EOL material. From this, it can be assumed
that an alternative lower temperature method was used to synthesise the pristine
LMO with finer particles, such as a sol-gel or precipitation method. Comparison of the
Mn oxalates also shows interesting morphological differences between the pristine,
QCR and EOL samples. The polyhedral-like structure of the Mn oxalate becomes
less apparent in the QCR and EOL samples, with the QCR sample exhibiting a
smaller particle size distribution, and the EOL sample exhibiting the smallest particle
size distribution of all the samples. Based on a Mn oxalate transition metal (TM)
doping study performed by Y. Duan et. al, it can be hypothesised that the TM
contaminant ions present in the leached Mn oxalate structures have a considerable
effect on the oxalate morphology. In the study, it was found that Ni-doping causes
aggregation of rod-like particles, Co doping causes fusiform morphology with larger
particle sizes, and Cu doping causes large particles with collaroid morphology.®® As
Ni, Co, and Cu contamination is seen amongst the QCR and EOL samples, these
contrasting morphologies are expected with increased contamination. For the Mn203
samples, the 750 °C heat treatment of the Mn oxalate precursors has resulted in

Mn20s3 products with similar morphological differences to the oxalates. The QCR
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sample has the smallest particle size distribution, and both pristine and EOL samples
have a similar degree of particle agglomeration. The pristine particles of Mn203
appear to be larger, with microcracks on the surface of the particles seen in all three
cases. For the Mn30O4 samples, the 1000 °C heat treatment of the Mn oxalate has
resulted in Mn3O4 particles with a smooth surface, and the agglomerated particles
appear more spherical in structure when compared to LMO, Mn oxalate and Mn20s.
The greatest degree of particle agglomeration and average particle size appears to

arise in the pristine Mn3O4; however, it can be seen in all cases.
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Figure 4.24. SEM image showing pristine (top) and QCR LiMn>O4 (bottom).
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Figure 4.25. SEM image showing EOL LiMn»Oy (top) and pristine Mn oxalate dihydrate

(bottom).
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Figure 4.26. SEM image showing QCR (top) and EOL Mn oxalate dihydrate (bottom).
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Figure 4.27. SEM image showing pristine (top) and QCR MnO3 (bottom).
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Figure 4.28.SEM image showing EOL Mn;Os; (top) and pristine MnsO4 (bottom).
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Figure 4.29. SEM image showing QCR (top) and EOL MnsO, (bottom).
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EDX analysis was used to aid explanation of where the contaminant ions were
located within the interconverted oxide structures. The EDX images are all shown in
Appendices 10.1 — 10.3. As Li emits radiation, which is too low in energy to be
detected, only Mn, O and contaminant ions were observed in the LMO samples. In
the pristine materials, there are no contaminant ions detected (as established in the
ICP-OES data). The manganese and oxygen (and carbon in the case of Mn oxalate)
was distributed across all the samples in a uniform fashion in the pristine material. In
the EDX images of QCR LMO, there were Ni and Al contaminant ions detected;
however Co and Cu were not observed (even though they were seen in the ICP
data). The amount of Co and Cu observed was much lower in the LMO sample than
for Al and Ni (0.05% and 0.06% vs 1.18% and 0.39%, respectively), therefore it is
reasonable that they were not detected. Once interconverted into the Mn oxalate
sample, the Al was no longer observed in the QCR sample, just Ni (again, no Co or
Cu due to their low quantities). The interconverted Mn203 and Mn30O4 QCR samples
also showed Ni contamination. In all the QCR samples, the Ni was distributed with
the Mn and O across the surface in a uniform fashion. This data does not disprove
the hypothesis that the contaminant ions replace Mn at octahedral sites within the
structure, hypothesised using ICP-OES, XRD and Raman analysis. In the EOL LMO
samples, contamination from Ni, Co and Al was expected based on the ICP
percentage mass data (0.64%, 1.31% and 0.59%, respectively). The EDX data for
LMO clarified these contaminant ions were present, and upon formation of EOL Mn
oxalate from this sample, Al was no longer detected, just Ni and Co, as seen in the

ICP-OES data. The subsequent Mn oxides had Ni and Co distributed uniformly
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across their surface again aligning with the hypothesis that these contaminants were

incorporated into the sample structure at Mn sites.

4.5 Conclusions

Through selective extraction of LiMn204 from quality control-rejected and end-of-life
battery Nissan Leaf cathodes, it has been demonstrated that this material can not
only be extracted but it can also be interconverted into an array of new Mn-based

products with the same crystal structure as their pristine counterpart.

The leached LiMn204 forms a cubic close-packed spinel structure with space group
Fd3m. For the interconverted materials, a’-Mn oxalate dihydrate formed with space
group C12/c1, Mn203 with space group Pcab, and Mn3O4 with space group 141/amd.
Through interconversion, most of the contaminant ions are incorporated into the
subsequent Mn-based structures, aside from Al were observed in the subsequent

materials, but did not cause any structural deviation from the pristine material.

In summary, these results have highlighted that LMO can be leached and
interconverted into an array of Mn-based products with minimal contamination.
Additionally, these experiments have highlighted that this minor contamination does
not impact the formation of the crystalline material with the desired space group
based on their comparison to the pristine case. These experiments lay emphasis on
the value that can be extracted from redundant LMO material from quality-control

rejected and end-of-life cathode material.
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4.6 Future work

To gain further understanding into the site at which the contaminant ions dope into
the interconverted materials is one avenue of research that would be interesting. This
investigation can be done through quantification of the average oxidation state of the
manganese ions within the pristine /QCR / EOL materials using X-ray absorption
spectroscopy (XAS). XAS is a technique which utilises the occupation of the d-
orbitals within the Mn atoms to determine the oxidation state that has been used
within studies of Mn oxide oxidation state in the past, and therefore would be a

valuable way to investigate this further.”’

To ensure all constituent materials are utilised in this upcycling process, future work
could involve the extraction of the Li from the filtrate, to close the loop within this
process. The extraction of Li carbonate is vital, as this product can be utilised as a
precursor material for new electrode manufacture when extracted as a battery grade
material.'®" Furthermore, this would highlight its commercial viability of this process —
by ensuring that not only the NCA phase left in-tact from the selective leaching of the
LMO, then that the Mn-based material is upcycled, but also that the Li material is
extracted too. Additionally, to ensure the circularity of this upcycling process by
keeping the materials within battery-based applications, investigation into the
electrochemical behaviour of Mn oxalate and Mn oxide samples will be of great
interest as ensuring materials remain within the battery supply chain is something
that could be of great value. Experiments investigating electrochemical behaviour of
these materials are outlined in Chapters 5 and 6 — the electrochemical behaviour of
Mn oxalate and MnO-C nanocomposites generated from pristine and leached

material will be investigated as conversion anode materials.
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5 Extracting value from upcycled Mn-based
material: synthesis and electrochemistry of
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5.2 Chapter introduction

As stated in the introduction, manganese (Il) oxide, or MnO, is a material which can
be used as a high-capacity conversion anode for Li-ion batteries, and the focus in
this chapter is the synthesis of a nanosized MnO—C composite (hanoMnO—C) by
reacting interconverted Mn oxalate (produced from both pristine LMO and from LMO
leached from quality-control rejected and end of life cathode sheets, as demonstrated
in Chapter 4) with a carbon-rich linker. As highlighted in section 1.5.6, synthesis of
nanoMnO—C composites from MOF precursors involves complex solvothermal
routes and little investigation has been done into mechanochemical synthesis of
these material. The first aim of this Chapter is therefore to determine a synthetic
route that will streamline this manufacturing process, further enhancing the upcycling
opportunity for the leached material. The second aim of this chapter is to signify the
effectiveness of manufacturing these nanocomposites from leached cathode material
by comparing the electrochemical performance of these materials to that of the

pristine nanocomposite equivalent.

5.3 Methods

In these experiments, several nanoMnO-C composites have been synthesised and
compared. There are comparisons between particle sizes of pristine nanoMnO-C
composites (with precursors derived from Alfa Aeser LiMn204, as defined in Chapter
3) through different heating temperatures, followed by comparisons between
nanoMNO-C composite materials derived from pristine, quality control-rejected (QCR)

and end-of-life (EOL) lithium manganese oxide spinel (LiMn204, LMO). As stated in
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previously, L. L.Driscoll et al.’s reductive acidic leaching method has been used to
extract LiMn204 from QCR and EOL Nissan Leaf composite electrodes (detailed
description of this process is outlined in section 4.3.2 — 4.3.3), which has been added
to oxalic acid to form Mn oxalate dihydrate. After a series of optimisation steps the
nanoMNO-C composite was successfully synthesised by grinding Mn oxalate dihydrate
powder with terephthalic acid in a 1:1 molar ratio for 12 hours at 800 rpm, with 5-
minute rest periods programmed every 10 minutes. Once ball milled, this material
was transferred to an alumina crucible and heated to a given temperature under
nitrogen at a ramp rate of 5 °C/ min and held at this temperature for 4 hours. For the
particle size analysis, the pristine Mn oxalate/ terephthalic acid mixture is heated to
400 °C, 600 °C, 800 °C and 1000 °C with a 4 hr hold time (all ramp rates used are 5
°C/ min). The pristine, QCR and EOL samples are compared based on the 600 °C
heat treatment with a 4 hour hold time. A flow chart to illustrate the interconversion

process is outlined in Fig. 5.1.
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5.4 Results — hanoMNO—C synthesis

In this section synthetic conditions of the nanoMNO—C composites are optimised, and
structural differences compared using Mn oxalate dihydrate from pristine, QCR and
EOL LiMn204 sources (synthesised using the method outlined in Fig. 5.1). As tackling
waste from QCR and EOL batteries is an issue that has only become apparent in
recent years, Mn oxalate synthesised from leaching of LiMn204 from battery waste
has not yet been explored as a precursor for the synthesis of nanoMNO—C
composites. This novel synthetic route therefore requires investigation using pristine
material to verify its success, outlined in sections 5.4.1 — 5.4.2. Synthesis of these
nanocomposites has been done with the aim of upcycling redundant battery material
into nanoMNO-C composites that can be used as conversion anodes in battery
applications. As hypothesised in section 1.5.4, beginning with a smaller particle size
means that less pulverization of the nanocomposite in an electrochemical
environment is expected. This therefore means that, in section 5.4.3, particle size
optimisation experiments were outlined to ensure resultant nanocomposites were fit
for anode utilisation. Following on from these optimisation experiments, these
nanoMNO-C composites are then synthesised from Mn oxalates from leached battery
material and compared, outlined in section 5.4.4, ready for electrochemical testing in

section 5.5

5.4.1 Determining reaction conditions to synthesise the nanoMnO—C

composite

182



To obtain to a nanoMnO—C composite using this novel synthetic route, multiple
reaction conditions have been explored using commercial Mn oxalate dihydrate
powder (Mn oxalate derived from Alfa Aeser LiMn20a4), termed “pristine” in the
following sections. Synthetic investigations outlined in in sections 4.2.2 guided for the

conditions explored in this section.

Firstly, to determine whether any additional precursors materials were required to
form a MnO product, the Mn oxalate dihydrate was heated in an inert nitrogen
atmosphere up to 600 °C at a rate of 5 °C/ min and held at this temperature for 4
hours. The selected annealing conditions are based on an array of heating conditions
and temperature hold times that have been explored for nanoMNO—C composite
synthesis in the literature, which span times between 600 — 800 °C and 2 — 4
hours.86:87.182 The resulting powder was analysed using x-ray diffraction, and it was
observed that the despite performing the reaction under nitrogen, the Mn oxalate
decomposed, and the Mn predominantly oxidised to form the Mn3O4 phase, with a
minor phase of MnO. The predominant Mn3O4 phase formed with space group
14:/amd and MnO with space group Fm3m, marked in the refined phase in Fig. 5.2.
The percentage composition of each of the phases, calculated using Rietveld

refinement, were calculated at 97.9% Mn3O4 and 2.1% MnO.
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Figure 5.2. Rietveld refinement showing composition of product obtained from heating of Mn
oxalate dihydrate under N» to 600 °C at a rate of 5 °C/ min and held at this temperature for 4
hours. Peak matching shows a mixture of MnsQO4 with reflections for space group 141/amd

marked in blue and MnO with space group Fm3m marked in red.

The next avenue of research for the synthesis of this nanoMNO—C composite was to
form and decompose a Mn-based metal organic framework (MOF), something that
has been explored extensively in the literature, due to their simple synthesis with
great homogeneity in the resultant carbon framework.”®-8" In a study conducted by R.
Das et al., it was demonstrated that transition metal oxide (TMO) nanoparticles are
synthesisable by heat treatment of transition method MOFs, with effective TMO
dispersion within the carbon matrix — this is a desirable characteristic for an electrode
as it ensures homogeneity across the electrode which ensures electrode stability
during cycling.'® As outlined in section 1.5.6, MOFs can synthesised using complex
solvothermal methods, however, for this investigation, a mechanochemical method

was used. This was due to the fact that these methods are considered to be
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environmentally friendly, effective and scalable, which is desirable in the context of
these upcycling experiments.'8 Additionally, the resultant MOF was to be used as a
sacrificial precursor material for decomposition into a nanoMnO—C composite,
therefore a straightforward the synthetic route was chosen to streamline the
synthesis. To generate a Mn-MOF that could be decomposed into the desired -
nanoMNO—C composite two precursors were nominated: Mn oxalate, as the transition
metal source, and a terephthalic acid organic linker (the structure of this is shown in
Fig. 5.1). Methods akin to this to produce MOFs have been explored in the literature,
using terephthalic acid and transition metals precursors to generate the relevant
transition metal organic frameworks though mechanochemistry, as explored by B.
Karadeniz et al. in a mechanochemical Zr-MOF study: they used a Zr-acetate
precursor synthesised using Zr propoxide and acetic acid, not too dissimilar from the
synthesis of the Mn oxalate precursor utilised in this Chapter, combined with a series
of terephthalic acid / other acid based linkers and water to generate the desired Zr-
MOF.8% Another example of such synthesis involves a solvent-free
mechanochemical study by W.L.Teo et al., whereby chromium nitrate nonahydrate
and terephthalic acid were mixed together through ball milling. After mixing they were
heat treated in an autoclave in order to synthesise the desired Cr-MOF product.'8
The use of a substantial organic linker ensured there will be enough carbon present
so that after oxidation there would still be enough carbon to form the carbon
composite product. Multiple simple mechanical routes were explored to generate the
MOF-like precursor prior to decomposition. In all cases, the Mn oxalate dihydrate
precursor was ground with terephthalic acid in a 1:1 molar ratio. The XRD patterns

comparing the products of these mechanochemical conditions are shown in Fig 5.3.
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Figs. 5.3.a and b show the individual XRD patterns for the two precursor materials to
act as a comparison to the ground/ ball milled products. The least ‘aggressive’
technique was to grind by hand for 20 minutes using a pestle and mortar, shown in
Fig. 5.3.c. This method caused no mechanochemical reaction as exhibited by the
XRD pattern whereby there is a mixture of the two precursor materials. To increase
the prospect of reaction a planetary ball mill was used, and two different milling times
were explored. The 1:1 oxalate: organic linker molar ratio was maintained, and one
experiment involved milling at 800 rpm for 2 hours, and the other involved milling at
800 rpm for 12 hours. The 2-hour milling time was not sufficient to cause a
mechanochemical reaction, as shown in Fig. 5.3.d, whereas the longer milling time,
shown in Fig. 5.3.e, appeared to show some differences to the precursor Bragg
peaks. In the Fig 5.3.e, the Mn oxalate phase is still present, but the peaks had
broadened, and the diffraction peaks corresponding to the terephthalic acid linker had
clearly decreased in intensity and broadened, indicating that the terephthalic acid had
significantly begun to react in the mechanical process as the crystallite size
decreased. Terephthalic has been reported to react effectively using
mechanochemical methods, as outlined in the Cr-MOF study by W.L.Teo et al. What
is key to note from their study is that the ball milling was the preliminary step in the
reaction, and there was a 300 °C heat treatment step required to generate the
desired MOF product.'® Seeing as the experiments in this Chapter only focussed on
generating a sacrificial MOF material that could then be heat treated to form the
nanoMNO-C composite, a series of heat treatment analyses were undertaken on the
material depicted in Fig. 5.3.e. This product was heated to temperatures exceeding

300 °C , to determine whether this initial ball milling reaction was sufficient to cause a
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preliminary reaction between the precursors that could subsequently be heated to

generate a nanoMnO-C composite product.
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Figure 5.3. XRD patterns of the precursors: Mn oxalate dihydrate (a) and terephthalic acid

organic linker (b) and the products after mechanical treatment: hand ground product (c) and:

2-hr planetary ball milled product (d), 12-hour planetary ball milled product (e).
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To synthesise the nanoMNO—C composite, the 12-hour ball milled sample was heated
to 600 °C in an inert N2 atmosphere and held for 4 hours at this temperature, to act
as a direct comparison to the heating of Mn oxalate alone (shown in Fig. 5.2). The
XRD pattern for this attempted synthesis is shown in Fig. 5.4 with peak indexing.
Using pattern matching, the XRD pattern correlates to a face centred cubic MnO
structure with space group Fm3m. Based on this and Rietveld refinement, shown in
Fig. 5.5, it was clear that crystalline MnO had formed. The large broad peak at
approximately 20 ° 20 in Fig. 5.4 be assigned to that of amorphous carbon seen
within the structure, as has been identified by J. Hou et al. in a previous MNnO—C

composite study.® This indicates that the nanoMNO—C composite had formed
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Figure 5.4. XRD pattern showing the nanoMnO-C composite product from heating 12 hr ball
milled Mnox : TA 1:1 mixture to 600 °C at a rate of 5 °C/ min with a 4-hour hold. The space

group of the MnO phase is Fm3m.
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successfully. Further experiments to verify these findings are outlined in section

5.4.2.

