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Abstract

In recent years, there has been a growing concern about the impact of fossil fuels
on the environment and the need for sustainable energy sources. As a result of this
there has been an increased need for renewable energy sources such as solar, wind
and hydropower. However, the intermittent nature of these sources has made it

challenging to meet the energy demands of modern society.

Batteries have the potential to play a crucial role in the transition to a more sus-
tainable future. They can store excess energy from renewable sources and provide it
when needed. Moreover, with the rapid advancements in battery technology, they
are becoming more efficient, durable and cost-effective. The most rapid used bat-
tery today is the lithium-ion battery (LIBs), but there has been several safety -and
sustainability concerns about them. There has been incidents where the batteries
have caught fire, or even exploded, due to thermal runaway or overheating. The
production and disposal of the batteries are not developed to a sustainable level yet,

and there are also severe problems when it comes to the mining of the raw materials
used in the LIBs.

This scientific report will take a look into more sustainable materials that can be
used as alternatives at the cathode, anode and as electrolyte in the LIB. New battery
chemistries which might replace the LIB are also presented before the recycling

process of the different parts of the battery is discussed.
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1 Introduction

The world is currently experiencing severe climate changes due to the long-term
excessive use of non-renewable fossil fuels!. Fossil fuels have been our primary energy
source for a long time, and an increasing concentration of carbon dioxide (CO;) and
other greenhouse gasses (GHGs) in the atmosphere have lead to a warmer climate.®3.
The consequences of global warming are many, such as polar ice melting, reduced

biodiversity and more extreme weather?.

The demand for sustainable energy sources based on renewable resources is growing
rapidly and it has lead to an increasing amount of research on battery energy storage
systems (BESS)!'. Within this field of research, the lithium-ion battery (LIB) is
regarded as the most promising option for portable devices that need lightweight
and small batteries that can store a lot of energy, such as smartphones, laptops and
electric vehicles'®. Although, it has some improvement potential when it comes to

sustainability and safety?2.

The lithium ion battery is considered a "green" battery due to their high energy

density and long lifespan®.

However, taking a look inside of the battery and the
production of it, gives reasons to believe that it is a way to go before we can actually
call it green. Several parts of the battery consists of flammable and toxic materials
which are geographically distributed and the mining of these materials is far from

ethical nor sustainable®.

For batteries to be a sustainable alternative to fossil fuels they need to be optim-
ised to be effective, have a long life span and not have a negative impact on the
environment and humans when the materials for them are mined!!. Today, the
manufacturers of the LIB use non-abundant materials such as lithium, cobalt and
natural graphite. The cobalt mining is highly disputed due to child labour and
otherwise poor working conditions, the life span of the battery is shortened because

of lammable materials and the recycling process is not satisfactory*’.

The aim of this paper is to research how the lithium-ion battery can be optimised
by replacing the present materials at the cathode, anode and as electrolyte and
separator to be more suitable as an alternative to today’s use of fossil fuels. It will
take a look into the chemistry of the battery to locate weaknesses about the present
composition of it and also find solutions to how it can become more sustainable
through its whole life from mining to recycling. New chemistries for the cathode
and the anode will be suggested and discussed as potential replacements for the

current electrode materials.
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2 Theory

The theory on electrochemical (electrolytic and galvanic) cells, secondary batteries
and charging /discharging of the LIB is referenced from Electrochemical Science and

Technology?”.

2.1 Electrochemical cells

Electrochemcial cells are devices that can either convert electric energy to chemical
energy or the other way around due to non-spontaneous or spontaneous reduction
-and oxidation reactions respectively. These electrochemical reactions occur due to a
difference in electrochemical potential between two electrodes called the cathode and
the anode. The reduction reaction will occur at the cathode, while the anode holds
the oxidation reaction. The difference in inner electrochemical potential, ¢ gives the

cell potential, AFE..; for an electrochemical cell and is given by the equation:

AG

AEcell = ¢catode - ¢anode E—
nkF

(1)
where AG is the Gibbs free energy of the total cell reaction, n is the number of

electrons transferred and F' is the Faraday constant.

