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Abstract

This thesis aims to achieve two primary objectives: first, to identify the optimal battery chemistry

for energy storage and transportation applications, and second, to evaluate the feasibility of

implementing solid and semi-solid state technologies in LIB. The battery technology company

Beyonder asked for an analysis that would look at the current marked and evaluate the technology

in 5-10 years. As this is a very short time in the battery world, one cannot expect much change

to the maturity of the technology within this time. Therefore, this report also makes an estimate

of which technologies may be appropriate in 20-30 years.

The rising demand for LIB technology is driven by the growing urgency for clean energy and a

green transition. Therefore, enhancing the existing battery technologies is crucial to meet the

growing demand within the battery industry. By providing a technical market analysis of existing

cathodes, anodes, and electrolytes in terms of cost, sustainability, capacity, and safety, the thesis

can identify key areas for improvement and innovation. This is primarily intended to serve as a

tool for advising Beyonder. It involves evaluating both the prospects for near-term utilization

and the need for further research, all based on the concept of technology readiness levels for the

battery components. Further, Beyonder is exploring the option of enhancing the standard of

conventional LIBs. A common LIB includes liquid electrolytes and solid electrodes, while SSBs

consist of an SSE and SSLIBS of a semi-solid electrolyte. In general, higher distributions of solids

led to increased safety, mechanical strength, and higher costs, whereas a higher distribution of

liquids led to reduced costs and higher ionic conductivities.

The theoretical framework in this thesis provides an in-depth exploration of the general ther-

modynamics e.g. internal energy and entropy. In addition to general electrochemistry, such

as energy, power, and redox reactions, before delving into the fundamental concepts of LIBs.

Furthermore, to compare different characteristics of battery technologies, the general battery

terminology is presented, to then analyze the various compositions of cathode and anode ma-

terials. Moving forward, different electrolytes in LIBs are introduced, liquid, solid state, and

semi solid state. Lastly, an analysis is done on the cost of raw, cathode and anode materials.

Additionally, the raw materials’ carbon footprint and different cathode compositions’ recycling

ability are addressed.

Methods used during the writing of the theory are then presented, followed by a discussion. This

section of the thesis begins by comparing the various cathode and anode materials, looking at

properties of cell voltage, specific energy, energy density, thermal stability, and cost, to then
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present a summarizing overall performance. Lastly, the potential of SIBs is discussed. Further,

the different electrolytes are evaluated, followed by a discussion of manufacturing and sustainab-

ility. To give an overall review for Beyonder, different recommendations were made. The thesis

focused on the application areas for Beyonder deemed to be most critical in today’s society,

energy storage, and transportation. In the recommendations, compatible electrolytes, anodes,

and cathodes were matched to their most relevant applications for utilization with regard to

Beyonder ’ prospects and TRL.

The conclusion summarises the recommendation to dive into the different battery components

in prospects for 5-10 year utilization and the need for further research.
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Sammendrag

Denne bacheloroppgaven har to formål. Det første er å identifisere den optimale batterikjemien

for energilagrings- og transportapplikasjoner. Det andre er å vurdere muligheten for å imple-

mentere solid- og semi-solid teknologier i LIB. Batteri teknologiselskapet Beyonder ba om en

analyse som skulle se på dagens marked og vurdere teknologien om 5-10 år. Ettersom dette er

en svært kort tidsperiode i batteriverdenen, kan man ikke forvente store endringer i teknologiens

modenhet i løpet av denne tiden. Derfor gir denne rapporten også et estimat av hvilke teknologier

som kan være aktuelle om 20-30 år.

Den økende etterspørselen etter LIB-teknologi er drevet av et voksende behov for ren energi

og et grønt skifte. Derfor er det avgjørende å forbedre eksisterende batteriteknologi, i møte

med den økende etterspørselen i batteri industrien. Ved å gi en teknisk markedsanalyse av

eksisterende katoder, anoder og elektrolytter med hensyn til kostnader, bærekraft, kapasitet

og sikkerhet, kan oppgaven identifisere viktige områder for forbedring og innovasjon. Dette er

først og fremst ment som et verktøy for å gi råd «Beyonder». Dette innebærer å evaluere både

utsiktene for bruk på kort sikt og behovet for videre forskning, alt basert på konseptet med TRL

for batterikomponentene. I tillegg undersøker Beyonder muligheten for å forbedre standarden på

konvensjonelle LIB-batterier. En vanlig LIB består av en LE og faste elektroder, mens SSLIBs

eller SSBs består av en semi-solid elektrolytt eller SSE. Generelt sett førte høyere fordelinger av

faste stoffer til økt sikkerhet, mekanisk styrke og høyere kostnader, mens en høyere fordeling av

væsker førte til reduserte kostnader og høyere ioneledningsevne.