40000 -

30000 -

20000 -

Intensity

10000 A

Figure 5.5. Rietveld refinement showing composition of product obtained after Mn oxalate
dihydrate/ terepthalic acid mechanochemical product was heated under N> to 600 °C at a
rate of 5 °C/ min and held at this temperature for 4 hours. Peak matching shows MnO with

with reflections for space group Fm3m marked in blue.

5.4.2 Experimental confirmation for the synthesis of the nanoMNnO—C

composite

Though XRD analysis gave initial clarification that the nanoMNO—C composite had
been synthesised, further characterisation techniques were used to verify that these
had formed before tailoring the synthesis and applying it to the leached QCR and

EOL Mn oxalate material. For further verification Raman, SEM-EDX, and TEM were

used.
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X-ray diffraction did not give clear diffraction peaks for the carbonaceous portion of
this material, due to the lack in long range order, therefore Raman spectroscopy was
used for further clarification. The Raman spectrum for this material is shown in Fig.
5.6. Focussing firstly between 300 and 700 cm' there are 3 observable peaks that
correspond to the Mn-oxide phase, at around 314, 364 and 653 cm™'. These
vibrational modes may correspond to a Mn3O4 impurity phase within the nanoMNnO—C
composite, as a previous study on nanosized manganese oxides by N. Mironova-
Ulmane et al. reports similar vibrational results from synthesised MnO samples. What
is certain is that the Mn-O vibrational mode is the reason for the sharp peak at 653
cm'.87 This Mn304 impurity phase must be nanosized, as there is no evidence for it

in the XRD pattern of this nanoMNO-C composite. Focussing on the carbonaceous
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Figure 5.6. Raman spectrum of the nanoMnO—C composite product from heating 12hr ball
milled Mnox : TA 1:1 mixture to 600 °C at a rate of 5 °C/ min with a 4-hour hold.

191



region of the spectrum there are two large peaks at 1337cm™ and 1594 cm-', that are
associated with carbon in the structure. The peak at 1337 cm' is assigned to the
disordering of the carbon and the peak at 1594 cm' corresponds to the ordered
graphitic carbon. These peaks have also been identified in a MNnO—C nanocomposite
study by J. Zhu et al.8° The D and G bands correspond to sp? and sp® hybridised
carbon stretching modes, and the intensity ratio (Io/lc) has been used to evaluate the
degree of disorder of the material by experimentalists in the past. The Io/lc ratio is
described further in section 5.5.'8 To determine the crystallite domain size of the

MnO particles, the Scherrer equation was used, outlined in equation 8:

KA
= BrcosO [8]

Where T corresponds to the mean size of the crystalline material domains, K is the
shape factor (which is usually set to 0.94), A is the wavelength, B; is the full width at
half maximum (FWHM), and 6 corresponds to the Bragg angle.'® In these
calculations, the full width at half maximum can be defined as the width of the
gaussian Bragg peak at half of the maximum peak height in the XRD pattern. The
most intense peak at ~47.4 ° 26 — the (200) peak — was selected for mean crystallite
calculation, since it is the most defined peak meaning the FWHM error was expected

to be minimised the most effectively. This calculation is shown in Table 5.1.
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Table 5.1. The mean crystallite size calculation for the nanoMnO—C composite heated to 600

°C at a rate of 5 °C/ min with a 4-hour hold

Temperature held Full width at half (200) peak Mean crystallite
for 4 hours (°C), maximum (°) domain size
(26) (nm)
600 0.56508 47.43 19.53

Based on this calculation, it can be clarified that nanosized MnO particles were
synthesised using this method. To determine the elemental distribution of the

nanoMNO-C composite and to see the morphology, SEM-EDX analysis was used. Fig.

5.7 and Appendix 10.4 show the SEM image and the EDX analysis of the material,

¥ [ 4
ting 12hr ball milled

v 1 ’ e , ¥ e "
Figure 5.7. SEM image of the nanoMnO-C composite product from hea

Mnox : TA 1:1 mixture to 600 °C at a rate of 5 °C/ min with a 4-hour hold
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respectively. In the SEM image there appears to be partial particle aggregation with
an array of discrete particle sizes observed. From the EDX analysis, there is a clear
uniform distribution of manganese, oxygen, and carbon, as shown by the surface of

the material showing their uniform dispersal across the image surface.

To obtain better resolution to distinguish the MnO phase within the carbon
framework, transmission emission spectroscopy (TEM) was used, shown in Fig. 5.8.
In a MOF-derived MNnO—C nanocomposite study by G. Nagajaru et al. TEM imaging
was used to highlight the presence of MnO in a carbonaceous framework and the
images produced in this study were valuable for ensuring the nature of the carbon
framework was of a similar nature. As observed by G. Nagajaru et al., the MnO

nanoparticles appear to be immersed in the carbon framework. Additionally the

transparency of the carbon framework highlights how thin in nature indicating that the

Figure 5.8. TEM imge of the nanoMnO-C composite product from heating 12hr ball milled
Mnox : TA 1:1 mixture to 600 °C at a rate of 5 °C/ min with a 4-hour hold.
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high surface area of the carbonaceous material in this structure may enable charge
storage during electrochemical cycling.2' The TEM image in Fig. 5.8 clearly shows
the suspension of nanoparticles of similar morphology and particle size present
amongst a framework which, based on the EDX analysis in Appendix 10.4 and
comparison with the literature, can be assigned as this carbon matrix. Based on
these combined analysis techniques (XRD, Raman, SEM-EDX and TEM), it was

verified that the nanoMNO—C composites have successfully been synthesised.

To quantify the approximate carbon content within the 600 °C / 4 hr nanoMnO-C
composite, a leaching method was used, since it was recognised in the leaching
experiments in Chapter 4 that the manganese and oxygen could be leached using
ascorbic acid. The nanoMNO-C composite was weighed and then added toa 1.25 M
solution of ascorbic acid that was heated to 60 °C, stirred for 60 minutes and then
filtered afterwards. The remaining powder after leaching represented 29% by weight
of the original material, which was suspected to correspond to the carbonaceous
portion of this material, which means that 71% of the sample mass was composed of
manganese oxide. This therefore means that an approximate 7:3 ratio of MnO:C in
these samples can be rationalised. For clarification that the MnO had been removed
XRD and SEM-EDX were used, shown in Fig. 5.9 and Appendix 10.5, respectively.
Though there were a few impurity peaks seen in the XRD pattern of the leached
material in Fig. 5.9.b, the peaks corresponding to the MnO phase were no longer
present, indicating that the MnO been successfully leached from the original sample.
Comparison between the original 600 °C / 4 hr nanoMNO—C composite sample in Fig.
5.9.a and the leached sample indicates this. To further clarify the leaching of the MnO
from the nanocomposite, SEM-EDX analysis was used. Based on the analysis, only
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0.3 % Mn by weight remained on the filter paper after leaching, indicating that the
vast majority of the MnO material had been extracted from the carbonaceous

framework.
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Figure 5.9. XRD comparisons of remaining powder after leaching (a) and the original 600 °C /

4 hr nanoMnO—C composite (b) the remaining powder after leaching
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5.4.3 Tailoring reaction conditions for the nanoMNO—C composite

After having found a successful synthetic route for this nanoMNO—C composite using
the aforementioned 12 hour ball-milling-MOF degradation method, now referred to as
the 12BM-method, various annealing conditions were trialled in order to determine
how particle size was affected, as it was hypothesised in section 1.5.4 that synthesis
of nanosized MnO particles were crucial in order to minimise first cycle irreversible
capacity losses in anode applications, as it was predicted that there would be less
MnO pulverisation prior to the MnO conversion reaction in the first discharge, which
would lead to less first cycle irreversible capacity loss. Based on the particle sizes of
the materials synthesised in these experiments, numerous conditions would be
selected to test this prediction using galvanostatic cycling. Particle size optimisation
experiments were explored to synthesise the nanoMNnO—C composite using the 12BM-

method outlined in section 5.4.3; however, the holding temperatures were varied:

400 °C

600 °C (from original 12BM method)

800 °C

1000 °C

The different heat treatment results are shown in Fig. 5.10. The 400 °C heat
treatment did not afford a crystalline nanoMNO-C composite product (shown in
Fig.5.10.a), as this did not provide sufficient energy to reach the required activation
energy for the reaction, whereas the 600 °C, 800 °C and 1000 °C heat treatment of
these materials produced a crystalline phase which pattern matched to a face-

centred cubic MnO structure with space group Fm3m (shown in Figs. 5.10.b— d). For
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initial crystallite size comparison of these materials, the Scherrer equation was used

(see equation 8).
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Figure 5.10. XRD patterns of 12hr BM-MOF samples that had been heated at 5 °C/ hr under
N to temperatures of 400 °C (a), 600 °C (b), 800 °C (c), and 1000 °C (d) and held at these

temperatures for 4 hours.
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For each heat treatment, calculated crystallite sizes were shown in Table 5.2. These
calculations indicate that higher heating temperatures afforded the largest average
crystallite size, therefore it was hypothesised that 600 °C heat treated material would
produce nanoMnO—C composite materials that had the lowest degree of first cycle
irreversible capacity loss as anode materials (as hypothesised in section 1.5.4). To
act as further comparison, cubic MnO with space group Fm3m from Fisher scientific
(Mn 76.0-78.0%, typically 99%) (labelled Fisher MnO in the discussion) was ground
using the same ball milling conditions of the active material with carbon black prior to
being formed into a slurry for anode manufacture. The FWHM and crystallite domain
size calculations are shown in Table 5.2, and the refinement of this material is shown
in Fig. 5.11. The calculated value for the crystallite domain size is generated based
on the FWHM of the ~47.4 ° 20 peak and the Scherrer equation and is calculated at
33.35 nm. Thus, the primary difference between this pristine MnO was that it was
lacking in the carbon composite network seen in the 600 °C and 1000 °C
nanocomposites — which was a useful reference point to determine whether this

carbon network had any influence on electrochemical behaviour/ capacity retention.
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Table 5.2. Comparing hold temperatures for 12hr BM-MOF samples that had been heated at

5 °C/ hr under N, and held at 4 hours at 600 °C, 800 °C, and 1000 °C.

Temperature Full width at half (200) peak Mean crystallite
held for 4 hours maximum (°) domain size
(°C) | sample (20) (nm)
name
600 0.56508 47.43 19.53
800 0.45005 47 .43 24 .52
1000 0.28168 47 .41 41.90
MnO (Fisher) 0.26713 47.50 33.35
S U e

30 40 50 60 70 80 90 100

26

Figure 5.11. Rietveld refinement showing Fisher MnO sample that had been ground at 350
rom for 30 minutes. Peak matching shows MnO with reflections for space group Fm3m

marked in blue.
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To further clarify differences in the materials, Rietveld refinement was used. The
refined samples for Fisher MnO and the 600 °C, 800 °C, and 1000 °C heat treated
nanocomposites are shown in Figs. 5.11, 5.5, 5.12 and 5.13, respectively. The
calculated lattice parameters and cell volumes for all MnO samples are shown in
Table 5.3 and Figs. 5.14 and 5.15. The cell volumes and lattice parameters show that
there is significant lattice parameter and cell volume shrinkage for the 1000 °C
sample compared with the 600 °C and 800 °C samples, the latter two having such a
significant standard deviation error bar overlap that the difference in these samples is
not statistically significant. One cause for this may be differing amounts of oxygen
vacancies (Vo) between samples. V6 are common in manganese oxides which
means they are commonly utilised in catalytic experiments owing to their versatile
oxidation behaviour, as explored in a study of MnO2 nanosheets by Wu et al.’®
Additionally, the cell volume/ lattice parameter values align with the significant
difference of 1000 °C nanoMNO—C composite crystallite domain size compared to the
600 °C and 800 °C samples. This Fisher MnO material has the highest lattice
parameter and cell volume dimensions of the MnO samples and is expected to have
the poorest capacity retention due the absence of the carbon composite which would
buffer any volume changes of the electrode due to the conversion reaction. As a
result of these findings, the cells chosen for electrochemical analysis were therefore
the 600 °C / 4 hr, the 1000 °C / 4 hr and the Fisher MnO (or 350 rpm / 30-min)
samples. Due to the similarities in lattice parameters and cell volumes between the
600 °C /4 hr and 800 °C / 4 hr nanocomposites, the former material was chosen due
to the reduced energy required to generate the nanocomposite by using a lower hold-

time temperature.
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Figure 5.13. Rietveld refinement showing composition of product obtained after Mn oxalate
dihydrate/ TA mechanochemical product was heated under N> to 800 °C at a rate of 5 °C/
min and held at this temperature for 4 hours. Peak matching shows MnO with reflections for

space group Fm3m marked in blue.
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Figure 5.12. Rietveld refinement showing composition of product obtained after Mn oxalate
dihydrate/ TA mechanochemical product was heated under N> to 1000 °C at a rate of 5 °C/
min and held at this temperature for 4 hours. Peak matching shows MnO with reflections for

space group Fm3m marked in blue.
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Table 5.3. Calculated lattice parameters and cell volumes for 12hr BM-MOF samples that

had been heated at 5 °C/ hr under N, to temperatures of 600 °C, 800 °C, and 1000 °C and

held at these temperatures for 4 hours, and of the Fisher MnO sample that had been ground

for 30 min at 350 rpm.

Sample conditions / I.D. a, b and c lattice Cell volume

parameter (A) (A)
600 °C /4 hr 4.4384(3) 87.430(2)
800 °C / 4 hr 4.4385(5) 87.440(3)
1000 °C / 4 hr 4.4420(2) 87.650(1)
Fisher 4.4446(1) 87.802(4)

Rwp (%)

3.25

5.52

4.90

3.87
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Figure 5.14. Calculated lattice parameters for 12hr BM-MOF samples that had been heated
at 5 °C / hr under N- to temperatures of 600 °C, 800 °C, and 1000 °C and held at these
temperatures for 4 hours, and of the Fisher scientific MnO sample that had been ground for

30 min at 350 rpm.
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Figure 5.15. Calculated lattice parameters for 12hr BM-MOF samples that had been heated
at 5 °C / hr under N- to temperatures of 600 °C, 800 °C, and 1000 °C and held at these
temperatures for 4 hours, and of the Fisher scientific MnO sample that had been ground for

30 min at 350 rpm.

To clarify the presence of the carbon framework in the 1000 °C/ 4 hr sample heat
treated sample, TEM imaging was used, shown in Fig. 5.16. In the TEM image the
carbon framework encapsulates the MnO particles and is highly transparent in the
image, highlighting its high surface area and elucidating the increased redox activity
and resultant extra charge storage observed in these nanocomposite samples, as

observed for the 600 °C/ 4 hr sample.
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Mnox : TA 1:1 mixture to 1000 °C at a rate of 5 °C/ min with a 4-hour hold.

5.4.4 Synthesis of nanoMNO—C composites from pristine, QCR and EOL
leached LMO cathode material

After having established that varying the hold-time in the 12BM synthetic method
afforded materials of different particle sizes, and as it was hypothesised in section
1.5.4 that synthesis of nanosized MnO particles were crucial to minimise first cycle
irreversible capacity losses, heating conditions of 600 °C/ 4h (the original 12BM
conditions, outlined in section 5.4.3) were selected to synthesise nanoMNO—C
composites from QCR and EOL Mn oxalate precursors. The synthetic route for this is

outlined in section 5.3 — instead of a pristine Mn oxalate precursor, LiMn204 extracted

208



from QCR and EOL battery material was used to synthesise Mn oxalate (labelled
QCR and EOL Mn oxalates). As stated at the beginning of section 5.4, nhanoMnO—C
composites synthesised from leached battery material have not been explored in the
past, therefore determining a synthesis for the QCR and EOL nanocomposites as
well as understanding structural differences prior to testing was imperative for these
novel conversion anodes. nanoMNO—C composites were synthesised via the 12BM-
method using pristine, QCR and EOL Mn oxalate precursors. XRD patterns
comparing the pristine, QCR and EOL nanoMNO—C composites are compared in Fig.
5.17, where all the Mn oxalate precursors afforded a crystalline product which pattern
matched to a face centred cubic MnO structure with space group Fm3m. To quantify
and compare crystallite sizes of these materials, the Scherrer equation was used.
Based on the FWHM of the ~47.4 ° 20 peak and the Scherrer equation, the crystallite

domain sizes for these materials are shown in Table 5.4.

Table 5.4. The effect of Mn oxalate source on crystallite domain size in nanoMnO—C

composite
Mn oxalate Full width at half (200) peak Mean crystallite
source (held for maximum (°) domain size
4 hours at 600 (FWHM) (nm)
°C)

Pristine 0.56508 47.43 19.53

QCR 0.53425 47.44086 19.96

EOL 0.60765 47.51206 14.35
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Figure 5.17. XRD patterns of pristine (a), QCR (b) and EOL (¢) nanoMnO—C composites
formed from pristine, QCR and EOL Mn oxalate dihydrate, respectively, heated to 600 °C at

a rate of 5 °C/ min with 4-hour hold.
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To quantify the lattice parameter/ cell volume variation in the materials, Rietveld
refinement was used. The calculated lattice parameters and cell volumes are shown
in Table 5.5 and Fig. 4.18, and the refinement of the pristine is shown in Fig. 5.5, and
the QCR, and EOL nanoMNnO—C composites are shown in Fig. 5.19. The cell volumes
and lattice parameters show that there is significant lattice parameter and cell volume
shrinkage for the EOL sample compared with the QCR and pristine samples, the
latter two having such a significant standard deviation error bar overlap that the
difference in these samples is not statistically significant. This aligns with the
significant difference of EOL nanoMnO—C composite crystallite domain size compared

to the pristine sample.