2.1.1 Electrolytic cells

Electrolytic cells are electrochemical cells that converts electric energy to chem-
ical energy by adding a power source to the outer circuit that will drive a non-
spontaneous reaction. The amount of potential that has to be added for the reac-
tion to occur has to be opposite and larger than, AFE..;. In an electrolytic cell the
anode is the positive electrode, whilst the cathode is the negative one, therefore the

electrons flow from the cathode to the anode in an outer circuit.

2.1.2 Galvanic cells

Galvanic cells convert chemical energy into electric energy due to spontaneous red-ox
reactions. In a galvanic cell, the positive electrode is the cathode and the electrons
will be drawn here. Simultaneously, the ions from the electrolytic flow will be drawn

to the negative anode to establish electric neutrality.
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2.2 Secondary Batteries

The electrochemical cell is classified as a battery when it is self-contained and does
not need any supplement of reactants. In a secondary battery the cell reactions are
reversible. These batteries will therefore operate galvanically when they are dis-
charged and electrolytically when being charged. Active materials are the materials

in the battery that is consumed as the battery is being discharged.

The performance of a battery depends on a series of properties such as capacity,
cycle life, power density and safety. The cycle life of a battery defines how many
times it can be recharged before the capacity is degraded to a certain level. The
shelf life of the battery refers to the amount of time it can be stored before it begins
to deteriorate. The capacity is the amount of energy a battery can store and for how
long it can power a device. Specific energy or energy density is the energy delivered
by a given mass or volume of the battery. This is an important value for battery
design since high specific energy makes them more efficient and practical for several

applications. Specific energy is defined as:

Capacity - Voltage 2)
Total Mass

Specific Energy =

29

2.3 The chemistry of the lithium-ion battery

A lithium-ion battery utilise insertion reactions for both positive and negative elec-
trodes with Li ions and is therefore also known as "rocking chair" or "shuttle"
battery techonolgy!3. Lithium is used because it is the most electropositive (-3.04
V vs. SHE) and also the lightest (M = 6.94 ¢ mol') metal®>. The conventional
lithium ion battery (LIB) is built up of a cathode, an anode and a separator with an
absorbed electrolyte between these electrodes'®. The Li-ion battery technology has
been under steady development and the very first stages of it used lithium cobalt
oxide (LiCoQO,) as cathode active material which deintercalates and intercalates Li
around 4 V4. The lithium ion is small and can therefore intercalate a crystalline
solid without changing the structure of the host. Intercalation requires an inflow of
electrons as well to preserve electroneutrality®®. The lithium-ion cell is a versatile
secondary battery, and due to it’s high energy density it can be implemented in

portable consumer electronics®®.
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Table 1: Voltage range, specific energy, energy density, life cycle at 80% depth of
charge!! and average life span*® of the lithium-ion battery

Voltage range Specific energy Energy density Life cycle at 80% DoD  Average life span
[V] [W h kg'!] [W h L] [years|

4.0-2.5 150 400 3000 3-10

2.3.1 Cathode

The cathode of the lithium-ion cell consists of lithium ions (Li*) intercalated in a
metal-oxide lattice®®. A variety of metals have been used to gain different battery
characteristics, some of them being cobalt (Co), manganese (Mn) and nickel (Ni).?2.
Elemental lithium is strongly reactive, and for this reason, Li" is used®. Because of
the ions’ convenient size, they do not significantly change the crystalline structure
of the metal-oxide host and this is important to maintain a battery with a long life

cycle that doesn’t degrade over time?.

Figure 1: The structure of LiCos in VESTA with structural parameters and lattice
parameters refrenced from Momma et al.?”

2.3.2 Anode

The anode is usually made up of graphite layers which are not strongly bonded to
cach other and can store lithium ions between them®?. The anode active materials
accept Li ions when the cell is being charged, and release the ions when discharged?®.

Like the cathode process, the anode insertion -and extraction of Li ions do not
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significantly change the graphite structure®®. The anode active materials generally

have lower potentials than the standard hydrogen electrode (SHE)%.

Figure 2: The structure of LiCg in VESTA with structural parameters and lattice
parameters refrenced from Momma et al.?”