Det teoretiske rammeverket i oppagven gir en grundig utgreining av generell termodynamikk,

som. indre energi og entropi. I tillegg til generell elektrokjemi for eksempel, energi, effekt og

redoksreaksjoner, før oppgaven går nærmere inn på de grunnleggende konseptene i LIB. Videre,

presenteres den generelle batteri terminologien for å sammenligne ulike egenskaper ved batteri

teknologier. Deretter analyseres de ulike sammensetningene av katode- og anodematerialer.

Videre introduseres de ulike elektrolyttene i LIB, liquid, solid og semi-solid state. Til slutt,

analyseres kostnadene for råmaterialer, katode- og anodematerialer. I tillegg blir råmaterialenes

karbonfotavtrykk og ulike katode sammensetninger evne til å resirkulere tatt opp.

Deretter presenteres metoder som er brukt under skrivingen av teorien, etterfulgt av en diskus-

jon. Denne delen av oppgaven begynner med å sammenligne de ulike katode- og anodema-

terialene med hensyn til egenskaper som cellespenning, spesifikk energi, energitetthet, termisk

stabilitet og kostnader, for deretter å presentere en oppsummering av den totale ytelsen. Til slutt
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diskuteres potensialet til SIB. Videre evalueres de ulike elektrolyttene, etterfulgt av en diskusjon

om produksjon og bærekraft. For å gi en samlet oversikt til Beyonder, ble det gitt ulike anbe-

falinger. Avhandlingen fokuserte på de applikasjonsområdene til Beyonder som anses som mest

kritiske i dagens samfunn, nemlig energilagring og transport. I anbefalingene ble kompatible

elektrolytter, anoder og katoder tilpasset de mest relevante bruksområdene for utnyttelse med

hensyn til Beyonders fremtidsutsikter og TRL.

Konklusjonen oppsummerer anbefalingene for de ulike batterikomponentene med tanke på 5-10

års bruk og behovet for videre forskning.
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1 INTRODUCTION

1 Introduction

The demand for sustainable energy storage solutions and low carbon production methods has

grown exponentially in parallel with the world’s increased awareness of climate change and global

warming. As a result of the rising demand for a green energy transition, the necessity for

batteries has become the key source for powering mobility applications and stationary storage.

The advent of electric vehicles and other high-voltage applications has led to an exponential

increase in lithium-ion battery demand. An important factor for the significant increase in

demand has been driven by the electrification of the energy market. This is visualized in Figure

1.1, illustrating the global exponential increase.

Figure 1.1: Cumulative Lithium-Ion Battery Demand For Electric Vehicles / Energy Storage Applications

[GWh]. Reprinted from Statista. [1].

Batteries have come a long way since it was first conceptualized and further developed by Volta

in the early 1800s, which then became what is today known as a voltaic pile [2]. The lithium-ion

battery is the oldest and currently most widely used battery. It can be used in a wide range

of different applications, including the storage of renewable energy and the powering of electric

vehicles and portable consumer electronics.

In order to adapt lithium batteries for diverse applications, there has been a significant focus on

modifying the various components within the battery in recent years. This will enable the specific

properties and behavior of the batteries to be altered. Common approaches include modifying

the composition of the anode, cathode, and electrolyte.
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1.1 Aim of Work

The objective of this assignment is to conduct a feasibility analysis to identify the different

battery technologies currently available on the market and to find out which of them is the

most promising for the Beyonders marked segments. Initially, the fundamental principles of

battery technology, the various components and their respective functions will be presented. The

respective components to be analysed are the anode, cathode and electrolytes. Subsequently, the

paper will examine the different components in greater depth, identifying the reasons behind

the distinctive properties of the various technologies. Finally, the various components that

complement each other for specific applications will be discussed.

This analysis will assist the battery supplier Beyonder in its future decision-making regarding

the type of battery that the company should prioritize in the future. Overall, the assignment

will examine both established and emerging technologies. For Beyonder, this thesis will inform

their approach to the battery industry. It will assess the potential benefits of investing in newer

materials and technologies or the merits of maintaining reliance on more mature technologies.