Table 5.5. Calculated lattice parameters and cell volumes for pristine, QCR, and EOL
nanoMnNO—C composite 12hr BM-MOF samples that had been heated at 5 °C/ hr under N; to a

temperature of 600 °C and held for 4 hours.

Mn oxalate source a, b and c lattice Cell volume Rwp (%)
(held for 4 hours at 600 parameter (A) (A)
°C)
Pristine 4.4384(3) 87.430(2) 3.25
QCR 4.4384(4) 87.434(2) 4.23

EOL 4.4339(6) 87.170(4) 4.04
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Figure 5.18. Calculated lattice parameters (top) and cell volumes (bottom) for pristine,

QCR, and EOL 52n0MnO—C composites for 12hr BM-MOF samples that had been heated

at 5 °C/ hr under N, to a temperature of 600 °C and held for 4 hours.
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Figure 5.19. Rietveld refinements showing composition of product obtained after QCR (top)
and EOL (bottom) Mn oxalate dihydrate/ TA mechanochemical product was heated under N>
to 600 °C at a rate of 5 °C/ min and held at this temperature for 4 hours. Peak matching

shows MnO with space group Fm3'm
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As investigated in Chapter 3, transition metal element contamination is expected in
the QCR and EOL samples, due to their presence in the interconverted Mn oxalate
precursors, with the most significant contamination for the precursor expected to
come from Ni and Co, due to the presence of the Ni-rich NCA phase and the longer
leaching time required in the EOL sample. Though ICP-OES was used to analyse the
pristine, QCR and EOL nanocomposites outlined in this section, sampling errors
meant that confidence in accurate quantification of the impurities present in these
samples using microwave digestion and ICP-OES was not assured. The aqua regia
microwave digestion medium used to dissolve the nanocomposites prior to dilution
did not dissolve the carbonaceous framework that surrounded the MnO nanoparticles
which meant that filtration of the digested samples was necessary prior to ICP-OES
analysis. Due to uncertainty that all the carbonaceous material had been accurately
collected in the filtration process, the calculated weight of the dissolved sample was
not assured. Though quantification of contamination was not assured, transition
metal presence can be used to compare differences between the pristine and the
leached (QCR/ EOL) nanocomposites. The presence of contamination in the samples
have been depicted in Appendix 10.6. Based on the ICP-OES data, negligible
contamination was observed for the pristine sample, as expected, whereas for the for
the QCR and EOL samples, contamination from Al, Co, Li, and Ni was observed.
Based on previous degrees of contamination for the QCR and EOL samples, outlined
in Chapter 4, it is hypothesised that the degree of contamination for these materials
is higher for the EOL material than for the QCR material. The electrochemical
behaviour of this leached material, investigated in section 5.5.2, will provide more

evidence as to whether this is the case.
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5.5 Results and discussion — nanoMNO—C electrochemical
comparisons

The nanocomposites synthesised in section 5.4.3 were first galvanostatically cycled
to see how nanocomposites of different particle sizes impacted electrochemical
behaviour followed by differential capacity analysis comparisons of these samples,
outlined in section 5.5.1. Sections 5.5.1 consolidates selection of the preferred
synthetic conditions to generate QCR and EOL nanoMNO—C composites. Following on
from this, in section 5.5.2, the pristine, QCR, and EOL samples are compared using
galvanostatic cycling and differential capacity calculations aid comparisons between
these upcycled nanoMNO—C composites to support understanding of the differences in

electrochemical behaviour.

5.5.1 Electrochemical comparisons of nanoMNO—C composites with

differing crystallite domain sizes

The general half-cell manufacturing procedure is outlined in Experimental 3.5.1. To
compare the influence of particle size on electrochemistry, each of the 600 °C and
1000 °C nanoMnO—C composites and the Fisher MnO were mixed with carbon black
and sodium carboxymethylcellulose (CMC) in an 80:10:10 ratio, respectively, and
coated onto a copper film before cutting out electrodes to test in a Li-ion battery half-
cell vesus Li/Li*. Before adding water to make the anode slurry, the active material
and carbon black for each of the MnO samples were ground together using a
planetary ball mill at 350 rpm for 30 minutes to ensure effective mixing had taken
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place. Once Li-ion half cells of these materials had been synthesised, they were
cycled using galvanostatic cycling with potential limitation, which is the standard
technique used for electrochemical analysis of batteries. These conversion anodes
were cycled between 0.05 and 3 V vs Li*/Li for 20 cycles. The Fisher MnO and 600
°C / 4 hr nanoMNO—C composite half-cells were cycled using constant current of 10
mAg" for the first few formation cycles, followed by 50 mAg™" current applied for
subsequent cycles. For the 1000 °C/ 4 hr nanoMnO—C composite half-cells, only 10

mAg' current was applied as the cells failed when increased to 50 mAhg".

Focussing on the first cycle in the voltage-capacity plot for these three cells, shown in
Figs. 5.20 — 5.22, the voltage rapidly drops to 0.2, 0.3, and 0.35 V during discharge
for the Fisher, 600 °C/ 4 hr and 1000 °C/ 4 hr samples, respectively. This rapid drop
corresponds to the decomposition of the electrolyte and subsequent formation of the
solid-electrolyte interphase.’® After the voltage drop, there is a plateau in voltage, as
expected, corresponding to the lithiation process, which is indicative that the Mn?*
within the oxide is being reduced to Mn during discharge (shown in the forward
reaction in equation 1 in section 1.5.1). The voltage drop from the plateau to 0.05 V
at the end of discharge is has also been observed in experimentation into MNO—C
nanocomposites by Y. Lin et al., where it was thought to be indicative of further Li
insertion into the carbon framework.®% In the first charge a slope between 1 and 1.75
V for Fisher samples, and between 1 and 2.15 V for both the 600 °C/ 4 hr and 1000
°C/ 4 hr samples, is indicative of the oxidation of metallic manganese to the divalent

Mn which corresponds to the reverse reaction shown in equation 3.
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Figure 5.20. Voltage-capacity curve of one of the MnO (Fisher) half-cells.
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Figure 5.21. Voltage-capacity curve of one of the 600 °C / 4 hr half-cells
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Figure 5.22. Voltage-capacity curve of one of the 1000 °C/ 4 hr half-cells.

The average first discharge/charge capacities and coulombic efficiencies of the half-

cells are shown in table 5.6.
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Table 5.6. First discharge/charge capacities of each MnO sample with calculated coulombic

efficiency
MnO sample/ First discharge First cycle Coulombic
heating conditions capacity irreversible capacity efficiency
(mAhg) loss (%)
(mAhg)
Fisher 350 rpm / 30 901 (+24) 312 (8) 65 (£0.004)
min
600 °C/ 4 hr 1060 (+90) 320 (+45) 70 (20.02)
1000 °C/ 4 hr 1092 (£13) 320 (£11) 71 (x0.01)

In the first cycle, the coulombic efficiency quantifies the extent of the first cycle
irreversible capacity loss exhibited for each MnO studied. The greatest first cycle
capacity loss arises in the Fisher sample. One reason for this may be that beginning
cycling the material from a smaller particle size limits pulverisation of electrodes and
minimises these first cycle losses, as hypothesised in the introduction of this Chapter.
Additionally, in the Fisher sample, there is no carbon framework to buffer the volume
changes that arise during material conversion, which could cause electrode cracking
leading to a loss of electrical contact in the cell. The 600 °C/ 4h and 1000 °C/ 4h
nanoMNO—C composites exhibit almost identical coulombic efficiencies despite the
1000 °C/ 4 hr sample being just over double the mean crystallite domain size than
the 600 °C/ 4 hr material, shown in table 5.2, which is suggestive that the
carbonaceous composite framework in these nanocomposites enhances the capacity

retention in these — the difference would make sense seeing as different hold
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temperatures were applied to these materials, which would impact the graphitisation
of the carbon framework. One way to understand the differences in these carbon
frameworks degree of graphitisation of the carbon for these two samples, the Io/lc
intensity ratio of the G and D peaks can be used to investigate the differences
between the carbon composites.’. It is key to mention that precise quantitative
information is not always possible using Raman spectra due to features such as a
high background signal in the Raman spectrum. Unfortunately, the Io/lc intensity ratio

of the G and D peaks was not investigated in this study due to time constraints.

The next thing to consider for these MnO samples is the differences in capacity
exhibited — the first discharge capacity is much greater for the carbon
nanocomposites than for the Fisher sample, with both nanocomposites exhibiting
capacities of > 970 mAhg™', whereas on average for the Fisher sample, the first
discharge capacity never exceeds 940 mAhg'. MnO sample. The large nanoparticle
surface area of the composite materials may have affected the capacity by increasing
the number of side-reactions and degree of SEI formation in the Li-ion half cells (as
exhibited in the first discharge capacities), leading to a loss of Li inventory, however
the carbon composite network is expected to reduce the electrolyte decomposition
and enhance Li uptake and by enriching conversion anode conductivity. The much
greater theoretical capacities exhibited by the nanocomposites suggests that the
carbon framework has influence on the capacity reached.” To see the effect on
capacity of these materials in subsequent cycles, these MnO half-cells were
galvanostatically cycled in triplicate, and their average capacities were calculated and
displayed in Fig. 5.23. The first clear difference in capacity fading behaviour is from
the poor capacity retention observed for the Fisher MnO sample: such significant
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Figure 5.23 Capacity versus cycle number plot comparing the capacity fade of Fisher MnO,

600 °C/ 4 hr and 1000 °C / 4 Ar nanoMnO—C composites.

capacity decay exhibited in Fisher MnO sample highlights the effectiveness of the
carbon composite network in buffering the conversion reaction. With the absence of
this framework, the volume changes from the conversion reaction during
galvanostatic cycling will have caused electrode active film cracking, leading to loss
of contact between the active material and the current collector, resulting in the
observed rapid capacity decay. To probe the degree of electrode cracking for the
cycled pristine MnO electrode, one of these half-cells was disassembled in an argon
atmosphere glovebox and washed using dimethyl carbonate prior to drying. This
electrode was then studied using SEM, shown in Fig. 5.24. As expected, the

electrode cracking is severe for the pristine sample, which aligns with the observed
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5kV 9.3mm X1.50k SE
Figure 5.24. SEM image showing Fisher MnO electrode surface post-cycling (20 cycles).

electrochemical capacity retention for this anode material after 20 cycles — the
electrode cracking will cause contact loss between the electrode and current collector
during cell runtime, giving rise to the observed poor capacity retention in the half-

cells.

To further understand the influence framework has influence on the capacity reached
the voltage versus Li was calculated for each sample during cycling. Based on
equation 3 it is expected that lithiation/ delithiation is expected via transfer of 2 Li*
ions during discharge/ charge, corresponding to a theoretical capacity of 755 mAhg™,
and based on the capacities observed in Fig. 5.23 it is clear in all cases that this

value is exceeded in the first discharge. For the pristine, 600 °C / 4 hr and 1000 °C /
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4 hr half-cells the average Li concentration in the first discharge was 2.4, 2.8, and 2.9
Li*, respectively. In the pristine sample, the capacity gradually decreases during
cycling, most likely due to the contact losses from the electrode cracking shown in
Fig. 5.24, however for the nanocomposites, the capacity is recovered during cycling.
It is also key to note that the nanoMNO—C composites gradually began to increase in
capacity (after 2 cycles and 8 cycles for the 1000 and 600 °C/ 4 hr half-cells,
respectively). For the 600 °C / 4 hr nanoMNO—C composite this value never exceeds
the expected theoretical Li uptake capacity after 2 cycles, whereas for the 1000 °C /
4 hr nanoMNO—C composite, the theoretical capacity is always exceeded during
cycling out to 20 cycles. This is indicative that the carbon framework enhances Li
uptake more effectively in the 1000 °C / 4 hr nanoMnO—C composite. In a MOF-
derived MnO-C composite investigation conducted by Zhu et al., capacity increase
for these systems have been attributed to an array of electrochemically-activated
processes, including increased electrolyte incorporation as cycling occurs, kinetically-
enhanced lithium diffusion, activation of the nanocomposite during cycling, and even
the access of higher oxidation states of manganese — which are all possibilities for

these nanocomposites. &°

To further understand the differences in capacity fade and electrochemical behaviour
between the pristine MnO and the nanocomposites using redox behaviour, differential
capacity analysis was used. Differential capacity versus voltage phase transition
behaviour enables redox activity to be distinguished that is less obvious in the
plateaus in the complementary voltage-capacity data.'®! As differential capacity plots
give rise to peaks at particular voltages corresponding to redox active transitions it is
easy to observe when a system is cycling through a Faradaic (redox active) or a non-
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Faradaic (capacitive) process. One half-cell of each of the pristine MnO and the 600

°C/ 4 hr and 1000 °C/ 4 hr nanocomposites were compared and summarised in Table

5.7, and the differential capacity plots are shown in Figs. 5.25 — 5.27.

Table 5.7. Differential capacity analysis comparisons for Pristine MnO, 600 °C/ 4 hr and 1000

°C/ 4 hr half-cells.
Cycle Reaction Pristine 600 °C/ 4 hr
no.
C1 Discharge Peak at 0.25 V Peak at 0.38 V
shows conversion of shows
MnO to metallic Mn. conversion of

MnO to metallic
Mn.
Charge Oxidation peak at 1.2 Oxidation peak at
\') 1.2V, extra
redox peak at 2.0
\'
C2 Discharge 0.7 V conversion 0.55V
conversion
Charge See C1 See C1
C5 Discharge 0.52V conversion 045V
conversion

(potential

1000 °C/ 4 hr

Peak at 0.3 V
shows conversion
of MnO to metallic

Mn.

Oxidation peak at
1.2 V, extra redox

peak at 2.0 V

0.6 V peak,
shoulder at 0.52 V
See C1
0.6 V peak,

shoulder at 0.52 V
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Charge

C10 Discharge

Charge

C15 Discharge

Charge

C20 Discharge

Charge

shoulder at 0.6

V)
See C1 See C1 See C1
See C5 045V Two peaks: 0.6 V
conversion with (strongest) & 0.5
potential \")
shoulder at 0.6 V
See C1 See C1 See C1
See C5 045V Two peaks: 0.6 V
conversion with &05V
potential (strongest)
shoulder at 0.6 V
See C1 See C1 See C1
0.5 V conversion 045V Two peaks: 0.6 V
conversion & 0.5V
(strongest) .
See C1 See C1 See C1
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Figure 5.25. Differential capacity plots for cycles 1 — 20 of the Fisher MnO sample.
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Figure 5.27. Differential capacity plots for cycles 1 — 20 of the 1000 °C / 4 hr sample
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In a study by G. Nagaraju et al., the differential capacity analysis for their MOF-
derived MnO@C composite was plotted between 1 and 5 cycles. The major reduction
peak in the first cycle occurs at 0.28 V in G. Nagaraju et al.’s study, which is
comparable to the values observed for discharge of the first cycle for Fisher, 600 °C/
4 hr and 1000 °C/ 4 hr samples in Table 5.7, at 0.25, 0.38 and 0.3 V. For the
oxidation of Mn° during charge, the oxidation peak for is observed at 1.25 V in their
study, which is again comparable to the large 1.2 V peak observed for the pristine,
600 °C/ 4 hr and 1000 °C/ 4 hr samples. In the nanocomposites there is an extra
redox peak at 2.0 V during charge for the two nanocomposites throughout cycling
suggests that there is another redox-active process arising in these samples, which
is also seen in G. Nagaraju et al.’s study. In their study, they ascribed this to an
‘additional oxidation process’ that provides increased capacity in subsequent cycles.
Based on the fact that this peak is not seen for the Fisher sample, this extra redox
peak can be ascribed to the presence of the carbon framework, which appears to
have a high surface area by analysis of the TEM image for the 600 °C/ 4 hr sample,

highlighted in Fig. 5.16.8

For the Fisher sample, the conversion reaction initially occurs at 0.25 V, but then
increases to 0.7 V on the second cycle. In a study on MnO/C nanocomposites by J.
Liu et al., the increased lithiation voltage is hypothesised to be due to enhanced
kinetics from the pulverisation of the anode material after this first discharge.”” In
subsequent cycles this conversion reaction appears to occur at voltages between 0.5
—0.52V, indicating that after the first few cycles the SEI layer has formed adequately.
The same trend is true for the 600 °C/ 4 hr half-cell: the conversion reaction initially
occurs at 0.38 V. On the second discharge this voltage rises to 0.55 V, and from cycle
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5 onwards this voltage stabilises at 0.45 V. In the 600 °C/ 4 hr half-cell, however,
there appears to be slight broadening of the conversion peak between cycles 5 and
15 and a suspected shoulder peak at 0.6 V is identified, however by cycle 20 this

peak sharpens to the original 0.45 V conversion peak.