2.3.3 Electrolyte and Separator

The electrolyte’s role in the electrochemical cell is to create a channel between the

electrodes that can transfer ions?.

Important properties of the electrolyte is low
electronic conductivity, high ionic conductivity, thermal stability and environment-
ally benignity®. Another important property is the ability to form the protective
solid electrolyte interface (SEI) layer on the surface of the anode materials in the
LIB, due to electrolyte decomposition which improves the cyclability and safety of
the battery*®. The electrolyte in today’s conventional lithium-ion batteries is typic-

ally a lithium salt (e.g. LiPFg) dissolved in an aprotic organic carbonate/polymer?.

The separator is an essential component in liquid electrolyte LIBs because it physic-
ally separate the electrodes and therefore prevents electrical short circuiting?. The
separator is porous and absorbs the electrolyte and allows the flow of ions, and the
ions only, between the electrodes’. It acts as an isolator since it is not electrically

conductive and it ensures safety by separating the anode and the cathode”.

2.3.4 Charging of the lithium-ion battery

Charging of the lithium-ion cell is an electrolytic process. The lithium ions is inter-

calated in the metal oxide lattice at the cathode. When the charger is connected, the
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electric current (I) will flow towards the cathode and lithium ions will be released
from the metal oxide through the separator. A simplification of the cathodic lithium

oxidation reaction during charging of the lithium-ion battery is:

LiCoOy — Lit + CoOy + €~ (3)

At the anode the lithium ions intercalate the graphite layers and lithiated carbon
(LiCg) is formed. The electrons travel trough an outer circuit from the cathode
to the anode (opposite direction of the current, I). The aniodic lithium reduction

reaction can be written as:

Ce+ Lit + e — LiCq (4)

When the battery is fully charged, the graphite layers will hold all the lithium ions

and the electrons. The total cell reaction for the charging of a lithium-ion cell is:

LiCOOQ + CG — C002 + L1C6 (5)

2.3.5 Discharging of the lithium-ion battery

When the power source is removed and replaced by a load (e.g. a light bulb), the
cell will behave galvanically. The lithium ions will now spontaneously move from
the anode towards the cathode, where lithium metal oxide is again formed. The
electrons will move the same way through the cord (from anode to cathode) and

produce electricity.

The lithium content in the cell will decrease progressively over time because the ions
will be trapped in a layer of SEI at the anode as it is being charged and discharged

repeatedly. A more accurate cell reaction will therefore be:

9 ischarge 9
S5LisCo0, (5) + 6 Lir C (s) %\ ~5Li1Co0z (5) + 6 LioC (s) (6)

A great deal of research has been performed to substitute some of the materials in
the conventional Lithium ion battery due to a variety of reasons, and in this paper,
some of the suggestions will be presented, starting off with mentioning the issues

the cell is facing today.
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Figure 3: Standard LIB with Li-ions flowing trough an electrolyte intercalating a
graphite anode and a LiCoO, cathode!”

2.4 Disadvantages and sustainability issues connected to the
LIB

2.4.1 Disadvantages

Even though the lithium-ion cell is one of the more promising BESSs, it has some
challenges, such as overcharging that leads to thermal runaway, gas evolution and
dendritic lithium growth**. To avoid these safety issues to occur, the internal
voltage, temperature, pressure and current need to be controlled**. For the bat-
tery to maintain safe and operative, it’s voltage must never rise above 4.2 V or
fall below 2.0 V and it must have a constant current until the battery reaches 4.0
V2%, The safety issues associated with the LIBs may arise under mechanical abuse
such as crush, nail penetration, drop, vibration, or electrochemical abuse behaviours
such as overcharge, over-discharge, short circuits of full or half charged batteries.
Mechanical abuse is likely to destroy the battery immediately due to cell thermal

runaway?4.