To inform this decision, we will consider a range of factors, including economics, production,

sustainability, and technology readiness level.
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2 THEORY

2 Theory

The following chapter will first give an overview of general thermodynamics and electrochemistry.

After that, the underlying theory regarding traditional Lithium-ion Batteries (LIBs), Solid-State-

Batteries (SSBs) and Semi-Solid State Lithium-ion Batteries (SSLIBs) is covered.

2.1 General Thermodynamics

Thermodynamics is a very useful tool to analyze and understand different processes and factors

that affects the process [3]. This chapter will therefor give a brief summary of some introductory

thermodynamics.

2.1.1 The first law of thermodynamics

The first law of thermodynamics is a conservation law, witch says that energy can neither be

created or destroyed [4].

∆Epot +∆Ekin = Q−W (2.1)

Another way to explain the first law of thermodynamics is that added heat (Q) minus work

extracted (W) must be equal to any change of kinetic energy (Ekin)and potential energy (Epot),

as shown in Equation 2.1. [3]

2.1.2 Internal energy

The internal energy (U) is the energy that is left in a system after the kinetic energy and the

potential energy. [3]

U = E − Ekin − Epot (2.2)

∆U = Q−W −∆Ekin −∆Epot (2.3)

The definition of internal energy is shown in Equation 2.2, while Equation 2.3 shows the change

in internal energy in a closed system. [5]
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2.1.3 Entropy

Entropy is, in microscopic scale, defined as the level of disorganization. When a substance is

added heat, the molecules of the substance will start to move more because of the added thermal

energy. This movement is called entropy [6, 7].

There are different forms of entropy: transported, Q/T , changed, ∆S, and produced, σ.

∆S =
∆Q

T
(2.4)

If a system has a constant temperature (T) and is added heat (Q), the change of entropy is

defined as Equation 2.4. [3]

2.1.4 The second law of thermodynamics

The second law of thermodynamics says that any process causes the total entropy of a system

to either increase or remain constant. [6]

One of the definition of the second law of thermodynamics is that entropy production can not

be negative because of the first law of thermodynamics 2.1.1. This is shown in Equation 2.6 [3].

S ≥ 0 (2.5)

σ ≥ 0 (2.6)

The first law of thermodynamics states that all energy is conserved. However, it does not provide

insight into the direction of a process or the equilibrium state. If this law can be applied to the

entire universe, it implies that the universe is evolving towards greater disorder. The definition

of the second law of thermodynamics indicates that entropy losses occur during a process and

that efficiency rarely reaches 100%. [3]

2.1.5 Gibbs free energy

Gibbs free energy represents the potential energy in a chemical reaction. Equation 2.7 shows the

definition of Gibbs free energy. This is hence only for closed systems. [3]
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G = H − TS (2.7)

In batteries there are a number of electrochemical reaction. Gibbs free energy is a property that

show us if a reaction is spontaneous or not. If ∆G < 0 for a reaction, then it is spontaneous and

do not need any external energy to occur. If ∆G > 0 the reaction is not spontaneous and is in

need of external energy to occur. If ∆G = 0 the reaction is at equilibrium. [8]

2.1.6 Pressure and volume

The entropy change for a process where we first change the temperature and then later the

volume is defined as Equation 2.8. [3]

dS = CvdlnT −mEdlnV (2.8)

2.2 General Electrochemistry

A battery is an energy storage technology that is able to convert chemical energy to electrical

energy [3]. In this chapter, the fundamentals of electrochemistry are presented. Understanding

the principles allows for battery optimization.

2.2.1 Energy and power

In the field of energy storage, it is important to know the difference between energy and power.

To get a comprehensive understanding of energy there also needs to be an understanding of

power. The standard unit for energy is joule (J) and the unit for power (P) is watt (W). [3, 9]

The two properties are independent due to their conceptual relationship in physics. A system

can, for example, offer a lot of power but low energy. This means that the system only supplies

the power in a short period of time. When designing an energy storage system, one has to find

the balance between the energy capacity and the power capacity needed. Often, there is a need

for a combination of the two. The high power capacity is needed for a short period of time,

for example, to start a machine or drive up a hill, while the high energy capacity is needed to

operate electrical devices for a longer period of time. [3]

For energy applications, the properties of specific energy, energy density, and specific power are

important. Specific energy is defined as energy per mass, energy density is defined as energy per

volume, and specific power is defined as power per mass. [3]
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2.2.2 Electrochemical equilibrium