In the 1000 °C/ 4 hr sample, the conversion reaction initially occurs at 0.3 V. On the
second discharge this voltage rises to 0.6 V, and a shoulder peak appears to form at
0.52 V. By cycle 5 this shoulder is prominent. By cycle 10, the shoulder peak is very
prominent at 0.5 V, though the original 0.6 V peak remains the strongest peak. On
cycle 15 the peak at 0.5 V peak is stronger than the 0.6 V peak and by cycle 20 this
peak 0.5 V has grown significantly. This extra redox peak during discharge is likely to
come from the carbon composite framework. Though this carbon composite
framework is present for the 600 °C/ 4 hr sample, its intrinsic structure and
electrochemical activity will most likely differ for the carbonaceous material due to the

difference in heating conditions.

5.5.2 Electrochemical comparisons of hanoMNO—C composites from

pristine, QCR and EOL LMO sources

The general half-cell manufacturing procedure is outlined in Experimental 3.5.1. To
compare the influence of Mn source on electrochemistry, pristine, QCR and EOL
LiMn204 precursor materials were used to synthesised 600 °C/ 4 hr nanoMNnO—C
composites. These nanocomposites were mixed with carbon black and sodium
carboxymethylcellulose (CMC) in an 80:10:10 ratio, respectively, and coated onto a
copper film before cutting out electrodes to test in a Li-ion battery half-cell. Before
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adding water to make the anode slurry, the active material and carbon black were
ground together at 350 rpm for 30 minutes to ensure effective mixing had taken
place. Once Li-ion half cells of these materials had been synthesised, they were
cycled using galvanostatic cycling with potential limitation, which is the standard
technique used for electrochemical analysis of batteries. These conversion anodes
were cycled between 0.05 and 3 V vs Li*/Li for 15 cycles. All half-cells were cycled
using constant current of 10 mAg™" for the first few formation cycles, followed by 50

mAg' current applied for subsequent cycles.

Focussing on voltage-capacity plot for these three cells, shown in Fig. 5.28 — 5.30,
the voltage in the first cycle rapidly drops to 0.38 V during discharge for all samples.
This has been linked the decomposition of the electrolyte and subsequent formation
of the solid electrolyte interphase, as observed for the other MnO samples in section
5.5.1. As seen for the cells in in section 5.5.1 , there is a voltage plateau
corresponding to the lithiation process, which is indicative that the Mn?* within the
oxide is being reduced to Mn during discharge (shown in the forward reaction in
equation 1 in section 1.5.1) and a voltage drop from the plateau to 0.05 V at the end
of discharge, which, again, is indicative of further Li insertion into the carbon
framework, as observed in experiments on MnO—C composite materials by Y. Lin et
al.® In the first charge a slope between 0.8 and 2.15 V for all the 600 °C/ 4 hr
samples is indicative of the oxidation of metallic manganese to the divalent Mn which

corresponds to the reverse reaction shown in equation 3.
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half-cells

The average first discharge/ charge capacities and coulombic efficiency of one of

each of the half-cells are shown in table 5.8.

Table 5.8. First discharge/charge capacities of each MnO sample with calculated coulombic

efficiency.
Mn sample First discharge First cycle irreversible Coulombic
source capacity capacity loss efficiency (%)
(mAhg) (mAhg™)
Pristine 1060 (+90) 320 (+45) 70 (£0.02)
QCR 1145 (£14) 362 (15) 68 (£0.0005)
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EOL 1101 (£37) 256 (+9) 77 (£0.01)

It appears that the greatest first cycle capacity loss arises in the pristine sample, with
negligible differences in coulombic efficiency being measured for the QCR and EOL
samples. This is unexpected based on the differences in crystallite domain sizes and
lattice parameters — it in fact suggests that contaminant ions observed in the leached
samples may positively impact the first cycle coulombic efficiency observed in these
samples. To understand the differences between the three half-cells further, their
capacity fading behaviour was compared and displayed in Fig. 5.31. For the first
discharge capacities of each sample the standard deviation error bar overlaps all
renders the differences between them as statistically insignificant. In subsequent
cycles, however, the capacity retention was the poorest for the pristine sample,
followed by the QCR and finally the EOL sample. The average capacity for each
sample after 15 cycles was 697 (£19), 777 (x12), and 916 (+37) mAhg' which
equates to 66 %, 68%, and 83 % of the original capacities exhibited for the pristine,
QCR and EOL half-cells, respectively. In the pristine sample, the nanoMNO-C
composites begin to increase in capacity after 8 cycles. For the QCR sample this
fluctuates and for the EOL sample this capacity increase arises after 5 cycles. The
retained capacity for the EOL half-cells is suggestive that the EOL sample had the
highest degree of contamination, as hypothesised, which has significant impact in the
first 15 cycles. The next stabilised material is the QCR sample, with an expected
lower degree of contamination. The pristine and QCR samples have crystallite
domain size and cell parameter values with no statistical difference, whereas for the
EOL sample they differ. In all samples, the capacity increase was observed during

234



cycling, and was most evident for the EOL half-cells. As stated previously, it has been
highlighted that one reason for the general increase in electrochemical capacity of
MnO comes from extra oxidation of Mn?* ions during cycling. In a study investigating
the capacity increase of MnO by H. Liu et al., it was highlighted that an increased
oxidation of the divalent manganese in the structure is likely to impact structural
stability because of the coordination number and ionic size changes of Mn in a higher
oxidation state. In their experiments, they formed metal oxide — MnO composites to
affect the oxidation of the Mn during cycling. There were many composites formed,
two of which were Co, and Ni-MnO composites, which were two of the contaminant
ions that were detected in the leached samples from the ICP-OES data identified in
Appendix 10.6. In their study it was observed using EDS that the Ni and Co were
dispersed in the form of Co® and Ni°® metal amongst the nanoparticles. The
electrochemical data for these composites shows a stable cycling behaviour out to
100 cycles since these elements inhibit oxidation of the divalent Mn. Additionally, it
was deduced that these metals enhance the conductivity of the electrodes which
leads to a greater capacity all while stabilising the system.8 Though there is no
evidence for the existence of the metallic contaminant phases in the XRD patterns of
the nanoMNO—C composites in this Chapter the capacity trend and hypothesised
degree of contamination for the leached samples aligns with the expected

improvement observed for the electrochemical data of these samples.
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Figure 5.31. Capacity versus cycle number plot comparing the capacity fade of pristine,

QCR, and EOL 600 °C/ 4 h nanoMnO—C composites

As was calculated in section 5.5.1 the influence framework has influence on the

capacity reached the voltage-capacity curves have been calculated as a function of

voltage versus Li concentration. As the transfer of 2 Li* ions correspond to a

theoretical capacity of 755 mAhg™, it is clear in all cases that this value is exceeded

in the first discharge. For the pristine, QCR EOL half-cells the average Li

concentration fell between 2.8 — 3.0 Li*, as due to the overlap in standard error the

differences between the samples were not statistically significant
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It is expected that lithiation and delithiation is expected via transfer of 2 Li* ions
during discharge/ charge. This value is only exceeded in the first 2 cycles for pristine
half-cell. Only the EOL half-cell exceeds the theoretical Li uptake concentration value
out to 15 cycles. Based on the previous findings that EOL sample has a higher
degree of contamination, and as the EOL contaminants have been seen to affect the
morphology of the Mn oxides synthesised in Chapter 3, it appears that contamination
from the leaching process appears to enhance Li uptake within these half-cells. As is
observed by the higher capacities reached at 15 cycles by the QCR and EOL

materials.

To further understand the differences in the voltage curves and capacity fade and
between the pristine, QCR and EOL nanocomposites, differential capacity analysis
was used. Looking into differential capacity versus voltage phase transition behaviour
enables redox activity to be distinguished that is less obvious in the plateaus in the
complementary voltage-capacity data, and is useful to determine whether differences
between the pristine, QCR and EOL samples could be attributed to redox/ capacitive
processes.’®! One of each of the pristine, QCR and EOL nanocomposites were
compared between cycles 1 and 15 and summarised in Table 5.9, and the differential

capacity plots are shown in Figs. 5.32 — 5.34.

Table 5.9 Differential capacity analysis comparisons for 600 °C / 4 hr MnO nanocomposites

synthesised from pristine, QCR and EOL precursors

Cycle Reaction Pristine QCR EOL

no.
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Figure 5.32. Differential capacity plots for cycles 1 — 15 of the pristine 600 °C / 4 hr

nanocomposite
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In all three nanoMnO—C half-cells, the redox activity in charge remains consistent
between cycles 1- 15 across all cells, and in discharge there was a small amount of
variability between the three half-cells. As was the case for the nanocomposites in
the particle size experiments, in the charging process the first redox peak between
0.8 and 1.6 V remains the strongest peak and the peak between 1.6 and 2.2 V
remains the least intense redox-active peak throughout, with the former peak
corresponding to the Mn® — Mn?* oxidation and the latter redox peak thought to

correspond to redox activity from the carbonaceous matrix.

For all samples, the plateau in voltage corresponding to conversion initially occurs at
0.38 V, but then increases to 0.55 V for the pristine and EOL half-cells and 0.49 V for
the QCR material on the second cycle. In cycle 5 this appears to reduce to 0.45 V in
all cases, however the pristine and EOL conversion peaks appear to have a slight

shouldering peak, as seen previously for the nanocomposites in section 3.4.2. at 0.6
V. By cycle 10, the shouldering peak at 0.6 V is only seen for the pristine sample,

conversion peaks arise during discharge at 0.45 V for the pristine and QCR samples

and at 0.48 V for the EOL one. The same trend is seen for the 15" cycle.

Focussing on the influence of Ni and Co contaminants in the nanocomposites, based
on the expected influence of these metals H. Liu et al.’s metal—MnO composite
study, it appears that the contaminants present in these leached samples do not
impact the redox behaviour of Mn during oxidation in the half-cells, as the redox
peaks during charge appear at the same voltage in all three samples.?3 These results
suggest that any differences in capacity fading may not just be attributed to the redox
behaviour of the samples, and another reason for the deviation may be due to the

difference in crystallite domain size/ lattice parameters/ morphology of for the
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samples, that were hypothesised to have been influenced by the degree of
contamination, as observed for the Mn oxides generated in Chapter 4. Another
reason for deviation in capacity fade between samples may be due to a capacitive
process, such as the reversible formation of an activated polymeric gel. This
activation and stabilisation of this polymeric gel may occur do a different degree
depending on the nature of the anode active material causing a deviation in capacity

fading behaviour between samples. 798183

5.6 Conclusions

The investigation outlined in this chapter has highlighted the upcycling opportunity for
leached Mn-rich cathode material from first generation quality-control rejected and
end-of-life pouch cells. The mechanochemical route for synthesis of these materials
has proven to be a success as the simplistic ball milling step has demonstrated that
complex solvothermal routes are not necessary to generate the desired MOF
precursor, and moderate decomposition temperatures of 600°C/ 4hr provide the
desired nanoMNO—C composite. With respect to the electrochemical behaviour of
these materials, the synthesised nanoMNO—C composites provide anode materials
with superior capacities compared to those reached for graphite, and superior
capacity retention when compared to MnO material lacking in the carbon matrix. The
average capacity for the pristine, QCR and EOL samples after 15 cycles was 697
(£19), 777 (x12), and 916 (+37) mAhg-! which equates to 66 %, 68%, and 83 % of
the original capacities exhibited, respectively. This indicates that both the leached

materials perform have enhanced capacity retention when compared to the pristine
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case — with capacities exceeding that of the theoretical capacity for MnO (at 755
mAhg-") for both the leached samples after 15 cycles, particularly for the EOL
materials. Furthermore, these nanocomposites exhibit electrochemical capacities that
are more than double that of graphite (372 mAhg™") indicating that upcycling the
redundant cathode materials into these nanoMNO—C conversion anodes provides an
exciting opportunity to access high-capacity anode materials as alternatives to

graphite in lithium-ion batteries.”

5.7 Future work

As the aim of this Chapter is to demonstrate how leached materials can be upcycled
for novel anode applications, further electrochemical investigation into long-term
capacity retention and comparison between the pristine and leached materials will be
of great value. Testing the anode materials in a full cell setup would be of value to
determine whether the capacity increase would be limited without the presence of
excess lithium, as this has the potential to limit the capacitive formation of the
polymeric gel during cycling. Furthermore, reducing the amount of energy required to
generate the materials is preferable to emphasize this upcycling benefit. Developing
a method for synthesis of the sacrificial Mn-MOF that requires less time ball milling
time would be of interest to reduce the energy intensity of this synthesis.
Quantification and detection of the contamination observed for these leached
samples is also something of value to determine differences in electrochemical
behaviour. Methods to determine this include EDX to see the distribution of

contaminants across the surface and XAS to determine the oxidation state of the
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metal cations involved in the nanocomposite structure, to give insights into how the

contaminants are incorporated into the structure.

A more developed understanding into the carbon framework would be highly
valuable, as this appears to contribute to the electrochemistry observed, based on
the differences in differential capacity analysis observed between the Fisher MnO
and the nanocomposites. The use of sacrificial MOF precursors provides a template
for the decomposition product of the nanoMNO—C composites. As a result of this the
nature of the carbon framework can be explored and manipulated, which is likely to
have an impact on the composition of the product and the resulting electrochemical
performance. Only terephthalic acid was explored as a MOF precursor material,
whereas in the literature many acid precursors have been explored to manipulate the
synthetic product — such as trimesic acid.®’ Generating an intermediate MOF product
will enable understanding into how the carbon framework forms, which will then give
insight into how the carbon framework impacts electrochemical performance, as it

appears to contribute to the electrochemical performance of these materials.

Finally, to gain a better understanding into the formation of the nanoMnO—C
composite, thermogravimetric analysis would be a good technique to probe the
formation of this material over time. This has been explored by G. Nagaraju et al.,
where a Mn-based MOF was decomposed under nitrogen to observe the degradation
products. Based on the terephthalic acid precursor used in the experiments within
this chapter, it is expected that there would be weight losses due to removal of the
aromatic organic components and from decomposition of the carbonaceous organic

linkers into COz2. The residual weight retention over a given temperature range would
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also show the stability of the MnO nanocomposite, as was seen in Nagaraju et al.’s

experiments — a 60% weight retention was seen up to 1000 °C.8"
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6.2 Chapter introduction

In this Chapter, experimentation will focus on the electrochemical behaviour exhibited
by Mn oxalate conversion anodes, and comparison will be made between three Mn
oxalate samples which have been synthesised from pristine LiMn204 (LMO), and
LMO that has been selectively leached from quality control rejected (QCR) and end-
of-life (EOL) Nissan Leaf cathodes. Mn oxalate dihydrate characterisation
comparisons were made in Chapter 4 using TGA-MS, ICP-OES, Raman, XRD,
Rietveld refinement and SEM/EDX. Though literature studies have been used to
explore the electrochemical behaviour of Mn oxalate conversion anodes, there have
not been studies that manipulate the cycling voltage range to determine its effect on
electrochemistry, nor have there been syntheses that use Mn precursors from
recycled battery material. Furthermore, there is a lack of investigation into the in-situ
structural changes that arise during the conversion reaction of Mn oxalate. The first
aim of this Chapter is therefore to enhance fundamental understanding into the
electrochemical behaviour of Mn oxalate anode through manipulation of
galvanostatic cycling conditions, followed by structural insights of this material using
in-situ pair distribution function analysis. The second aim is to determine whether the
electrochemical performance for the leached material is comparable to that seen for
the pristine material through comparisons between Mn oxalate generated from
pristine LMO, and LMO from leached QCR and EOL battery scrap. These
experiments will shed light on the electrochemical behaviour observed for these
materials and indicate the success of upcycling of leached material into Mn oxalate

for an anode application.
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6.3 Methods

As outlined in section 4.3 of this thesis, reductive acidic leaching was used to reduce
lithium manganese oxide spinel from the Nissan Leaf composite electrodes into
solution. The cathode strip was shredded, and the current collector was removed so
that LiMn204 (LMO) could be leached from the remaining active material using
ascorbic acid. The leachate was then heated and ground to form LMO powder, the
precursor for the interconversion reactions. To form Mn oxalate, LMO was added to a
1.25 M solution of oxalic acid in a precipitation reaction, the overview for this reaction

scheme is displayed in Figure 6.1.

For the electrochemical analyses of these cells, the active material (AM) used was
Mn oxalate (either pristine, QCR or EOL) which was combined with carbon black

(CB) and sodium carboxymethylcellulose (CMC) in an 80:10:10 AM: CB: CMC ratio.