2.4.2 Sustainability

The lithium-ion battery is the most convenient battery on the market today due
to its high energy density, long lifespan and high battery capacity*'. The battery
gives a reduction in carbon footprint and makes us less dependent on fossil fuels
while they're being used®’. Yet, the development and waste managing have a long
way to go before we can call it sustainable. It is estimated 200-500 million tons

of spent LIB and since the batteries consist of several component, the recycling is

10
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challenging?®. There is also difficult to create sorting and recycling infrastructure for
these batteries since different manufacturers uses different LIB chemistries'. Until
recently, LIBs tend to prioritise electrochemical performance and costs over recycling
responsibilities. There is also a significant limitation in the amount of lithium and
cobalt available and a geographical imbalance in where they are found®. Australia,
Chile and Argentina holds 80% of the world’s Li reserves and 59% of the world’s
cobalt reserves comes from the Democratic Republic of Congo®®. The demand for
both natural and synthetic graphite has also increased and is predicted to increase
even more in the future because of the growth in the production of electric vehicles
and energy storage systems®. There are also several ethical questions when it comes

to human exploitation related to the mining of cobalt®®.

t3%. The environment-

Sustainability includes both environmental and social impac
ally impact concerns the expected lifetime of the battery, the GHG emissions from
the entire life cycle, the abundance of the materials used and the use of non-
renewable resources associated with battery manufacturing®®. Recyclability and the
potential damage to ecosystems and human health across the supply chain are also
factors to have in mind regarding sustainability for the LIB3%. The social impact is
also important to produce sustainable batteries. Human rights, health and safety is

obviously important to consider as a part of the LIB manufacturing process.

3 Discussion

3.1 How to make the lithium-ion battery more sustainable
3.1.1 Cathode

As mentioned before, LiMOy (M = Co, Ni, Mn, Al) represent the current cathode.
By 2015, 32% of lithium and 46% of cobalt were used for battery production®?. Since
the abundance of lithium is somewhat limited, new cathode materials that can match
the electrochemical properties that the current LIB holds are being considered?.
The cell relies on the shuttle of ions and electrons back and forth between the
electrodes which means that the cathode materials need to have good electronic and

ionic conductivity to ensure an acceptable rate performance3?.

Co is today commonly used as the metal in the metaloxide at the cathode due to
its ease of synthesis, stability in air and high operation voltage®. It is however toxic

and disputed due to a negative environmental impact and human rights violation in

11
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conjunction with mining. Today’s battery research are heading towards cobalt free

50

cathodes®”. It is suggested to use other transition metals such as Ni, Mn and Fe

which could lead to lower cost and possibly higher energy contents**. The Co-free
cathodes LiFePO, (LFP) and LiMn,O, (LMO) are researched and they show good
qualities when it comes to thermal stability and cost, but LFP shows poor electrical
conductivity at lower temperatures, and LMO has structural challenges due to Jahn
Teller distortion on Mn3" which leads to significant volumetric changes®®. These
challenges has a negative effect on the cycle life of the battery??. More promising
alternatives to Co-free cathodes are lithium-rich oxides , nickel-rich layered oxides
and lithium nickel manganese oxide (LNMO, spinel)®. These materials are less
expensive and more abundant than the cathodes containing Co®. They have also
shown good performance (Table 2), but with some critical disasdvantages. The Li-
rich cathode has problems with phase transition and transition metal dissolution,
while the Ni-rich cathode struggles with structural degradation and safety issues®.
The LNMO (spinel) cathode material suffers from a side reaction at high voltage

and/or temperature between LNMO and the electrolyte®.

Table 2: Approximate values for spesific energy and specific capasity for Li-rich
oxide, Ni-rich layered oxide and LNMO (spinel)*®

Cathode Specific Capacity Spesific Energy

mAh g Wh kgt
Li-rich 250 900
Ni-rich 240 800
LNMO (spinel) 145 625

3.1.2 Anode materials

For the battery to be sustainable the anode materials must be abundant, non-toxic,
have high energy density and cycling stability and also be cost-effective®®. The
materials must therefore be able to store large amounts of ions without changing the
structure and also undergo many cycles without significant performance loss*®. In an

electrochemical point of view it should have high electrical and ionic conductivity?.