Nature will always aim to achieve equilibrium, meaning something is equal on each side. If a

membrane is between two different concentrations, nature will try to minimize the differences

between the two sides. [10]

A battery works with a concentration difference. When the battery is charged, lithium-ions (Li-

ions) accumulate on the anode, which forms a concentration difference with the cathode. When

the battery is discharged, the ions are free to move and will seek an equilibrium. The ions will

go to the cathode with a low concentration. [3]

2.2.3 Redox reactions

A redox reaction is a chemical reaction where electrons move between substances. If a substance

gives away an electron, it is reduced. If it receives an electron, it is oxidised. A typical example

is the reaction in electrolysis shown in Equation 2.9, where the copper (Cu) is reduced, and the

zinc is oxidized. [11]

Oxidation : Zn(s) → Zn2+(aq) + 2e−

Reduction : Cu2+(aq) + 2e− → Cu(s)

Total Reaction : Zn(s) + Cu2+(aq) → Zn2+(aq) + Cu(s)

(2.9)

These reactions always happen simultaneously, and the substances involved are called a reduction

pair [12, 11]. Reducing potential (∆E) is a measure of the strength and direction of electrons

moving between substances [12, 13] and is measured in millivolts (mV) [12]. This redox reaction

is not observable, but one can calculate what happens by using oxidation numbers that represent

how many electrons a substance has gained or reduced [11, 14].

2.2.4 Oxidation numbers

As the main reaction in a battery is the redox reaction, the oxidation numbers are a good measure

to consider. The different oxidation numbers show how many electrons are being oxidised and

reduced of the different elements in a redox reaction. The change in oxidation number in a

battery determines the battery type. These oxidation numbers are written in Roman numerals.

The ranking rules for the oxidation numbers in the periodic table of elements are shown in Figure

2.1. [3]
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Figure 2.1: The ranking rules for the oxidation numbers in the periodic table of elements. Reprinted from

Odne Stokke Burheim. [3]

2.2.5 Chemical potential

The chemical potential can be used to define the potential effect of a chemical reaction. This is

defined as the partial derivative of the Gibbs free energy with respect to the number of moles of

a component at constant temperature and pressure, as shown in Equation 2.10. [3, 15]

µi =

(
∂G

∂ni

)
T,p,nj ̸=i

(2.10)

2.2.6 Electronegativity

The electronegativity of an atom signifies its tendency to attract electrons. The values used for

electronegativity were derived by Linus Pauling, and they range from less than one for the alkali

metals to four for fluorine. Large values indicate a stronger attraction for electrons than lower

values. [16]

2.2.7 Overpotentials

When a battery is in operation, the cell potential will differ from the equilibrium. This is

due to various irreversible losses that limit the reactions from the ideal and are present in all

electrochemical cells to varying degrees. These losses add to the equilibrium potential, E0, and

give the actual cell potential, which can be expressed as E. This added potential is called an

overpotential and can be expressed as η, thus giving Equation 2.11 below. [17]
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E = E0 + η (2.11)

There are several reasons why losses occur in a cell, such as the mass transfer of the reactant,

friction from surface conversions and electron transfer. As a whole, overpotentials can be divided

into three categories:

• Ohmic overpotential (ηo)

• Activation overpotential (ηa)

• Concentration overpotential (ηc)

The total overpotential can be expressed as the summation of the different types as shown in

Equation 2.12. [17]

η = ηo + ηa + ηc (2.12)

Ohmic overpotential

The ohmic overpotential, here expressed as ηo, occurs due to the internal resistance of an elec-

trochemical cell and follows Ohm’s law, ηo = rj. When ions travel through the electrolyte, they

meet friction, which causes the ohmic losses [3]. There is also friction involved in the electron

movement, but the ionic resistance is often higher. However, in the case of semiconducting

materials, the electronic resistance may be higher [17].

Activation overpotential

The added potential required to overcome the activation energy of the cell reaction to produce a

specified current is called the activation overpotential. It is also called the surface overpotential,

expressed as ηa. The activation overpotential is more specifically related to the surface reactions

and conversions before, during and after electron transfer. [17]

Concentration Overpotential

When the reactant or product is transported through the electrolyte and into the surface, some

losses occur due to the flux of mass, which causes a concentration overpotential ηc. Depending

on the cell reaction and mass diffusion rate, the reactant does not reach the electrode surface
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and the product accumulates. The reactant concentration then becomes lower at the electrode

surface than at the bulk electrolyte. [3]

When the electron transfer reaction is fast, the surface concentration of the reactant decreases

as the current increases due to the reactants being consumed at a faster rate until it eventually

reaches zero. The reactants are consumed the moment they reach the surface, and the concen-

tration gradient cannot increase. The current, in this instance, is called the limiting current jlim.