GEN 1 cathode ready for recycling/ reuse

LMO spinel phase Ni-rich layered phase

LMO selectively
leached using
acidic reduction

. LMO added to 1.25 M
LiMn,0O, oxalic acid, 40°C

Mn oxalate

(Pristine, QCR
or UNL) Oxalate precipitates

dihydrate

Figure 6.1. Mn oxalate dihydrate synthetic scheme.
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This material was then cast onto copper foil and dried prior to Li-ion half-cell
assembly in a vacuum oven. To samples were heated to remove the surface water
within the Mn oxalate structure prior to assembly as guided by the dehydration
temperature reported in the literature.®'192 Half-cell manufacture is outlined in
experimental section 3.5.1 of this thesis. For each Mn oxalate half-cell, voltage
ranges and current rates were varied to understand the origin of any electrochemical
behaviour. For in-situ experiments, the electrochemical data was collected at
Diamond Lightsource on the 1-15-1 dedicated XPDF beamline where three half-cells
were assembled using the DRIX setup outlined in experimental section 3.3.3. The
half-cells measured were a pristine Mn oxalate film, a film that had been cycled to
105 cycles in with a 2 V voltage limit (2 V max) and one that had been precycled to
105 cycles with a 3 V voltage limit (3 V max). As the DRIX cell required an active
material anode layer that was at least 100 microns thick for detection in the x-ray
beam, shown in Fig. 3.4. a free-standing electrode film (FSF) was synthesised. This
meant that the active material film was cast without a copper foil current collector. To
synthesise this film, an electrode slurry was mixed using sodium carboxymethyl
cellulose binder (CMC), carbon black (CB) and the Mn oxalate active material (AM),
as before, however the ratio of these materials within the slurry was 60: 20: 20 AM:
CMC: CB to ensure the film had increased binder content to reduce its brittleness.
This enhanced flexibility meant that the anode film could be synthesised without any
copper foil support. To generate the FSF the slurry was cast onto a clean sheet of
glass, that was transferred onto a hotplate in a fume hood to dry at 80 ° C for 2
hours. Further details on the precycling and assembly into the DRIX cell for these

FSF half-cells are outlined in section 6.3.3.
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6.4 Results and discussion

6.4.1 Voltage range investigations into Mn oxalate electrochemical

behaviour using galvanostatic cycling and differential capacity analysis

Capacities much higher than the theoretical capacity have been reported for Mn
oxalate in the literature, as stated in section 1.5.7, as well as an increase in capacity
during cycling. Though some of the high capacity can be attributed to SEI formation
in the first cycles, this does not rationalise the extensive capacity increase observed
for these materials. In the past, the origin of this capacity increase has been assigned
to the formation of a polymeric gel layer in early cycles that becomes activated in
subsequent cycles. This being said, little investigation has been done into the
conditions required to stimulate the capacity increase, as previous studies involving
galvanostatic cycling of Mn oxalate half-cells are conducted with a voltage limit of 3
\V.72.91-94 Therefore, in this section, galvanostatic cycling comparisons are made
between pristine Mn oxalate cycled up to a 2 V and 3 V cutoff, to determine whether
this capacity increase is still observed in the reduced voltage range, providing deeper
understanding into the conditions required for this capacity increase. Following on
from this, differential capacity analysis is explored to measure the proportion of
capacity coming from redox-active and capacitive contributions for these two systems

over 100 cycles.

To compare the influence of voltage range on electrochemical behaviour, pristine Mn
oxalate half-cells were synthesised. These half-cells were cycled using galvanostatic
cycling with potential limitation, which is the standard technique used for

electrochemical analysis of batteries. The selected voltage ranges were: 0.01 and 2
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V and 0.05 and 3 V — now referred to as 2 V max and 3 V max, respectively. These
cells were cycled in triplicate up to 100 cycles: with 30 mAg™" current applied for 4

formation cycles, followed by 150 mAg™' for subsequent cycles.

The voltage-capacity plots for one of each half-cell cycled up to 2 V and 3 V max for
1 to 100 cycles are shown in Fig. 6.2 and the first discharge capacities and
coulombic efficiencies are depicted in Table 6.1. For both half-cells, displayed in Fig.
6.2, there was a rapid initial drop in voltage during the first discharge, corresponding
to the decomposition of the electrolyte and subsequent formation of the solid
electrolyte interphase, followed by a voltage plateau at around 0.55 V. The voltage
plateau seen during first discharge corresponds to the forward conversion reaction of
Mn oxalate whereby Mn?* is reduced to Mn® (shown in equation 4) and has been
reported in the literature discussion outlined in section 1.5.7.7294 The voltage tail-off
down to 0.01 and 0.05 V for 2 and 3 V max, respectively, has been reported to
correspond to the formation of a gel layer on the surface of the anode, that gives the
anode extra capacity and causes pseudo-capacitive behaviour.”>%2% |n subsequent
cycles for the 2 V max cell , this conversion plateau appears to decrease, whereas
for the 3 V max cell this plateau remains in subsequent cycles, indicating that
charging to the 3 V max voltage limit provides a reversible conversion product at the
top of charge, that is not seen in the 2 V max cell. During charge in the first few
cycles of the 2 V and 3 V max cells there is slope between 0.8 and 1.75 V. This is lost
in subsequent cycles for the 2 V max cell but retained for the 3 V max cell. These
coulombic efficiencies are extremely poor and have been assigned in the past to an

irreversible to the formation of an amorphous product alongside the formation of the
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SEI layer during this first discharge, which is a known flaw in conversion electrode

materials.”2:92.94

Table 6.1 Average first discharge capacities and first cycle irreversible capacity loss of the 2

V and 3 V Mn oxalate half-cells with calculated coulombic efficiency.

Voltage First discharge First cycle Coulombic
maximum capacity irreversible capacity = efficiency (%)
(mAhg) loss
(mAhg)
2V 1143 (£13) 621 (x12) 46 (+0.001)
3v 1037 (£53) 536 (+42) 48 (+0.01)

The average first discharge capacity in both cases is much greater than the
theoretical capacity of 375 mAhg™' for Mn oxalate, at 1143 (+13) mAhg" for the 2 V
max cell and 1037 (x53) mAhg-" for the 3 V max cell, which has been ascribed to the
initial formation of an SEI layer, which causes the poor coulombic efficiency on the
first charge, displayed in Table 6.1. These discharge capacities are of similar
magnitude to those reported in studies prior, including those from Y. Yang et al. Y.
Duan at al., Y. Jia et al., Y. Zhang et al., and Y. He et al. in section 1.5.7. 72939596 |n
all these studies, for the first cycle for each of these Mn oxalate half-cells, there was
a huge first cycle irreversible capacity loss with first cycle coulombic efficiency as low
as 29.4% in Y. Duan et al.’s study. This was hypothesised to be due a multitude of
electrochemical characteristics, including the formation of Li2CO4 during discharge,

radical volume changes from the active material pulverisation discharge during
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cycling, and due to side reactions in this first cycle — namely the reaction of the
electrolyte on the anode surface to form solid electrolyte interphase (SEI). To
determine whether the Mn oxalate anode had formed an amorphous product in the
first discharge, as hypothesised for pulverisation of conversion anode material, ex-
situ XRD measurements were taken of three Mn oxalate half-cells that had been
cycled versus Li/ Li*. The cells were disassembled in an Argon-filled glovebox and

washed with DMC prior to drying under this inert atmosphere.

The three half-cells studied were as follows:

- An Mn oxalate half-cell that had been wetted for 16 hours but had not been
cycled electrochemically.

- An Mn oxalate half-cell that had been discharged down to 0.01 V (after 16
hours wetting)

- An Mn oxalate half-cell that had completed one cycle to 3 V max (after 16

hours wetting).

The XRD results of this study are shown in Fig. 6.3. The products after the first
discharge and after the first cycle are amorphous, supporting the notion that this
crystalline-to-amorphous phase transition will have occurred during cycling
contributing to the poor coulombic efficiency in the first cycle for the Mn oxalate
anodes. Further structural insights of the conversion anode reaction during the first
cycle are outlined in the PDF study in section 6.4.2, with the products of the
conversion reaction being measured in-situ, further enhancing understanding of

these materials.
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Figure 6.3. Stacked XRD patterns showing 16 hour-wetted Mn oxalate anode (a), the anode

after first discharge down to 0.01 V (b) and after one cycle (c).
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To see the effect on capacity of these materials cycled in different voltage ranges, the
Mn oxalate half-cells were galvanostatically cycled in triplicate at each voltage limit,
and the average capacity for each cycle was calculated and displayed in Fig. 6.4.
There is a clear difference in capacity fading behaviour between these systems: the 2
V max cell has an extremely poor capacity retention compared to the 3 V case.
Furthermore, the capacity does not continually decrease throughout cycling for each
system but, in fact, begins to increase after a few cycles. In the case of the 2 V max
cells, this arises after 40 cycles, and for the 3 V max cells this arises much sooner,
after 10 cycles. By the 100t cycle, the discharge capacity of the 2 V max cells
averaged out at 160 mAhg (+ 7 mAhg™') and for the 3 V max cells averaged out at
723 mAhg' (x 8 mAhg™), at 14% and 70% of their first discharge capacity,
respectively. This capacity recovery is remarkable, particularly as the capacity
dropped as low as 133 mAhg™' (+ 2 mAhg™") for the 2 V max cells and 308 mAhg™"' (+
3 mAhg') for the 3 V max cells. This gradual increase incapacity has been observed
in the literature by an array of experimentalists, and they put this down to the
irreversible formation of the polymeric gel film that grows within the first few cycles.
This film has been hypothesised to grow and thicken in initial cycles — which causes
a decrease in capacity in initial stages due to this side reaction product impeding
lithium ion diffusion which inhibits the conversion reaction in the active material -
however after several cycles this film becomes activated and its formation becomes
reversible, which increases the resultant discharge capacity.”>°2% To gain more
understanding into the difference in capacitive and faradaic contribution to the 2 V

and 3 V max half-cell capacity behaviour, differential capacity analysis was used.
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Figure 6.4.Capacity versus cycle number plots for the 2 V max and 3 V max cells, with

error bars marked on the average capacities observed across cells for in each case.

The first discharge capacity exhibited by both cells exceeded the theoretical capacity
of Mn oxalate. This, and the significant difference in electrochemical behaviour
between cells cycled at 2 V and 3 V max, motivated extra investigation into the origin
of these phenomena. By calculating differential capacity versus voltage phase
transition behaviour that is less obvious in the plateaus in the complementary
voltage-capacity curve — occurrences may be resolved using this technique, including
a loss of Li inventory, electrolytic side reactions, crystal structure reordering, amongst
others.'9" As differential capacity plots give rise to peaks at particular voltages

corresponding to redox activity it is easy to observe when a system is cycling through

263



a Faradaic (redox) or a non-Faradaic (capacitive) process. Pseudo capacitance

occurs in the absence of Faradaic behaviour can be observed in differential capacity

plots as a square plot with no peaks that can be ascribed to redox behaviour.%3

Differential capacity plots are summarised in Table 6.2. and shown in Figs. 6.5 and

6.6 for the 15t, 2nd, 5t 25 50t 75t and 100" cycle of one of each of the 2 V and 3 V

max cells.

Table 6.2. Differential capacity analysis comparisons for pristine Mn oxalate half cells cycled

up to 2 Vand 3 V max between 1 and 100 cycles.

Cycle Reaction
no.

C1 Discharge

Charge

C2 Discharge

Charge
C5 Discharge

Charge

C10 Discharge

2 V max half-cell

Peak at 0.55 V shows
conversion of Mn ox to
metallic Mn.

Two redox peaks between

0.80 and 1.75V

0.90 V conversion

See C1
0.55 V conversion

No redox activity observed

0.55 V conversion

3 V max half-cell

Peak at 0.55 V shows
conversion of Mn ox to
metallic Mn.

Two redox peaks between

0.80 and 1.75V

0.80 V conversion

See C1
0.50 V conversion
One redox peak between 1.0
and 1.4V

0.45 V conversion
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Charge See C5 See C5

C25 Discharge 0.52 V conversion 0.40 V conversion
Charge See C5 See C5

C50 Discharge 0.52 V conversion 0.40 V conversion
Charge See C5 Two redox peaks between

0.75and 2.25V

C75 Discharge 0.50 V conversion 0.40 V conversion
Charge See C5 See C50

C100 Discharge 0.50 V conversion 0.40 V conversion
Charge See C5 See C50

In the first cycle, there is a sharp peak at approximately 0.55 V for both the 2 V and 3
V max cells which has been assigned to the conversion reaction of Mn oxalate in the
first discharge (the forward reaction in equation 4), as seen in the voltage-capacity
curves as the plateau at this voltage. In the charging of the first cycle of each half-
cell, in both cases, there are two peaks corresponding to redox activity between 0.80
and 1.75 V. These are thought to correspond to the oxidation of the metallic
manganese back into its divalent state. In the second cycle, the conversion peak is
observed at approximately 0.90 and 0.80 V in the 2 V and 3 V max cells, respectively.
This increased potential is unsurprising based on the pulverisation of the crystalline
material which gives a higher surface area: volume ratio, meaning more Li is required
to react in the second cycle. After these initial cycles the electrochemical behaviour
appears to deviate between the 2 V and 3 V max cells. On cycle 5, the 2 V max cell

loses a significant amount the redox capacity during (the capacity around ~ 0.55 V is
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Figure 6.5. Differential capacity plots showing the difference in redox activity between 2 V

max (LHS) and 3 V max (RHS) Mn oxalate half-cells, with the 1st 2nd 5th and 10th cycles

compared (top to bottom).
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Figure 6.6 Differential capacity plots showing the difference in redox activity between 2 V

max (LHS) and 3 V max (RHS) Mn oxalate half-cells, with the 25th, 50th, 75th and 100th

cycles compared (top to bottom).
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very small) whereas for the 3V max cell, not only does the capacity around 0.50 V
remain significant, but the Mn redox appears to remain during charge where it is
absent for the 2 V max cell. For the 2 V max cell in cycles 10, 25, 50, 75 and 100
this continues, and the square-shaped plots indicate the lack of redox-active
behaviour in these systems. With respect to the observed capacity increase in the 2
V system after 40 cycles, the formation of a polymeric gel-like layer is likely to be the
reasoning for this increase based on the differential capacity data. This gel layer will
give rise to pseudocapacitive electrochemical activity, giving rise to no redox peaks in
the differential capacity plot between cycles 5 and 100.%* For cycle 5 in the 3 V max
cell, only one redox peak is observed between 1.0 and 1.4 V in the charging process,
which remains the same in cycles 10 and 25. By cycle 50, there are 2 redox peaks
between 0.75 and 2.25 V, indicating that cycling past 2 V ensures more redox activity
is accessed in the Mn oxalate cells. Considering the lack of redox activity in the 2 V
half-cell compared to the 3 V half-cell after the second cycle, this could infer that
there is a difference in local structure of the materials give rise to the enhanced 3 V
max half-cell’s redox activity, which will be investigated further using in-situ pair

distribution function analysis section 6.4.2.

To quantify the difference in faradaic and capacitive contributions to the total capacity
of these cells, the discharge and charge capacities were plotted as a function of their
capacitive and redox contributions for one cell of each of the 2 V and 3 V max cycled
cells illustrated in Fig. 6.7 (the marked voltage-capacity curves that were used to
determine this qualitatively are shown in Appendices 10.7 and 10.8). From this data,
the redox activity exhibited in the 3 V cells is much higher in both charge and
discharge out to 100 cycles than for the 2 V cells. Furthermore, the redox capacity
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was more prevalent for the discharge in both cells, whereas in the charge the
capacitive behaviour was higher for the 2 V max voltage, but it fluctuated in the 3 V
half-cell. Past 50 cycles, the redox behaviour dominated for the 3 V cell. The
significant redox behaviour difference observed during charge for the 3 V cell
compared to the 2 V cell may be due to the difference in structure for the half-cells —
the 3 V cell appears to have a structure that contributes to redox activity whereas the
2V cell appears to mainly have capacitive cycling out to 100 cycles — to further probe
the anode products generated during cycling pair distribution function analysis (PDF)
was used, outlined in section 4.3.3. Understanding whether there is any difference in
conversion products of this material is an essential step in further understanding the

electrochemical data deviations.
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the difference in capacitive and faradic contribution to the capacity for the 2 V and 3 V max

half-cells.
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6.4.2 In-situ investigations into Mn oxalate electrochemical behaviour

using pair distribution function (PDF) analysis

As stated in experimental section 3.4, pair distribution function (PDF) analysis
enables users to study localised order within materials. This technique is necessary
in this study as the conversion anode product after discharge is amorphous and does
not give rise to sharp XRD peaks due to a lack of long-range order in the material.
Not only has PDF been used to study these conversion anode products on an atomic
scale, but the experiments were run in-situ, meaning that the electrochemical system
could be studied in a contained environment and the conversion products were
studied as they were generated. Though the conversion reaction of Mn oxalate has
been explored extensively in the literature, the observation of the conversion reaction
products using in-situ PDF has not been explored, presenting an opportunity for local

structural determination within these materials.

As stated in the methods section in 6.3, the electrochemical data was collected at
Diamond Lightsource on the 1-15-1 dedicated XPDF beamline where three half-cells
were assembled using the DRIX setup outlined in experimental section 3.3.3. The
free-standing films were prepared as outlined in section 6.3. For the precycled
material, 14 mm diameter discs of the FSF were then cut and transferred into an inert
atmosphere glovebox for subsequent coin cell assembly in C2032-type coin cells, as
outlined in experimental section 3.5.1. The cells were then cycled at 30 mAg™’ for 4
formation cycles, followed by a 150 mAg" current density for subsequent cycles. The

capacity versus cycle number data for the precycled samples is shown in Fig. 6.8.
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Figure 6.8. Capacity versus cycle number plot for the 2 V and 3 V max free-standing film

half-cells.