Today graphite is the standard anode of the LIBs?®. The graphite particles are
spherically shaped to achieve high packing density'®. When Li ions are intercalated
into the graphite structure, there is one Li ion surrounded by 6 carbon atoms (figure
2)16. This leads to good cycle life since the Li ions don’t increase the volume of
the structure!®. Graphite can be divided into natural and synthetic graphite where
synthetic graphite is more expensive because of the energy consuming production of

it3*. Synthetic graphite is also sensitive to the solvents used to dissolve the lithium-

12
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salts in the electrolyte and it has a relatively low specific capacity®. There is an
ongoing trend to substitute synthetic with natural graphite since synthetic graphite
often is made from petroleum-based precursors which give rise to an interest in
producing graphite from biomass and industrial waste instead*$. Although, natural
graphite originate from ores which is geographically distributed and is actually on
the 2023 list of critical materials for the EUS.

Silicon (Si) as a Li-alloy anode material in the lithium ion batteries is a promising
alternative!?. Tt is the second most abundant material in the Earth crust (27.7%)
and has a specific capacity almost 10 times higher (3579 mA h g!) than that of
graphite which could increase the energy density of the LIB'?. With silicon, the
Li ions alloy directly with silicon instead of using a host structure to store them!?.
The main issue with Si as anode material is the significant volume change during
intercalation and deintercalation of lithium ions'?. Volume changes lead to a shorter
life of the battery due to fractions and deformation at the Si anode and destruction
of the protective SEI?®. There has been a lot of research on how to implement Si
as a possible anode material for lithium ion batteries, for example processing of
23

Si to nano particles®. The problem of processing Si is the high cost and energy

consumption?.

Different metal alloys and transition metal oxides such as SnO, and Fe;O3z have
also been suggested as potential anode materials for the LIBs?°. The metal oxides
can reversely store more than one Li-ion per metal atom which leads to higher
capacity?®. Fe is more abundant than Sn and would therefore be a more sustainable
option*®. Lithium is stored in the Fe,O3 as described in the following electrochemical

reaction?®:

F6203 + 6Lit +6e +— 3Li,O + 2Fe (7)

Again, the cycle life of the battery will be reduced due to severe volume changes in
the Fe-oxide structure during charge/discharge process. Creating a nano structure
of the anode material is yet again suggested as a solution to increase the contact area
between the electrode and the electrolyte which will increase the charge/discharge

rate and give a higher specific capacity®®.

3.1.3 Electrolytes and Separators

Today’s electrolyte in conventional LIBs, LiPFg, possesses high solubility, ionic mo-

bility, conductivity, and electrochemical stability and acts as a primary option in

13
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current LIBs®. Yet, it has naturally poor chemical and thermal stability and pose

3. The current challenge for the electrolyte is the potential

sustainability concerns
hazard risk due to thermal instability and it’s volatile and flammable nature, as well

as poor recyclability?.

Ionic liquids (ILs), being liquids consisting of salts with low melting points, could
replace the present carbonate solutions since they possess low lammability, a broad
electrochemical window, high thermal stability and low volatility®® . They are stable
up to 300-400 °C compared to 55°C which is the stable temperature of today’s LIB33.
Batteries with IL electrolyte will also be a safer option since it consists of no volatile
components and is therefore not flammable!®. The ILs have also shown to effectively
form the protective SEI layer on the anode surface, but due to higher viscosity,
potentially lower conductivity and insecurities around Li" transport numbers, they

have not become a common choise of electrolyte yet!.

3.1.4 Solid State Electrolytes

Solid-state-electrolytes (SSE) can serve as both electrolyte and separator?. This
provides possibilities to circumvent the safety issues of the present lammable liquid
electrolytes in the LIBsY. Efficient and sustainable SSEs need to have high ionic
conductivity, small grain boundry and be chemically stable and environmentally
benign®. Oxides and sulfides have been researched as potential materials in SSEs,

as well as hydride -and halide materials which have high ionic conductivity®.

For the ions to be able to travel through the SSE, they need to overcome the inter-
actions in the lattice which means that the conductivity depends on the crystalline
structure of the electrolyte?. The ions travel through the vacancies in the SSE that

depends on the Schottky defects in the material®.