To increase the current further, the thickness of the boundary needs to be lowered. [3]

2.2.8 Reversible Potential

The free energy is a potential of work. This potential is measured as reversible potential Erev

and is also known as electromotoric force (EMF) [3]. This force allows one electron to move from

one place to another [18]. By definition, the reversible potential can only be measured between

two separate locations. In batteries, this would typically correspond to the anode and cathode.

The reversible potential is given by the Nernst equation shown in Equation 2.13, where z is the

number of electrons exchanged per mole of the product components, F is the Faraday constant,

and g is the molar Gibbs free energy.

EMF = Erev = −∆g

zF
(2.13)

At standard state, EMF is defined as shown in Equation 2.14.

EMF ◦ = E◦ = −∆g◦

zF
(2.14)

If one changes the concentrations in a reaction (z), the EMF will also change. Equation 2.15 is

used to calculate the EMF when the concentration changes.

Erev = E◦ − R̄T

zF
ln[K] (2.15)

2.2.9 Capacity

The capacity of a battery is defined as the total amount of electric charge any given battery can

hold due to the chemical reactions present. Electric charge is gathered during the charging phase
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and released during the discharge phase [19]. Battery capacity is calculated utilizing Equation

2.16 below.

Qt = I · t (2.16)

Capacity is most commonly expressed in [Ah] but can in other suitable scenarios be expressed

in [Wh] under the handle “energy”. This unit of capacity describes the amount of current the

battery can deliver during a single hour of use. [19]

2.2.10 Efficiency

By definition, efficiency is what comes out of a process compared to what goes in. In batteries,

the discharge and charge efficiencies are important. Dischmeasures is a measure of how much of

the stored chemical energy is converted into usable electrical energy, whilst charging efficiency

governs how much external electrical energy can be stored as chemical energy [3]. Figure 2.2

illustrates this.

Figure 2.2: Charge and discharge efficiency in a battery. Reprinted from Hrvoje et al. [20]

Efficiency can be applied to many variables, including heat, power and energy. The work effi-

ciency equation is shown in Equation 2.17. [3]

ϵ =
Wout

Win
(2.17)

Suppose there is a process with several energy storage units. In that case, one can obtain the

energy efficiency for the entire system by multiplying the different efficiencies with each other,

as shown in Equation 2.18.
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ϵn =
n∏

i=1

ϵi (2.18)

2.3 The Fundamentals of Lithium-Ion Batteries

LIBs are crucial energy storage devices that power several aspects of modern life, from household

electronics to electric vehicles (EVs) and large-scale energy storage systems. This overview will

explore the foundational principles that underlay LIB operation, including the components LIBs

consist of and the different technologies used within battery construction. It is important to

note that the polarization of the electrodes is dependent on which cycle the battery is under.

During charging, the anode is the positive electrode, and the cathode is the negative electrode.

Under discharging, these polarization values are reversed. They primarily consist of an anode, a

cathode, an electrode, a separator, an electrolyte and a casing [21]. Figure 2.3 is a schematic of

a conventional LIB.

Figure 2.3: Sketch of the primary components in a battery. Edited from Gregory L. Plett. [22]

2.3.1 Electrodes

Electrodes are the components that facilitate the electrochemical redox reactions that occur

during the charge and discharge of a battery. These components are divided into anodes and

cathodes. During discharge, the electrons are oxidised at the anode and are reduced at the

cathode. By standard convention, they represent the positive and negative electrodes respectively

during charge, and the inverse during discharge. [23]
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The different compositions of materials give the electrodes its properties. The ideal composition

of a LIB includes Li, which has a single electron in its outer orbit, and a substance that is only

missing electrons in its outer orbit. Li is the lightest alkali metal, meaning it is the smallest

metal of group 1 and possesses a single electron in its outer orbit. However, Li cannot go with

a halogen in group number 17 in the periodic table, shown in Figure 2.4. This is because the

halogens only miss one electron to get a full outer shell. When it reacts with Li, which only

has one electron in its outer shell, the halogen would take the outer electron of the Li, and the

halogens would achieve a full outer shell. The intermolecular forces that bind the Li and halogen

together would be too strong, making the Li unable to deintercalate. Hence, using elements in

the chalcogen group (group 16) is a solution. These elements are highly reactive with Li because

they lack two electrons in the outer shell, and Li has one to give. When a chalcogen atom reacts

with Li, the bonds formed are not as strong, making it easier to discharge. Group numbers 15,