As observed in Fig. 6.8, the capacity retention for the 2 V and 3 V max FSF half-cells
was inferior to the 2 and 3 V max half-cells shown in Fig. 6.4, which is due to the
absence of the copper current collector in the setup and the increased thickness of
the anode film. The current collector not only supports the coating but enhances the
electrical conductivity between the electrode and external circuits, and its absence
here highlights the benefit of its presence.'®* Despite its less desirable capacity, the
capacitive recovery for the 3 V FSF half-cell is superior to the 2 V case, meaning its
analysis in a synchrotron x-ray beam will give information into the conversion product
after the polymeric gel has formed. To extract the FSF post-cycling, the half-cells

were disassembled in an Argon-filled glovebox, washed with dimethyl carbonate
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(DMC, 99%) and dried within the glovebox. These films were then vacuum sealed in
containers to be transported over to Diamond Light Source, where they were then
placed directly into an inert Argon-filled glovebox prior to DRIX cell assembly. In the
DRIX assembly, the cell was manufactured using a Li counter electrode, glass
microfibre separators, and the free-standing Mn oxalate film that had been pre-cycled
in the CR2032 half-cells. The composition/ concentration of the electrolyte used was
(1.0 M LiPF6 EC:DEC = 50:50). The electrodes were stacked within a quartz
capillary that had been stacked and compressed between two current collector rods
which, in these experiments, were composed of stainless steel. The pristine Mn
oxalate material half-cell was assembled using a FSF that had not been cycled,
which had been dried in a vacuum oven prior to DRIX cell assembly. The pristine
DRIX half-cell was cycled at 60 mAg™ for 1 cycle, whereas the 2 V and 3 V precycled
half-cells were cycled at 45 and 30 mAg’, respectively. The precycled cells were
both supposed to be cycled at 30 mAg™' to ensure as many PDF data points were
measured as possible, as they take less time to reach their full capacity than the
pristine cell in its first cycle. The reason the precycled cells were not both collected at
30 mAg" was due to time constraints during beamtime experiments, meaning the
current density used to cycle the 2 V precycled cell was increased to collect as many
data points as possible in the given time. The PDF data points were collected

approximately every hour.

The voltage-capacity data for a pristine sample cycled between 0.05 and 3 V is
shown in Fig. 6.9 and the in-situ PDF measurements are marked on in colours

corresponding to the PDF plot shown in Figs 6.10 and 6.12. The voltage was held at
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3 V at the end of the first cycle to ensure the final data point was measured at the

correct voltage.
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Figure 6.9. Voltage-capacity data shown for the pristine sample cycled between 0.05
and 3 V at a current density of 60 mAg" with data points marked during cycling for the

PDF data collection.
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Figure 6.10. In-situ pair distribution function data between 0 and 25 angstroms, showing the
localised structural changes of the pristine sample cycled between 0.05 and 3 V at a current
density of 60 mAg™". The colours correspond to the data points marked during cycling in Fig.

6.9.
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The first clear observation in the PDF data is the pulverisation of the active material
during discharge in accordance with the ex-situ XRD data depicted in Fig. 6.3.
Looking at the first PDF collected before cycling (PDF #1, in black) and moving
through between data points to the end of discharge, marked in yellow (PDF #7), and
onwards to the top of charge, marked in purple (PDF # 10) there are no
distinguishable bond distances observed past 10 angstroms by the end of discharge,
and past this point, indicating that the material pulverises to a nanomaterial as small
as 1 nanometre. This indicates that the amorphous products after the first discharge
and the first cycle support the notion that this crystalline-to-amorphous phase
transition arises during cycling, contributing to the poor coulombic efficiency in the
first cycle for the Mn oxalate anodes. This also aligns with the increased voltage
required for on the second discharge for both the 2 V and 3 V half-cells in section

6.4.1.

The first PDF plots, depicted in black, red, and green, are overlaid in Fig. 6.11. The
original crystalline structure remains intact during this portion of discharge, which is
expected, since this is from preliminary discharging whereby the electrolyte
decomposes, and subsequent formation of the solid electrolyte interphase occurs
which will not initiate pulverisation of the crystalline electrode material. To determine
the expected initial structure of the Mn oxalate within the half-cell, pristine Mn oxalate
powder was heated to generate the dehydrated product, as was done prior to half-
cell assembly. This dried Mn oxalate was then analysed using XRD, and the collected
XRD pattern was used to calculate the structural details via Rietveld refinement.
Based on the result, the dehydrated structure was defined as an orthorhombic Mn
oxalate structure with space group Pmna, displayed in Fig. 6.12.
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Figure 6.11. . In-situ pair distribution function data between 1 and 10 angstroms, showing the
localised structural changes of the pristine sample between PDFs #1 through to #3 at the
beginning of the first discharge. The colours correspond to the data points marked during

cycling in Fig. 6.10.
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Figure 6.12. Refined XRD pattern of a pristine Mn oxalate dihydrate that had been heated to
remove hydrated water and refined to determine the structure, which was an orthorhombic y-

Mn oxalate with space group Pmna.
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The orthorhombic phase used to match expected bond distances for the pair
distribution function to those observed in PDF #1 came from the Inorganic Crystal
Structure Database (ICSD), from a study by A.N. Puzan et al.'% The comparison
between PDF #1 and the expected Mn-Mn, Mn-O, and Mn-C bond distances for the
orthorhombic Mn oxalate sample with space group Pmna are displayed in Fig.

6.13.19°

The PDF of the dehydrated orthorhombic structure correlates well to the observed in-
situ data for PDFs #1 — #3, indicating that this Mn oxalate with space group Pmna is
the crystalline starting material in the experiment. The dominant bond distances can

be ascribed as follows:

- Mn—Mn bond distances: Peaks at 3.36, 3.79 A, 5.85 A, 7.02 A ,7.47 A, 7.88 A
8.56 A and 9.08 A.

- Mn—0 bond distances: Peaks at 2.28 A, 4.28 A, and 8.56 A.

- Mn—C bond distances: Peaks at 3.02 A, 4.62 A, 5.24 A, 6.23 A, 7.02 A, 7.88 A

and 8.56 A.
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Figure 6.13. PDF extraction comparing PDF #1 with PDF plots for individual bond

interactions for dehydrated orthorhombic Mn oxalate with space group Pmna. Individual
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Once the discharge curve plateaus the conversion reaction begins, as observed in
the PDF data between PDFs #3 — #7, along with the pulverisation and significant
structural changes that occur. Based on literature discussion, it is expected that Mn2*
within the Mn oxalate will be reduced to Mn® metal and the Li will react with the
remaining oxalate to form Li oxalate, as outlined in equation 4.7294.9 To analyse
whether this was the case, the PDF data for plots #3, #5, and #7 have been overlaid
between 1 and 10 angstroms, shown in Fig. 6.14. To determine whether they Mn
metal had formed, crystallographic information files (CIFs) were extracted from the
Inorganic Crystal Structure Database (ICSD) and PDFs were extracted to determine
the bond distances. Mn metal with space group i43m, known as a-manganese, from
X. Hua et al.’s study was identified to correlate with the in-situ PDF data.”® It appears
from the overlaid PDFs that the Mn oxalate converts to metallic manganese, as
expected in equation 4, during discharge, with decrease in intensity of key Mn
oxalate peaks such as the peak at 2.28 A corresponding to Mn—O, and the peaks at
7.02 A, 7.88 A and 8.56 A corresponding to Mn—C bond distances, amongst many
others. In PDF #7 at the end of discharge, the dominant bond distances observed are
assigned to the Mn-Mn (from a-manganese) bond distances at 2.59 A, 4.25 A, 5.10
A, 6.55 A, 7.56 A and 8.80 A. The bond distance matching for this is shown in Fig.

6.15.
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interactions for a-Mn with space group i43m. Dotted lines used to match to peak intensities

in red for Mn-Mn bond distances in the CIF file and the in-situ PDF data.
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Next, to analyse the changing local structure during charge, the PDF data for plots #7
- #10 were overlaid between 1 and 10 A, shown in Fig. 6.16. It is clear from the PDF
data that the Mn reacts during charge to form a new product which, based on the
reversible conversion reaction explored in equation 4, was expected to be Mn oxalate
from the oxidation of metallic manganese during charge. To determine whether
orthorhombic Mn oxalate reformed at the end of charge, PDFs #1 and #10 were
compared, displayed in Fig. 6.17. Some of the peaks observed after one cycle do not
correspond to those for Mn oxalate, which is indicative that another product was

formed after one cycle.
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Figure 6.16. In-situ pair distribution function data between 1.5 and 7 angstroms, showing the
localised structural changes of the pristine sample during the conversion reaction for cycles
#7 #9 and #10 in the first charge. The colours correspond to the data points marked during

cycling in Fig. 6.9.
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Figure 6.17. In-situ pair distribution function data between 1 and 10 angstroms, showing the

localised structural changes of the pristine sample for PDFs #1 and #10.
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To be specific, the Mn oxalate peaks that are not present in PDF #10 include:

- 2.28A,7.02 A and 8.56 A corresponding to Mn-O
- 4.62 A and 8.56 A corresponding to Mn-C

- 5.85A and 7.02 8.56 A and 9.08 A corresponding to Mn-Mn

The fact that these bond distances are no longer present is indicative of a new
structure formed at the end of the cycle, as that it appears that the Mn oxalate does
not cycle reversibly to generate Mn oxalate at the end of each cycle, as is expected
based on equation 4. One thing that is key to note is the difference in the charge
value reached for the 3 V max half-cell and the pristine material cycled in the DRIX
cell upon charge — in the 3 V max half-cell depicted in Fig. 6.2, the coin cell this
material reached a charge capacity of 492 mAhg-!, whereas the DRIX cell only
reached 322 mAhg™', which is less than the theoretical capacity of Mn oxalate (375
mAhg™). This decreased capacity highlights that the full conversion reaction is not
achieved by the end of this cycle in the DRIX cell. Based on this, it is expected that
PDF #10 is a combination of two phases: the alpha-manganese conversion product
that had not fully converted, and another Mn-based product. Focussing on X. Hua et
al.’s study on reconversion chemistry of Mn3Oa4 in a Li-ion battery setup, it was
observed that the a-Mn metal conversion product at the end of discharge for a Mn3O4
conversion anode did not reversibly convert to form the original Mn oxide but, in fact,
the Mn metal formed at the end of discharge converted back to a new Mn oxide
material, namely zincblende-structured MnO. As the Mn product at the end of
discharge in this in-situ experiment was correlated to the same alpha-Mn metal

phase with space group i43m, it was therefore hypothesised that the conversion
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product at the end of charge would be a zincblende MnO phase with space group

F43m. 7
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Figure 6.18. PDF extraction comparing PDF #10 with PDF plots for alpha-Mn and zincblende

MnO. Individual atom distances plotted to facilitate peak identification, with dotted lines used

to match to peak intensities in red for alpha-Mn bond distances and green for zb-Mn-O The

purple line corresponds to both alpha-Mn and zb-Mn-O.
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The CIF file for the zincblende structure was taken from a study by B. Thiodijo Sendja
et al., and the lattice parameters for this unit cell were taken from those calculated in
X. Hua et al.’s study. 761% Based on the peak matching between PDF #10 and the
calculated PDFs, it appears that the calculated plots correlate to the structure of the
material observed in PDF #10 considerably, indicating that both these phases are
present at the end of charge. To determine whether this product at the end of the first

cycle is retained throughout cycling, comparisons were made in Fig. 6.19:

- In Fig. 6.19a — comparison was made between the product at the end of
charge (3 V) in the pristine sample’s first cycle and the 3 V pre-cycled material
at the beginning of discharge, (PDF # 21, plotted in Fig. 6.19), to determine
whether the 3 V pre-cycled material had the same structure at the top of
charge.

- In Fig. 6.19b — comparison was made between the material at the beginning of
discharge for the 2 V pre-cycled material (PDF #11, plotted in Fig. 6.19) and 3
V pre-cycled material to determine whether the structure remained the same

during pre-cycling to different voltage maxima.

Based on Fig 19a, though there were slight differences in peak intensities, the in-situ
PDF data pre-cycled 3 V material has the same structure in PDF #21 as that of PDF
#10, indicating it’s the reversible cycling of this material throughout cycling at 3V, as
was projected in X. Hua et al.’s study for the zincblende material, further clarifying the
likelihood that this MnO material had formed.” In Fig. 19b, the different structures
indicate that the cycling the material to a higher voltage maximum gives a different

reaction product during electrochemical cycling, giving rise to such a different
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Figure 6.19. Comparisons made between a) the product at the end of charge (3 V) for the
pristine sample (#10) versus the pre-cycled material at the beginning of discharge (#21) and
b) the 2 V and 3 V pre-cycled materials at the beginning of discharge (#10 and #11).

291



electrochemical performance, as seen for the 2 V max and 3 V max cells in the first

section.

PDF #9 is the final PDF measured in the pristine cell before the voltage exceeds the
2 V voltage limit, therefore this structure gives a good idea of the difference in the
structure of the material in the first cycle at the end of charge for the 2 V cell versus
the 3V pristine DRIX cell. The conversion product displayed in PDF #7 during charge
gave rise to the same bond distances as that for PDF # 10, aside from the peak
intensities corresponding to bond distances of 2.5 A and 2.85 A — this structure
difference may be the key difference in the subsequent cycling performance for the 2
V and 3 V max cells. To investigate the electrochemical behaviour after 105 cycles
further for the 2 V precycled electrode material, the in-situ PDF measurements were
compared across the 106" cycle. The voltage-capacity data for this sample cycled
between 0.01 and 2 V is shown in Fig. 6.20. The discharge capacity of 2 V precycled
half-cell improved in the DRIX setup. The capacity at the end of pre-cycling was just
under 100 mAhg™', whereas for the DRIX cell the capacity reached 350 mAhg'. One
reason for this may be since the DRIX cell setup ensured a fresh supply of electrolyte
was introduced into the system, and further side-reactions between Li and the
electrolyte arose were facilitated during the discharge of the 2 V precycled material.
Unfortunately, PDF data was only collected for the discharge and charge up to ~0.85
V, meaning the full charging process was not captured using in-situ PDF. The set of
in-situ PDF measurements are marked on in colours corresponding to the
electrochemical data are shown in the PDF plot in Fig. 6.21. As was observed for the
pristine material after the initial discharge, there are very few distinct bond distances
observed past 10 angstroms due to the pulverisation of the crystalline precursor
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active material structure during the initial conversion reaction when the cell was
precycled. To determine the structural changes observed during the 106™ cycle, the
PDFs measured during discharge were overlaid in Fig. 6.22, and those for charge

were overlaid in Fig. 6.23.
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Figure 6.20. Voltage-capacity data shown for the pristine sample cycled between 0.01
and 2 V at a current density of 45 mAg™" with data points marked during cycling for the

PDF data collection.
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Figure 6.21. In-situ pair distribution function data between 0 and 25 angstroms, showing the
localised structural changes of the pristine sample cycled between 0.05 and 2 V at a current
density of 45 mAg™". The colours correspond to the data points marked during cycling in Fig.
6.20.
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Figure 6.22. In-situ pair distribution function data between 1 and 10 angstroms, showing
the localised structural changes of the 2 V. sample during the conversion reaction in the

106" discharge. The colours correspond to the data points marked during cycling.
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In the 106t discharge, there appeared to be some very minor structural changes for
the 2 V pre-cycled cell. As the half-cell discharged the peak corresponding to a bond
distance of 2.06 A marginally decreased in intensity, as did the peaks at 3.22, 5.67,
6.90,7.41 7.85 A. For the bond distance of 2.53, 4.32, 6.12 and 6.55 A the peaks
grew somewhat in intensity out to the end of discharge. The remaining peaks showed
very little fluctuation in peak intensity. Overall, there appeared to be no substantial
structural change indicating that the cell did not convert into a new material during
discharge in this cycle. For the charging up to 0.85 V, there appeared to be no
changes in the structure of the material, in there appeared to be no changes in the
structure of the material, indicating that any structure changes that occur during
charge did so past 0.85 V. To determine whether into the electrochemical behaviour
after 105 cycles could be understood further for the 3 V precycled electrode material,
the in-situ PDF measurements were measured for cycle 106. The voltage-capacity
data for this sample cycled between 0.01 and 3 V is shown in Fig. 6.24, with the PDF
plots marked labelled. The corresponding PDF plots are stacked in Fig 6.25. There
are no significant bond distances past 10 A, as was the case for the 2 V precycled
material, showing the pulverisation that arose in all cases during conversion of the
crystalline Mn oxalate starting material. The capacity of 3 V precycled DRIX half-cell
reached ~295 mAhg™" during discharge which was a little lower than the ~335 mAhg™"
capacity reached at the end of pre-cycling in the half-cell setup. The reason for this
decreased capacity may be due to the transfer of the free-standing film into the DRIX
half-cell. It is possible that the removal of the FSF from its native electrochemical
environment to have introduced artefacts (despite being removed in an inert

atmosphere and transferred in a vacuum sealed container) during the time delay
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Figure 6.23. In-situ pair distribution function data between 1 and 10 angstroms, showing the
localised structural changes of the 2 V precycled sample during the conversion reaction

during 106" charge. The colours correspond to the data points marked during cycling.
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between measurement of the 105" and 106%" cycle. The capacity reached during
charge is inherently poor for the 3 V precycled DRIX half-cell which indicates

degradation from the FSF removal/ transfer.

To determine the structural changes observed during the 106™" cycle for the 3 V
precycled sample the PDFs measured during discharge and charge were overlaid
and displayed in Fig. 6.26. In the 106" discharge, there appeared to be some very
minor structural changes for the 3 V pre-cycled cell, with the most significant intensity
changes arising for the unidentified peaks between 2.75 and 3.5 A. In the charging
data there was no structural change. These observations are likely due to the poor
electrochemical performance of this material, whereby the capacity on charge

reached less than 100 mAhg".
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Figure 6.24. Voltage-capacity data shown for the precycled sample cycled between 0.05 and

3 V at a current density of 30 mAg™" with data points marked during cycling for the PDF data

collection.
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Figure 6.25. In-situ pair distribution function data between 0 and 25 angstroms, showing
the localised structural changes of the 3 V pre-cycled sample cycled between 0.05 and 3

V at a current density of 30 mAg™". The colours correspond to the data points marked
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Figure 6.26. In-situ PDF data between 1 and 10 A, showing localised structural changes of

the 3 V precycled sample during conversion in the 106" discharge (top) and charge (bottom).