SSEs can be both polymeric and ceramic and the biggest interest is around polymeric
solid electrolytes, since ionic polymers can be produced from renewable resources
and possibly replace those synthesised from fossil fuels?. However, there are some
concerns about the amount of energy required to produce monomers from renewable
resources’. Various classes of ceramic solid electrolytes have been developed such
as Li and Na super ionic conductor (LISICON-type and NASICON-type), garnet-
type, perovskite-type, sulfide electrolyte and oxy-nitride electrolyte. Their current
challenges are poor compatibility with the Li anode, poor mechanical property and
poor interfacial stability”. Production of all-oxide ceramic electrolytes is expensive
and that makes it challenging to have a large-scale production of them®. SSEs are

also facing some challenges such as lower contact between the electrolyte and the

14
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electrodes, which is crucial since this is where the charge transfer reactions occur®.

The separator needs to be electrochemically and chemically stable to prevent de-
gradation and to ensure a long life”. The absorbation of electrolyte is also a crucial
requirement since that is essential for ion transport”. It is also important to find a
material with the right thickness and porosity’. Polyethylene and polypropylene are
dominating separators in commercial LIBs?. Cellulose-based separators are of great
interest since it is a biopolymer and naturally abundant?. Separators made of chitin,
alginate and silk fibroin biomaterials are promising choices for the advancement of

future sustainable LIBs3.

Figure 4: Struture of LISICON-type SSE (GeLiyS4) with structural parameters
from Momma et al.?”

3.2 New chemistries to replace the LIB
3.2.1 Cathode materials

Sodium is one of the elements that has shown potential to replace lithium as cath-

ode material®?. The Earth’s crust holds more than 1000 times more sodium than

lithium3!. Sodium is however larger than lithium and will therefore not have the

same volumetric capacity, which is critical for a battery being used in portable
devices®?. Lithium-ions occupy space between the graphite layers when the battery
is charged without significantly changing the structure. Sodium, on the other hand,

4

is too large to leave the structure unchanged after intercalation®. In other words,

new anode materials must be researched for the sodium-ion battery (SIB) to be a

15
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good alternative to the LIB when it comes to capacity. There is a lot of research on
the field of SIBs and Na3zV,(PO,)3 has been tried out as a cathode material®?, but
it has shown some poor conductivity properties due to its large band gap of 1.735
eV?4. Other suggestions to cathode materials have been researched, but there has
been challenges when it comes to specific capacity, cycle life and specific power?.
Elemental doping is used to overcome these challenges and to improve the kinetics
of the materials used at the cathode SIBs?*.

Another option is calcium (Ca), which is even more abundant than sodium®’. Look-
ing at the favourable aspects, Ca will move two charges for each ion, instead of one
which lithium and sodium carry®®. It also has an atomic radius quite similar to
the sodium ion and the most negative redox potential of the multivalent elements3®.
Because of Ca’s intermediate atomic weight and density it shows some potential
when it comes to both gravimetric and volumetric capacities®®. The problem with
Ca is that it will change the chemistry in the battery. It is larger, heavier and
slower than lithium and sodium and one of the greatest challenges is therefore to
move Ca-ions back and forth between the cathode and anode. To solve the problems
related to kinetics and efficiency, different alloys with calcium has been researched
to find suitable electrode materials and electrolytes®. Ca2?' have for example been

tried intercalted into layered oxides such as V505 and MoO33"

Table 3: Review of ionic radius®, metal/ion potentials vs. SHE? and abundance
on the earth crust in mg kg'?® for Li, Na and Ca.

Element | Ionic Radius Metal/ion Abundance on
redox potential vs. SHE | the earth crust
[pm) Vi Img kg
Li 90 -3.04 20
Na 116 -2.71 23600
Ca 114 -2.87 41500

3.2.2 Anode materials

For sodium to replace lithium in the batteries, the cell is dependent on some other
anode material that does not undergo structural change after intercalation of ions,

has a high reversible capacity and have a low redox potential compared to the cath-

116, Different metal oxides have also been researched as anodes

for sodium ion batteries'®.

ode redox potentia
Some metal oxides, such as Ti-based oxides, can store
Na"-ions by intercalation chemistry, but due to few storage sites in the Ti-oxide crys-
talline structure, the reversible capacity has not given satisfactory results!¢. Other

metal oxides can store Na'-ions by conversion chemistry'®. Sodium ions will then
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react with the anode to form a new compound during charging, and decompose back
to sodium ions during discharging, i.e. conversion reactions changes the structure
of the electrode materials'®. Octahedral SnO, nanocrystals have been researched as
anode material with sodiation and desodiation and gave a satisfactory results for

both reversible capacity and cycle performance!®.