14 and 13 in the periodic table are also commonly used. [3, 24]

Figure 2.4: The periodic table of elements. Reprinted from NTNU. [25]

To determine which elements are the best fit with lithium (Li), one must also consider the

reduction potential of the elements relative to the standard hydrogen electrode (SHE), which is

assigned to 0 for all temperatures [26, 27]. This indicates the standard reduction potential of

the different elements, and it is illustrated in Figure 2.5. The reduction potential in voltage is

shown on the right-hand side. It indicates how much voltage can be released during a reduction

reaction [28]. One of the main goals for LIBs is for the voltage difference between the anode and

the cathode material to be as great as possible. This difference makes up the cell voltage. The

difference in potential between the anode and cathode determines the cell potential of the battery.

12



2 THEORY

This is because the total reaction in a LIB is a redox reaction. It is also important to ensure that

the difference in standard cell potential between the anode and cathode is as great as possible,

as this will result in a high cell voltage. As with the cathode materials, the anode materials

employed in LIBs must possess optimal properties for both electrochemical intercalation and

deintercalation. The composition of the different anode materials also contributes to a battery’s

properties/characteristics. These affect their performance, cost, safety and sustainability. [3]

Figure 2.5: The table of standard reduction potential. Reprinted from Nagpal. [29]

Finding the standard potential involves combining the different materials and examining the

different half-reactions. This is a complicated process that is outside the scope of this thesis

[30]. Thus, only the various individual redox reactions for the different elements are considered.

Oxygen (O) has, for example, a reduction potential of 1.23V while Li has a reduction potential

of −3.04V. Together, this makes a cell potential of 4.27V. In addition to the high cell voltage,

O is a relatively light and highly reactive element. These are some of the main reasons O exists

in many conventional cathode materials. [29, 31]

2.3.2 Electrolyte

Electrolytes are a major component in a battery and are used to facilitate the movement of

ions between the electrodes of the battery. This enables the battery to convert stored chemical

energy into electrical energy [32]. The different types of electrolytes will be explored further in
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upcoming sections.

2.3.3 Solid Electrolyte Interphase

During the first cycle of a battery, a passivation layer called a solid electrolyte interphase layer

(SEI) is made from the electrolyte and the anode. The SEI layer is a very important part for

the function of the battery, as it allows the transportation of Li-ions between the electrolyte and

the anode [3, 33]. In primary batteries, it has an impact on the safety, the performance, the

self discharge, the low temperature performance and the faradaic efficiency of the cell. It also

determines the faradaic charge efficiency, cycle life and Li deposition morphology in secondary

batteries. In the case of LIBs, it also determines the irreversible loss of capacity (Q) during the

first cycle of charging [34].

The electrolyte contains additives such as vinylene-carbonate. Initially, when the anode absorbs

Li-ions, the Li-ions, the solvent and the additives are reacting with the outer layer of the anode.

This reaction creates the SEI layer that protects the anode and extends the battery life to

thousands of cycles. [35]

The reaction that creates this film consumes 5-10% of the Li that is in the battery. This reduces

the capacity of the battery by 5-10% [33, 35]. To avoid customers noticing this relatively big

reduction in capacity, the battery companies run some battery cycles in the factory before they

are shipped out [35].

The fine structure of the SEI layer has not yet been found [36, 37, 38]. Experimental studies

demonstrate that the SEI both consists of a porous outer layer and a compact inner layer, which

mainly consists of inorganic and organic Li-salts. Li-ions are able to go through both layers,

while the solvent from the electrolyte can only pass through the outer porous layer before being

stopped at the interface between the outer and inner SEI layer. The inner layer works as an

insulator for both the solvent in the electrolyte and the electrons in the anode [33] [39] [40] [41]

[42]. It is also found that the formation of SEI is highly dependent on the composition of the

electrolyte, the electrode voltage and electrode surface morphology, as the SEI layer is partly

made up of the solvent in the electrolyte [33]. Over time, the SEI layer continues to grow, making

a complex mosaic-type of structure [34] and decreasing the battery’s capacity and limiting its

performance [43, 44], this is illustrated in Figure 2.6.
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Figure 2.6: Illustration and schematic of the SEI-structure. Reprinted from Stephan Leuthner.[45]