The colours correspond to the data points marked during cycling.
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When comparing the first cycle electrochemical data for the 3 V max cell to the in-situ
PDF analysis, the structural information from the PDF patterns clearly reflects what is
seen in the electrochemistry. Initial active material pulverisation occurs in the first
discharge to form a metallic manganese product, with bond distances assigned to the
Mn-Mn (a-Mn phase with space group i43m).'% This pulverisation contributes to the
large first cycle capacity loss seen for the Mn oxalates in the first discharge. The
pulverisation also leads to higher surface area to volume ratio for the material, which
means that a higher Li insertion voltage is required to electrochemically react with the
material on subsequent cycles, as explored in the differential capacity study. In the
subsequent charge, the Mn product appears to partially convert into a zincblende

MnO phase with space group F43m, as observed for a-Mn in X. Hua et al.’s study.”®

After 105 cycles, the structure of the material in the 2 V and 3 V precycled materials
differs. For the 2 V half-cell the product does not resemble that of the material at the
end of first discharge in the way that it does for the 3 V half-cell. This difference in
structure between the 2 V and 3 V max cells highlights that the difference in capacity
retention and redox activity is due to the deviation in structure of these materials
when cycled at different voltage limits. The reversible growth of the polymeric gel
must be complemented by the structure of the 3 V max material in longer-term
cycling. During the 106%" cycle in both cases, the structure of the material does not
change significantly during charge, as is expected based on the capacitive behaviour
that the 2 V max half-cell exhibits after 100 cycles in the differential capacity analysis.
For the 3 V max cell, the electrochemical data was so poor that it is likely that this
material did not react during charge in its 106" cycle so the redox activity was not

observed.
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6.4.3 Electrochemical comparisons of Mn oxalate synthesised from

pristine, QCR and EOL LMO sources

Tackling waste from QCR and EOL lithium-ion batteries is an issue that has only
become apparent in recent years, due to the high global uptake in electrification of
the transport and energy storage sectors. Though the electrochemistry of Mn oxalate
has been explored using an array of Mn sources, as outlined in section 1.5.7, there
have not been any studies that use a Mn source from used QCR and EOL cathodes.
In this section experiments will verify whether Mn oxalates generated from leached
material exhibit comparable electrochemical performance to pristine material and
whether these upcycled materials compare to Mn oxalates synthesised from other
Mn sources within the literature. Comparisons between galvanostatic cycling of
pristine, QCR and EOL Mn oxalates (at voltage limits of 2 V and 3 V) are made to
determine the impact of Mn oxalate source on electrochemical behaviour out to 100
cycles. Mn oxalates explored in this section are synthesised from pristine (using an
Alfa Aeser LMO), QCR and EOL LMO using the reaction scheme outlined in Fig. 6.1.
The general cell manufacturing procedure is outlined in Experimental 3.5.1. To
compare the influence of Mn oxalate precursor source on electrochemistry, each of
pristine, QCR and EOL Mn oxalate samples were mixed with carbon black and
sodium carboxymethylcellulose (CMC) in an 80:10:10 ratio, respectively, and coated
copper film before cutting out electrodes to test in a Li-ion battery half-cell, using the
same method as outlined for the pristine cells. Once Li-ion half cells of these
materials had been synthesised, they were cycled using galvanostatic cycling with
potential limitation. These conversion anodes were cycled between the two voltage

ranges: 0.01 and 2 V and 0.05 and 3 V Li/ Li*- for 50 cycles each. They were cycled
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at 30 mAg" for 4 formation cycles, followed by 150 mAg™" current applied for
subsequent cycles. The voltage-capacity plots for the first cycle for the pristine, QCR
and EOL 2 V and 3 V (max voltage) samples are shown in Fig. 6.27 and the average
first discharge capacities and coulombic efficiency is displayed in Table 6.3. For all
cells there was an initial rapid drop in voltage during discharge, corresponding to the
decomposition of the electrolyte and subsequent formation of the solid electrolyte
interphase, followed by a voltage plateau. As stated previously, voltage plateau seen
during first discharge corresponds to the forward conversion reaction of Mn oxalate
(shown in equation 4), and the voltage tail-off down to 0.01 and 0.05 V for 2 and 3 V,
respectively, has been reported to correspond to the formation of a gel layer on the
surface of the anode, that gives the anode extra capacity and causes pseudo-
capacitive behaviour.”>9294 To understand the amount of extra capacity added to
these cells in their first discharge voltage versus Li* insertion graphs were plotted
based on the theoretical amount of Li expected to react with the Mn oxalate
precursor, whereby 2 Li* corresponds to 375 mAhg™' theoretical capacity. The Li
concentration observed for the first cycle of the 2 V and 3 V max Mn oxalates from
pristine, QCR and EOL precursors exhibited capacities that equated to the addition of
between 5.25 — 6.25 x, which, at its highest, was over three times the amount of
lithium expected for these samples (2 x) based on the theoretical calculation. Based
on Mn oxalate doping studies by Duan at al. and Jia et al., these first cycle capacities
and Coulombic efficiencies for the leached materials fall within expected values, all
exceeding around 1000 mAhg" for the first cycle discharge and coulombic

efficiencies spanning between 46 and 50%.93%
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Table 6.3. Average first discharge capacities and first cycle irreversible capacity loss of the pristine, QCR and

EOL Mn oxalate half-cells with calculated coulombic efficiency.

Voltage

maximum

2 V (Pristine)
2V (QCR)
2V (EOL)

3 V (Pristine)
3V (QCR)

3V (EOL)

First discharge

capacity

(mAhg)

1143 (+13)
1041 (+35)
1161 (+24)
1037 (+53)
1081 (+46)

1066 (+22)

First cycle

irreversible capacity

loss
(mAhg™)
621 (£12)
558 (+21)
626 (£15)
536 (+42)
567 (+5)

533 (+19)

Coulombic

46 (£0.001)
46 (+0.003)
46 (+0.003)
48 (+0.01)
48 (+0.002)

50 (+0.01)

efficiency (%)
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Figure 6.27. Pristine QCR and EOL Ecel versus capacity plots for 2 V max (a) and 3 V max
(b) first cycle, with Li concentration shown on a secondary x axis.
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To determine whether the Mn oxalate source had significant impact on
electrochemical cycling behaviour, capacity fading was plotted in Fig. 6.28. As was
observed for the pristine half-cells, the capacity fade was much more extreme for the
2 V max cells than for the 3 V max ones, with the pristine 2 V max sample exhibiting
the poorest capacity recovery of the three half-cells. Looking only at the 2 V max
cells it is evident that the most capacity recovery was observed for the EOL sample,
followed by the QCR and then the pristine Mn oxalate. This trend aligns with a
degree of contamination in these samples: EOL > QCR > pristine, shown in Table
4.3, which is suggestive that the contaminants may influence the capacitive increase
in these systems. The 3 V max half-cells have a capacitive increase trend that follows
the same trend within the first 30 cycles for these half-cells however the capacity
then drops and stabilises in the opposite trend. Despite this drop in capacity retention
for the leached materials, the capacity remains significantly higher than Mn oxalate’s
theoretical capacity in all cases. In Chapter 4, ICP-OES was used to highlight Ni and
Co contamination in the interconverted Mn oxalates at low percentage masses (and
copper/lithium contamination at even lower percentage masses). Ni and Co were
expected from the layered phase, and Cu because of the over discharge of the QCR
electrode during teardown. Though there are small amounts of Co and Cu
contamination in the QCR material, the most significant contaminant throughout in
the QCR and EOL Mn oxides is the Ni. Co contamination is significantly higher in the
EOL material than for QCR. SEM data indicated the difference in morphology
exhibited by the pristine, QCR and EOL Mn oxalate material. The polyhedral-like
structure of the Mn oxalate became less apparent in the QCR / EOL samples, with

the QCR sample exhibiting a smaller particle size distribution, and the EOL sample
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exhibiting the smallest particle size distribution of all the samples agglomeration. EOL
Mn oxalate has the greatest resemblance to that of the Ni-doped Mn oxalate from a
study by Y. Duan et al. The smaller average particle size is shown for the pristine
sample therefore it is unsurprising that the differences in morphology are observed
with deviations in electrochemistry. Manipulation of morphology of pure Mn oxalate
has been used extensively in the literature to investigate and optimise performance
of this conversion anode material. Methods outlined include solvothermal routes with
optimisation of microwave-assisted reaction temperatures and use of a microchannel
reactor to tailor particle morphology and size distribution.”29:97 |n these
investigations it has been identified that morphological manipulation has a profound
impact on electrochemical performance. Furthermore, when considering the
introduction of dopant ions into these systems, enhanced electrochemical
performance has been observed and assigned to morphological influences as well as
cooperative effects of the dopant ion and the manganese in the oxalate. In a study by
Y. Duan et al. Mn oxalate doping was studied using Co, Ni, Cu and Zn (labelled as M)
with stoichiometry Mno.sMo.5sC204. While the transition metal contaminants in the QCR
and EOL Mn oxalates are in much lower quantities than this Y. Duan et al.’s findings
give an insight on how these contaminant ions may impact cell cycling and
differences in capacity fading observed in Fig. 6.28. Y. Duan et al. found that particle
morphologies and structure of anode material dictates the electrochemical
performance significantly. In their study the least effective rate performance came
from Cu-doped Mn oxalate and the most came from the Ni-doped half-cells, which
aligns with the Cu-doped sample having much the least desirable morphology and

agglomeration of particles than the Ni-counterpart. In the SEM images of the Mn
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oxalates in this discussion, shown in section 4.4.3, the average particle size of the
samples follows the degree of contamination in the samples (pristine > QCR > EOL).
In'Y. Duan et al.’s study it was stated that the smaller the size of the active material
particles gave rise to a larger specific surface area which is vital for enhancing
electrochemical performance. Furthermore, the rod-like structure formed with Ni-
doping provided greater electrode/electrolyte contact and diminished diffusion
pathways for cycling while relieving volume expansion from the conversion reaction
again optimising half-cell performance.®® The electrochemical performance was
therefore not only attributed to the enhanced kinetics of the electrode by the co-
operative interaction of these metals with this mixed-metal system, but also due to
the 1-D rod-like morphology of the generated active material. Such morphology was
seen to enhance electron transport through the material which improves rate
performance.® In a study by Y. Jia et al., iron-doping was used to manipulate the
morphology of Mn oxalate material and investigation into the impact on
electrochemistry was explored. Again, the enhanced electrochemical performance
was attributed to cooperative effect between the two transition metals alongside the
enhanced morphological characteristics that gave rise to an enhanced conductive

network for lithium transport and storage.®3

Comparing the first cycle voltage-capacity curves for the pristine, QCR and EOL
samples at 2 V and 3 V, shown in Fig. 6.27, further highlights the differences between
the samples during galvanostatic cycling. As the differences between 2 V and 3V
capacity curves have been explored in section 4.3.1, these comparisons focus on the
differences between pristine, QCR and EOL Mn oxalate samples at the given voltage
range (0.01 -2V or0.05-3V).
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Firstly, the voltage plateau for the conversion reaction in the first discharge occurs at
a higher voltage than for the pristine samples than for the QCR and EOL samples for
both voltage ranges. In both the 2 V and the 3 V the pristine samples this plateau is
observed at approximately 0.5 V, for the QCR samples this arises at ~0.625 V, and
for the EOL samples this plateau is observed at ~0.75 V. As final clarification that the
difference in voltage plateau seen for these samples was due to the contaminants,
Mn oxalates were synthesised with the stoichiometric amounts of contaminants
detected for QCR and EOL Mn in Chapter 4. As shown in Fig. 6.29, the QCR-doped
and EOL-doped samples still followed the same trend as those seen in Fig. 6.27,
indicating that these contaminants are likely to be the reason for the deviations in the
conversion voltage plateau in the first discharge, and the SEM data indicates that the
reason for this lies behind the varied morphology of these samples. Furthermore, the
rod-like structure formed with Ni-doping provided greater electrode/electrolyte contact
and diminished diffusion pathways for cycling while relieving volume expansion from

the conversion reaction again optimising half-cell performance. %
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Figure 6.29. Voltage-capacity curves showing first cycle (2 V max) of Mn oxalate cycling for

pristine (black), QCR-doped (red), and EOL-doped (blue) material.
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6.5 Conclusions

The studies outlined in this Chapter have demonstrated that the widely reported Mn
oxalate capacity increase arises due to the large voltage window that these half-cells
are cycled within, with a 3 V maximum voltage. When the voltage limit is cut offat 2 V
maximum, this has a profound effect on the electrochemical behaviour because of

the accessed structures for these materials.

Looking specifically at the differential capacity analysis for these two scenarios, it is
observed that any capacity increase observed for the 2 V max cell in the later cycles
is due to capacitive contributions, which are likely to be because of the polymeric gel
formation in the initial cycles. In the 3 V max half-cells, this be due to the redox active
behaviour of this material and the polymeric gel formation combined. As it has been
hypothesised in the literature, redox activity may not only be due to the Mn oxidation
states expressed in the theoretical equation, but also due to higher Mn oxidation

states, or even due to the reversible reaction of the C=0O group in the anionic oxalate

group.

As exhibited in the in-situ PDF data for all the studied oxalates, there is significant
pulverisation of the anode material during first discharge, as expected, which leads to
a significant first cycle irreversible capacity loss. After this initial capacity loss, it is
observed that the capacity can be recovered significantly if the material is cycled up
to 3 V in subsequent cycles, which is not so significant 2 V max half-cell. Based on
the in-situ study, it has been confirmed that the conversion reaction outlined in
equation 4 and in the literature is not representative of the in-situ scenario, as the

product formed at the end of the first cycle does not match the structure of the initial
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Mn oxalate material. This structure at the end of charge has in fact been identified to
a zincblende-structured MnO with space group F43m, as determined in a study on X.

Hua et al.’s study on reconversion chemistry Mn oxides.”®

Furthermore, the deviation in electrochemical behaviour between 2 V and 3 V max
can be attributed to the formation of a different structure during cycling between the
two different voltage ranges. Following on from the in-situ investigation of Mn oxalate
conversion anodes at different cycling conditions, this chapter has demonstrated that
Mn oxalate conversion anode synthesis is successful using the interconversion of
leached LiMn204 into Mn oxalate material, and that the voltage cutoff limits have the
same capacity limitation effect on the Mn oxalate materials. After 100 cycles the
capacity recovery of the 3 V max cycled half-cells remained as high as 725 — 750
mAhg-" for the pristine, 500 — 650 mAhg™" for the QCR and 400 — 475 mAhg-" for the
EOL samples. Though the capacity retention after 100 cycles is lower with an
increased degree of contamination, the capacity still outperforms the expected
capacity based on the theoretical calculation, at 375 mAhg, and of graphite, at 372
mAhg', and it is suspected that tailoring the morphology of the leached Mn oxalate
product will enhance the electrochemical properties of these materials, through
enhanced electrode/electrolyte contact and diminished diffusion pathways for cycling
while relieving volume expansion from the conversion reaction again optimising half-

cell performance.
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6.6 Future Work

In future work, the first experiments to be prioritised will involve further identification
of the in-situ product at the end of the first cycle for the pristine half-cell. One method
to do this would be to use a PDF refinement software, such as PDFgui. As the
structural changes arise on a local scale, a few atoms can be used to identify the
local structure of the material. Different phases can be refined against one another,
and the refined parameters that are outputted include lattice parameters, atomic
coordinates, and atomic displacement. This software would therefore enable the
bond distances in the in-situ PDF data to be correlated to the in-situ products of the
conversion reaction. Additionally, as explored in X. Hua et al.’s study, Metropolis
Monte Carlo simulations could be utilised to understand the thermodynamic

behaviour during cycling, which enables subsequent structural elucidation.”61%7

Another in-situ structural ID method would be to use in-situ XAS. By identifying this
conversion product, as well as the product at the end of the first cycle in a 2 V max
system, further conclusions can be made into the deviation in faradaic and capacitive
behaviour for these systems. Using XAS the redox behaviour of the manganese
could be measured in real-time, to determine the oxidation state of the conversion
products during cycling — giving rise to further understanding of the capacity increase

observed in the 2 V and 3 V max samples.

In-situ analysis of the first 5 cycles would be of great interest to probe how the
material cycles from the product observed in the initial cycles where the SEI layer
forms. Following on from this, long-term cycled cells with full electrochemical data

would give further insights into the structural changes and resultant electrochemical
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behaviour. To minimise the likelihood of unwanted artefacts in the precycled material,
precycling the Mn oxalate in the DRIX half-cell setup to ensure the capacity increase

took place in an airtight setup with no transfer interference prior to PDF measurement
would be ideal, to ensure that there were no transfer issues introduced prior to PDF

collection.

Another avenue of research would be investigation into the redox activity of the
oxalate organic group in the high capacities achieved by the conversion anode using
an array of techniques, including Raman, X-ray photoelectron spectroscopy and
XRD, amongst many others, to determine whether there is any evidence for the
anionic redox to half-cell capacity for these materials.?®%° This could further explain
the vast deviation from the theoretical capacity measured for the Mn oxalate half-

cells.