Carbon-based anode materials such as graphite is not yet off the table for SIBs.
Both hard carbon (HC) and graphite has shown some promising qualities for large-
scale application in SIBs'®. HC is also cheap and abundant®. Although, the binding
energy between Na and the graphite layers will be higher due to sodium’s larger
ion radius'®. Lithium, on the other hand, will be stabilized by van der Waals forces
when intercalated between the graphite layers®. The van der Waals forces in the
sodium-intercalated graphite seems to be more or less absent, due to the structural

deformation energy'®.

3.3 Recycling

The battery production is, as known, growing rapidly and the demand for the ma-
terials used in the LIB with it*”. To have recycling in mind when manufacturing
batteries is more important than ever. Since the LIB consists of non-abundant ma-
terials, it is crucial that they can be used more than once. For circular economy to
feasible and profitable, the recycling process must be of lower cost than the man-
ufacturing process, something it is not today®!. The LIB has a complex structure
and consists of everything from plastic to heavy metals and is therefore challenging
to fully recycle!”. Ideally, the materials used would separated and chemically pure
after the recycling process!”. Recycling is also important because the waste could

otherwise pose a large risk to human health and to the environment!”.

3.3.1 Recycling cathode materials

The cathode of the LIB holds the most valuable materials and is therefore of high
interest to be fully recycled. The recycling of the cathode materials is the biggest
challenge and take the largest portion by both cost and mass of any spent LIB?.

Hydrometallurgy is used to recycle the cathode materials in the LIBs today and
focus on recovery of Co an Li contained in the cathodes®. Hydrochloric acid (HCI),
nitric acid (HNOj), hydrogen peroxide (H2O2) and sulfuric acid (H2SO,) are used in
the hydrometallurgy process of extracting and separating the cathode materials'®.

It is a four-part process including leaching, impurity removal, transition metal re-
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covery and Li recovery*. The recovery processes is carried out with chemical pre-

cipitation or solvent extraction4.

The methods are up to this day non-profitable.
It is a high-cost process due to transportation, dissembling and important factors
such as product yield, water balance and reagent consumption has to be further
investigated'. Direct recycling is proposed as an alternative®’. It will then be pos-
sible to enable critical metals recovery without dismantling the battery package®’.
This has shown to be profitable for low Co containing materials such as Ni, Mn/Fe
based cathodes®”. Each direct recycling process is targeted for specific sets of elec-
trode/electrolyte chemistries®”. In a process like this, pre-treatment involves spent
LIBs being dismantled and their subcomponents, including anode and cathode ma-
terials, are exfoliated using mechanical or polymetallurgical methods3”. Direct re-
cycling is more cost-effective and less energy-consuming than hydrometallurgy, but

can be challenging because of lack of chemical information or safety classification®’.

3.3.2 Recycling anode materials

There is also a growing interest around the ability to recycle the spent anode ma-
terials due to the projected waste-amounts from end-of-life LIBs?!. The graphite
waste will become a threat to human health and to the environment?'. Recycling
of graphitic anode components makes up 15% of the costs?!. Spent graphite anodes
can contain Li deposits lost from the cathode and interfacial growth which makes the
recycling process a bit more complicated, but graphite is still way easier to recycle
than the cathode materials since it doesn’t undergo structural changes and degrad-
ation at its end of life?!. Acid treatment is used to extract Li and the extracted
Li is later precipitated?!. This is a precursor for new battery material synthesis®'.
Graphite is finally regenerated using thermal annealing®*. The recycled graphite

can be used in new LIBs or be used to prepare high-performance graphene?!.