2.3.4 Separator

The separator creates a physical barrier between the anode and cathode, allowing Li-ions to pass,

but not electrons, preventing them from short-circuiting the battery. Instead, they are compelled

to go through an external circuit. If the anode and cathode are in contact, there would be no

potential difference between them, and no electrons would go from one side to the other. [35]

The separators are commercially made of a polymer-based material such as polyolefins, which can

be divided into two sub-classes: polyethylene and polypropylene. These conventional separators

suffer from shrinkage at higher temperatures, which leads to safety concerns during high temper-

ature operations. However, recent advancements in the use of natural minerals have presented

additional options to solve this issue. [46]

2.3.5 Current Collectors

Current collectors are crucial parts of any battery, serving as a bridge between the current

generated at the electrodes and the external circuit [47]. Cu is frequently used for the anode

current collector, while aluminium (Al) is often used for the cathode [35]. Since Al forms an

alloy with Li, Cu is instead used for the anode [47, 48].

2.3.6 Casing

The casing or enclosure on the outside of a battery helps protect the cells from harsh environments

such as extreme temperatures, humidity, movement and vibrations. [49]
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2.3.7 Terminals

In a battery, the terminals function as the electrical contacts between the battery and an external

load. Electrons gather in the negative terminal and flow to the positive terminal during discharge

[50]. Figure 2.7 illustrates the negative and positive terminals as well as the casing for a type of

LIB.

Figure 2.7: LIB Composition showing the terminals and the metal casing. Edited from EV FireSafe. [51]

2.3.8 A battery cycle

When the battery is charging, an electric pulse is given to the cathode, which in this example

is made of LFP. This liberates a Li-ion and an electron from the LiFePO4 cathode [33]. The

Li-ion goes into the electrolyte while the electron conducts to the anode through an external

circuit. As the FePO−
4 loses an electron and becomes FePO4, the cathode becomes more and

more electronegative. This means that its urge to borrow an electron becomes greater, which

explains why all the Li-ions and electrons are not released at the same time [35, 24].

The electron that goes through the external circuit does not move far. The metal atoms in the

wire are combined with metallic bonds, where all the metal cores stand still and share the outer

electrons that make up a sea of electrons. When the electron from the anode and cathode goes

to the wire, the electron pushes the other electrons and creates a domino effect in the wire.

This push works similar to a wave in the ocean. A wave mostly pushes the water molecules in

a vertical direction and only a little in the horizontal direction. When the wave breaks on the

shore, a lot of water molecules get washed up on the beach. Similarly, the wave of electrons piles

up, causing a lot of electrons to enter the cathode. This is why the electrons travel between the

anode and cathode at the speed of light. [35, 52]
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After the Li-ions have deintercalated from the cathode, they go into the electrolyte by conduction.

The electrolyte is attracted to the positive charge of the Li-ions and forms a protective shell

around the Li-ion. This is called a solvation shell, and it allows the Li-ions to move freely in the

electrolyte. In the cathode, this reaction occurs at millions of different places at each instant.

[35]

Due to nature always seeking equilibrium, the electrolyte will always try to maintain a neutral

charge with the amount of positive and negative ions it contains. The electron moves from the

cathode to the anode almost immediately compared to the Li-ion. Therefore, when a Li-ion is

conducted from the cathode to the electrolyte, the electrolyte will give up another Li-ion from

the mixture of positive and negative ions. [35]

When the electron that was conducted from the cathode through the wire enters the anode, it

bonds with a Li-ion that was conducted through the electrolyte. This creates a Li atom that sits

between the layers of graphene and is held in place by the electrostatic force. This is called an

intercalation. [35]

When the battery is fully charged, the anode consists of highly reactive Li with nowhere to send

the electrons. The graphite does not want to absorb more electrons, and the electrolyte does not

want to conduct more Li-ions. [35]

When the battery is discharging, the voltage that was set over the battery when charging is

released. This means that the same force that made the Li-ions deintercalate from the cathode

makes the Li-ions deintercalate from the anode through the electrolyte and back to the cathode.

This intercalation process within the cathode facilitates the movement of ions and opens up an

electronic pathway between the anode and cathode because of the imbalance of electrons and

charge. With an imbalance of ions in the electrolyte, new Li-ions must be added from the anode.