In subsequent experiments, investigation into morphological composition of the Mn
oxalate material would be of interest, as has been explored extensively in the
literature due to its potential to enhance Li uptake and transport during the
conversion reaction. One way to manipulate Mn oxalate morphology would be to use
the leached LMO to generate a Mn acetate precursor material that could then be
synthesised into a material with tailored morphology via a hydrothermal/ solvothermal
setup via one of the synthetic routes outlined in the literature. Furthermore,
nanostructured material could be synthesised by this method which would reduce the
degree of pulverisation in the first few cycles, minimising first cycle irreversible

capacity loss in the materials.”291-95.97
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To further clarify the influence of morphology on the conductivity of the Mn oxalates,
electrochemical impedance spectroscopy would be of great value. The charge-
transfer and surface layer resistance in the middle frequency range is related to the
charge-transfer resistance (Rct) are measurable using this technique. In particular,
the charge transfer resistance indicates superior electronic transport throughout the
active material when its value is lower, which has been denoted to come down to the
intrinsic morphology of the material. Additionally, the electrode kinetics are enhanced
with a decreasing charge transfer resistance value which enhances rate

performance of these materials.®3-%
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7 Closing discussion

In the introduction, it was outlined that the electrification of the portables, transport
and ESS sectors is set to skyrocket in the next decade, which means that lithium-ion
battery demand is set to do so t00.'%3 These batteries contain an array of valuable
materials, and once these batteries reach the end of their usable lifetime there will be
a great opportunity for materials extraction from lithium-ion battery scrap. It was also
outlined that current commercialised battery recycling infrastructure relies on pyro
and hydrometallurgical routes; however, these routes have their shortcomings, and
diversifying the recycling practices implemented will enable further value to be
derived from battery scrap material. 3¢-3%41 |t has been highlighted here that one
mode of battery recycling methodologies that has not been extensively utilised is
upcycling, which enables derivation of increased value from lower worth waste
materials. Prior studies on upcycling have been focussed around NMC upcycling, by
taking low-Ni NMC chemistries and upcycling this material into a more ‘current’ Ni’
rich form.5253 What is key to note, is that little focus has been placed on recycling of
other early generation chemistries that will be prevalent in the waste stream, but
lesser used in the current battery sector, such as the material LMO. LMO was utilised
in the first-generation Nissan Leaf pouch cells in a mixed cathode phase, and this

means that it will be prevalent in the preliminary EOL battery waste stream.

To derive value from upcycling this LMO phase, it was established that alternative
anode chemistries are a valuable avenue to explore. With respect to the most
commercialised anode material, graphite, which is well-understood and routinely

used — there are concerns surrounding its circularity in the lithium-ion battery supply
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chain, largely surrounding questions over the economic value for extracting the

material. 60.61

To address the lack of upcycling of redundant LMO material, and to provide upcycling
products of this redundant cathode material into novel anode materials to contend
with graphite, experiments outlined in this thesis have demonstrated the capabilities
available for selective extraction and upcycling of LMO material into Mn-based
products. Though there has been extensive research into recycling of spent battery
materials in the literature, very little research has been done on upcycling electrodes
and, notably, on upcycling of spent LMO cathode material. Exploring routes to extract
this dated cathode material and exploring methodologies to showcase the potential of
the derived Mn-based materials from outmoded LMO cathodes has been studied

extensively in this thesis.

In Chapter 4, the aims were to explore the effectiveness of interconversion of this
material into Mn oxalate, Mn20s and Mn3Oa4 through structural comparison to their
pristine counterparts to verify whether this was the case. Experiments outlined in
Chapter 4 have highlighted the efficacy of a selective leaching process for the
extraction of LMO from spent cathode material and the effectiveness of
interconversion of this material into Mn oxalate, Mn203 and Mn30a4. The LMO, Mn
oxalate, Mn203 and Mn304 formed with structure Fd3m, C12/c1, Pcab and I41/amd
respectively, across the pristine and leached QCR and EOL samples in all cases,
indicating that any degree of contamination from the leached material was minimal
and did not compromise the material structure. Through ICP-OES analysis it was
observed that the contamination in the interconverted products came from the

layered phase (Ni and Co contamination) in both EOL and QCR samples, with further
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Cu contamination the case of the QCR samples, due to the over discharging of the
cathode material prior to disassembly. These variations aligned with the lattice
parameters calculated from the refined XRD patterns of all the interconverted
samples, with unit cell contraction and lattice parameter shrinkage observed for the
most-part in the leached samples. SEM-EDX data highlighted the variation in
morphology between these samples, which was of benefit for subsequent

experiments on the interconverted Mn oxalate testing undertaken in Chapter 6.

In Chapter 5, the first aim was to first derive a simple mechanochemical route to
manufacture a nanoMNO-C composite material, whereby Mn oxalate dihydrate could
be utilised as a precursor. The nanocomposite had been reported to provide a
respectable electrochemical performance when cycled as a conversion anode
material, and so was an obvious upcycling product for the LMO material when

considering materials to rival graphite. 7983

By developing a simplistic process for manufacturing these nanocomposites through
mechanochemistry, utilisation of leached Mn-rich cathode material from first
generation quality-control rejected and end-of-life pouch cells could then be applied
to this synthetic route, as it had been demonstrated in Chapter 4 that LMO material
was routinely upcycled into Mn oxalate. As stated in Chapter 5, the simplistic
mechanochemical route for synthesis of these was successful in generating the
desired nanoMnO-C composite for subsequent electrochemical analysis, and
optimisation experiments provided the correct heating temperature to provide the
most effective electrochemical performance, which came to a 600 °C/ 4h temperature
/ hold time. The second aim of this chapter was to demonstrate the value of the

leached materials in the nanocomposite form and provide evidence that these were
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effective conversion anode materials. The average capacities exhibited for the
pristine, QCR and EOL samples after 15 cycles were 697 (x19), 777 (£12), and 916
(£37) mAhg" which equates to 66 %, 68%, and 83 % of the original capacities
exhibited, respectively. This indicates that both the leached materials have enhanced
capacity retention when compared to the pristine case — with capacities exceeding
that of the theoretical capacity for MnO (at 755 mAhg™") for both the leached samples
after 15 cycles, particularly for the EOL materials. Furthermore, these
nanocomposites exhibit electrochemical capacities that are more than double that of
graphite (372 mAhg") indicating that upcycling the redundant cathode materials into
these nanoMnO-C conversion anodes has demonstrated the success in upcycling this
redundant LMO material into high-capacity anode materials as an alternative to

graphite.

In Chapter 6, the first aim was to develop understanding into the electrochemical
behaviour of Mn oxalate conversion anodes through manipulation of the cycling
voltage range, not only to determine its effect on electrochemistry but also on the
structure of the Mn oxalate during cell runtime, using in-situ pair distribution function
(PDF) analysis. One of the first features demonstrated in this analysis is that the Mn
oxalate capacity increase was facilitated by the large cycling voltage window with 3 V
maximum voltage. When the voltage limit was cut off at 2 V maximum, this has a
profound effect on the electrochemical behaviour because of the accessed structures
for these materials. By the 100™" cycle, the discharge capacity of the 2 V max cells
averaged out at 160 mAhg (+ 7 mAhg™') and for the 3 V max cells averaged out at
723 mAhg' (x 8 mAhg™), at 14% and 70% of their first discharge capacity,
respectively, indicating the effect of the 3 V maximum voltage on capacity retention.
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What’s more is that there was capacity recovery in both cases — in the 2 V cell the
capacity dropped as low as 133 mAhg (+ 2 mAhg™') for the 2 V max cells and 308
mAhg (z 3 mAhg) for the 3 V max cells. To shed light on this, the differential
capacity analysis was analysed for these two scenarios, and it was shown that any
capacity increase observed for the 2 V max cell in the later cycles looks to come from
capacitive contributions, which are likely to be because of the polymeric gel formation
in the initial cycles. In the 3 V max half-cells, this be due to the redox active
behaviour of this material and the polymeric gel formation combined. As it has been
hypothesised in the literature, redox activity may not only be due to the Mn oxidation
states expressed in the theoretical equation, but also due to higher Mn oxidation
states, or even due to the reversible reaction of the C=0 group in the anionic oxalate
group. In the in-situ structural study of the Mn oxalate materials through PDF
analysis, the electrochemical behaviour was interpreted further. The pulverization the
electrode during the first cycle was confirmed during first discharge, it was also
shown that the conversion reaction outlined in equation 4 and in the literature is not
representative of the in-situ scenario, as the product formed at the end of the first
cycle does not match the structure of the initial Mn oxalate material on the short-
range scale. This structure at the end of charge has been hypothesised to match with
a zincblende-structured MnO with space group F43m, although the poor
electrochemistry meant that only part of the anode material converted into this phase,
and subsequent PDF experiments and refinements would be necessary to obtain all
the structural information of the phase at the end of discharge. The reconversion of
a-Mn to zincblende MnO was observed in a study on X. Hua et al.’s, whereby the

reconversion chemistry of Mn3O4 was shown to never return to this starting material,
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as was deduced from this Mn oxalate study.’® This revelation not only provides more
understanding into the electrochemical behaviour of this material but provides more
opportunity for subsequent determination of conversion products in subsequent
cycles, as unfortunately the resolved electrochemical data of the precycled materials
outlined in this thesis were relatively poor which meant structural conversion was
minimal. In the 2 V and 3 V precycled materials for PDF study, their structures
differed greatly, and the 3 V max system reflected the material present at the end of
the first charge in the PDF analysis, whereas the 2 V max system did not. This further
gives explanation for the deviation in electrochemical behaviour between 2 V and 3 V
max cells, due to the structural deviation during cycling between the two different
voltage ranges. Following on from the structural experiments, the second aim of this
Chapter was to determine whether the electrochemical performance for the leached
material was comparable to that seen for the pristine material through comparisons
between Mn oxalate generated from pristine LMO, and LMO from leached QCR and
EOL battery scrap. These experiments proved to be highly successful in upcycling
the interconverted LiMn204 into Mn oxalate material. After 100 cycles the capacity
recovery of the 3 V max cycled half-cells remained as high as 725 — 750 mAhg™' for
the pristine, 500 — 650 mAhg™" for the QCR and 400 — 475 mAhg-" for the EOL
sample. Though the capacity retention after 100 cycles was lower with an increased
degree of contamination from the leached samples, the capacity still outperforms the
expected capacity based on the theoretical calculation, at 375 mAhg™', and of
graphite, at 372 mAhg™, and it is suspected that tailoring the morphology of the Mn

oxalate product will aid the electrochemical properties of these materials.
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8 Conclusions

The investigations outlined within this thesis has showcased the upcycling potential
of LMO from QCR and EOL battery scrap. An into Mn-based materials through an
array of experiments. In Chapter 4, through selective extraction of LiMn204 from
quality control-rejected and end-of-life battery Nissan Leaf cathodes, it has been
demonstrated that this material can not only be extracted but it can also be
interconverted into an array of new Mn-based products with the same crystal
structure as their pristine counterpart. With respect to the crystal structures: LiMn204
formed a cubic close-packed spinel structure with space group Fd3m, o’-Mn oxalate
dihydrate formed with space group C12/c1, Mn203 with space group Pcab, and
Mn3O4 with space group 141/amd. These results highlighted that LMO can be leached
and interconverted into an array of Mn-based products with minimal contamination,
and that this minor contamination does not impact the formation of the crystalline
material with the desired space group based on their comparison to the pristine case.
In Chapter 5, the anode upcycling opportunity for leached Mn-rich material from first
generation quality-control rejected and end-of-life cathode was realised. A
mechanochemical route involving one ball milling step followed by moderate
decomposition temperatures hold times of 600°C/ 4 hr provide the desired nanoMnO-C
composite, demonstrating that complex solvothermal routes are not necessary to
generate these materials. With respect to the electrochemical behaviour of these
leached materials, average capacity for the pristine, QCR and EOL samples after 15
cycles was 697 (£19), 777 (£12), and 916 (+37) mAhg' which equates to 66 %, 68%,

and 83 % of the original capacities exhibited, respectively. This highlights the
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enhanced capacity retention when compared to the pristine case — and indicates
that upcycling redundant cathode materials into these nanoMNO-C conversion anodes
provides an exciting opportunity to access high-capacity anode materials as

alternatives to graphite in lithium-ion batteries.

In Chapter 6, it was demonstrated that Mn oxalate conversion anode synthesis is
successful using the interconversion of leached LiMn204 into Mn oxalate material,
and that the voltage cutoff limits limit the achievable capacity retention for the
conversion anodes. Additionally, in-situ structural studies identified that the
conversion product at the end of the first cycle was not Mn oxalate, opposing the
reported reversible conversion reaction reported extensively in the literature. The
product at the end of discharge was, in fact, correlated to a zincblende-MnO phase,
which was still resolvable in subsequent cycles for the 3 V max precycled half-cell
indicating the reversibility of this MnO phase after the initial cycle. For the leached
samples, after 100 cycles the capacity recovery of the 3 V max cycled half-cells
remained as high as 725 — 750 mAhg"' for the pristine, 500 — 650 mAhg-" for the
QCR and 400 — 475 mAhg" for the EOL samples. Though the capacity retention after
100 cycles is lower with an increased degree of contamination, the capacity still
outperforms the expected capacity based on the theoretical calculation, at 375 mAhg-
1, therefore it is suspected that tailoring the morphology of the Mn oxalate product will

enhance the electrochemical properties of these materials.

In conclusion, it can be rationalised that there is significant value for upcycling LMO
from leached cathode material. Not only are the contaminants from this leaching
process present in minor quantities, but when leached material is interconverted into

materials for conversion anode applications, the morphological variation has a
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profound influence on the electrochemical performance, providing exciting potential

for these materials.
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9 Future Work

An assortment of subsequent experiments have been outlined at the end of each
Chapter to continue experimentation on these systems, therefore, in this summary,

further experiments that can be applied across investigations are outlined here.

Firstly, PDF studies on the cycling behaviour of both conversion anode materials
would be of great value, to see how the local order of these materials compares in
initial and subsequent cycles. If the Mn oxalate discharges to form this zincblende
MnO structure in the first cycle and reversibly converts through this material in
subsequent cycles, it will be of interest to determine how the structural changes
within this system compare to that of a nanroMnO-C composite. In such experiments,
PDF refinement will be utilised to enhance the identification of the in-situ products
detected using this method, with software such as PDFgui and thermodynamic
calculations such as Metropolis Monte Carlo simulations for subsequent structural

elucidation.”6197

For the conversion anode experiments, further electrochemical investigation into
long-term capacity retention and comparison between the pristine and leached
materials will be of great value. Additionally, removing the excess Li that comes from
the Li counter electrode by testing the the anode materials in a full cell setup would
be of value to determine how the capacity increase of these anodes is affected, as
the limitation of this Li source is likely to diminish the extensive capacity increase
observed due to the loss of Li inventory during side-reactions to form the SEI layer
and polymeric gel. The comparison of electrochemical behaviour between the half-

cells and in a full cell experiment, combined with an in-situ XAS study to monitor the
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Mn oxidation state in real time would give in-depth evidence into the redox-activated
behaviour of the Mn-based electrodes during cycling. capacitive formation of the

polymeric gel during cycling.

Finally, to gain more structural understanding of the leached material structure, one
method to determine the site at which the contaminant ions dope into the
interconverted materials could be through x-ray absorption spectroscopy (XAS). This
enables quantification of the average oxidation state of the manganese ions within
the pristine /QCR / EOL materials using the occupation of the d-orbitals within the Mn
atoms to determine the oxidation state.”’ Not only could XAS be utilised ex-situ to
determine the oxidation state of the Mn in the interconverted products, but it could
also be used in-situ, to identify the conversion products observed during conversion
when utilised in conversion anode applications. The redox behaviour of the
manganese could be measured in real-time, to determine the oxidation state of the
conversion products during cycling — giving evidence for the extra oxidation of
manganese with the capacity increase hypothesised after many cycles for both the

MnO and Mn oxalate anodes.
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10 Appendix

10.1 EDX analysis of pristine samples
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10.1.2 Mn oxalate dihydrate
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10.1.3 Mn20s3
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10.1.4 Mn3Og4

18kV 9.1mm X1.50k SE 30.0um

Mn Ko O Ka1l

25um 25um

333



10.2 EDX analysis of QCR-leached samples
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10.2.2 Mn oxalate dihydrate
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10.2.3 Mn20s3
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10.2.4 Mn3Og4
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10.3 EDX analysis of EOL-leached sample
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10.3.2 Mn oxalate dihydrate

15KV 9.7mm X1.50k SE

Mn K series O K series

| I | | I |

25um 25um

341



C K series Ni K series

— . — 1
o . 1
25um 25um

Co K series

25um

342



10.3.3 Mn20s3
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10.3.4 Mn3Og4
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10.4 EDX analysis of pristine 600 °C/ 4h nanoMNO—C

composite
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10.5 EDX analysis of ascorbic acid treated 600 °C/ 4h

nanoMNO—C composite
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10.6 ICP-OES analysis of pristine, QCR and EOL hanoMnO—C

composites

Appendix 10.6. Unquantified confirmation of the presence of contamination in the pristine (P-nanoMnO-C), QCR

(Q-nanoMnO-C) and EOL (E-nanoMnO-C) samples.

Sample Present in MnO sample (< 0.01 % by mass)
Li Mn Ni Co Al Cu
P-nanoMNnO-C N Y N N N N
Q- nanoMnO-C Y Y Y Y Y N
E- nanoMNnO-C Y Y Y Y N N

348



10.7 Quantified Faradaic and non-Faradaic behaviour of 2 V

max Mn oxalate half-cell between cycle 1 and 100
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10.8 Quantified Faradaic and non-Faradaic behaviour of 3 V

max Mn oxalate half-cell between cycle 1 and 100
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