3.3.3 Recycling electrolyte

The electrolyte is the next largest component by cost and mass of any spent LIB®.
They contain toxic organic solvents and LiPFg which is expensive!®. The electro-
lytes can be recovered by distillation where the electrolyte is heated and vaporised!®.
The vapour can be condensed and used again'®. The distillation process leaves the
lithium salt behind and gives high-purity results'®. It is although quite energy-
consuming compared to solvent extraction where suitable solvents are used to se-
lectively dissolve the organic solvents'®. This process requires less energy, but more

accuracy due to the careful choice of solvent!®.
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4 Conclusion and future perspectives

It will be hard to replace the LIB for some applications because of its leading energy
capacity, but the critical limitation in the amount of materials used in this bat-
tery forces us to look in another direction. The LIB is developing towards Co-free
cathodes and anodes consisting of more abundant materials. Solid state batteries
and new chemistries such as SIBs and multivalent ion batteries are growing fields of
research and could result in more cost-effective and sustainable BESSs. The recyc-
ling process of LIBs is developing to create a circular economy, but has not become

profitable yet.

Something clearly needs to be done if we are going to reach the UNs goals on climate
action and responsible consumption and production. I believe that battery energy
storage systems are the future and that the ongoing research on them is heading in
the right direction. My concern is how the global economy controls what is currently
beneficial, such as the exploitation of cheap labour to mine critical elements to the
production of LIBs. If we become more conscious and change our mindset from

short term economy to sustainability, we might save our planet after all.
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Appendix

A Parameters for LiCoO»

The lattice parameters used to compute the structure of LiCoOs in figure 1 refer-

enced from Momma et al.?” is shown in table 4.

Table 4: Unit-cell volume [A?], axial relationship [A] and interaxial angles for

LiCoQj refrenced from Momma et al.?”
Lattice parameters LiCoO,
Unit-cell volume [A?] 96.337
Axial relationship [A] a =b = 2.814, ¢ = 14.048
Interaxial angles a = =90° v =120°

The structural parameters used to compute the structure of LiCoOs in figure 1

1_27

referenced from Momma et a is shown in table 5.

Table 5: Occupancy value (g) and fractional coordinates for the atomes in LiCoO,

referenced from Momma et al.?”
Atom g X y z
O 1 0.000 0.000 0.2268
Co 1 0.000 0.000 0.000
Li 1 0.000 0.000 0.500
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B Parameters for LiCg

The lattice parameters used to compute the structure of LiCg in figure 2 referenced

from Momma et al.?” is shown in table 6.

Table 6: Unit-cell volume [A?], axial relationship [A] and interaxial angles for LiCg
refrenced from Momma et al.?”

Lattice parameters LiCg
Unit-cell volume [A?] 58.6975
Axial relationship [A] a =b =4.28, ¢ = 3.70
Interaxial angles a=LF=90° v =120°

The structural parameters used to compute the structure of LiCg in figure 2 refer-

enced from Momma et al.?” is shown in table 7.

Table 7: Occupancy value (g) and fractional coordinates for the atomes in LiCg
referenced from Momma et al.>”

Atom g X y z
Li 1 0.333 0.000 0.500
C 1 0.000 0.000 0.000
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C Parameters for GeLi Sy

The lattice parameters used to compute the structure of GelisS, in figure 4 refer-

enced from Momma et al.?” is shown in table 8.

Table 8: Unit-cell volume [A?], axial relationship [A] and interaxial angles for

GeLisS, refrenced from Momma et al.?”
Lattice parameters GeLiySy
Unit-cell volume [A?] 670.47
Axial relationship [A] a = 14.0658, b = 7.75102, ¢ = 6.14973
Interaxial angles a=L0=~v=90°

The structural parameters used to compute the structure of GelisS; in figure 4

1.27

referenced from Momma et a is shown in table 9.

Table 9: Occupancy value (g) and fractional coordinates for the atomes in GeLiySs
referenced from Momma et al.?”

Atom g X y z
S1 1 0.3443 0.0135 0.7764
S2 1 0.0857 0.7500 0.7933
S3 1 0.6130 0.2500 0.7292
Ge 1 0.4103 0.2500 0.6495
Lil 1 0.1650 0.5040 0.6750
Li2 1 0.4240 0.7500 0.8290

1

Li3 0.1650 0.5040 0.6750
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