Li releases an electron to the graphite to become an ion. The electron then travels to the current

collector and onto the wire. [35, 53]

Parallel to electrons taking the electrical pathway, the Li-ions take the ionic pathway through

the electrolyte the same way as before. In the cathode, the FePO−
4 crystal structure intercalates

the electron with the Li-ion to form a Li atom, returning the cathode to its original state of

LiFePO4. [35]

At the beginning of the discharge, the difference in ion concentration between the anode and

cathode is large. The difference in charge will decrease as the Li goes from the anode to the
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cathode, and so will the voltage. When the voltage drops, the discharge cycle is considered

complete, and the battery is ready to repeat the cycle. [35]

2.3.9 Manufacturing

This section focuses on the manufacturing of a pouch cell as this is the format that Beyonder

uses. It consists of three main steps: (1) electrode manufacturing, (2) cell assembly, and (3)

cell finishing, also known as formation. In each of these three main steps lies several smaller

processes, each essential to the completion of a battery cell. This section will account for these

processes for a conventional pouch cell. Figure 2.8 shows the different steps.

Figure 2.8: Processes present during manufacturing of a LIB pouch cell. Edited from Beck et al. [54]

Electrode Manufacturing

The electrode manufacturing step of the cell is divided into six distinct processes: mixing, drying,

coating, calendering, slitting and final drying.

During the mixing process, different materials are combined depending on the batteries’ cathode

and anode chemistries. This process then mixes the slurry for a long time to ensure homogeneity.

The slurry for the cathode materials typically contains active materials such as NMC, a binder, a

solvent and conductive additives. In almost 90% of cases, the binder is made up of a Poly(vinylidene

fluoride)

The slurry for cathode materials typically contains an active material like NMC, a polymer binder
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which is in 90% of cases Poly(vinylidene fluoride) (PVDF), a solvent like water or N-Methyl-

2-Pyrrolidone (NMP), which is considered toxic [55], and conductive additives such as carbon.

The anode slurry usually contains an active material like graphite, graphite-silicon, or HC, a

conductive material like carbon black, and a polymer binder such as carboxymethyl cellulose [56,

57].

After mixing the cathode and anode slurries, they are then coated onto individual current col-

lectors in a continuous coating process. The cathode and anode slurries binds to an Al and Cu

current collector respectively, after which the electrode compounds are placed into a dry room

to remove the solvents used in the slurry. [56, 57]

When the electrode compounds have finished drying, they are passed through a calendering

process, which involves the use of rollers. These rollers will “flatten” the compound into the

required thickness and increase the density. [56, 57]

With the required thickness, the electrodes also have to be slitted, which means cutting them to

achieve the width required by the cell enclosure. Subsequently, it is subjugated to a final drying

process to remove any residual moisture that might be present. When this is completed, the

electrodes are ready for the cell assembly process. [56, 57]

Cell Assembly

When the finished slitted electrodes are completed, they are cut one final time to have the

proper dimensions in length for their given cell, after which they are put through a process

called “electrode stacking”, where the cathodes, separators and anodes are stacked on top of each

other. This can be done through single sheet stacking, z-stacking or windings, depending on the

cell type, as shown in Figure 2.9 below. [56, 57]

19



2 THEORY

Figure 2.9: Different electrode stacking methods, a) Single sheet stacking, b) Z-Stacking, c) Cylindrical

winding, d) Prismatic winding. Edited from Deng et al. [58]

When the electrode stacking is completed, the electrical contacting tabs are welded to the elec-

trode current collectors. After this, the stacks are placed inside a pouch foil, sealed and excess

material is trimmed and filled with the LE under a partial vacuum. [56, 57]
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Cell Finishing

After the cells are finished, they are put through a formation process where they are subjected

to their first charge and discharge cycle. This is where the SEI layer is developed and can take

up to three weeks. During this process, certain gases are developed, swelling the battery cell.

These gases are then released, and the cell undergoes its final sealing process. [56, 57]

When the battery has been completely sealed, it is placed in storage for its ageing process, in

which the cell completes the chemical reactions that were started during the formation process

to stabilize the performance of the cell. The final step before the cells are ready for shipping is

to conduct quality controls regarding performance and safety. [56, 57]

As can be seen in Table 2.1 and 2.2, certain points far exceeds others in different categories. The

manufacturing process’s coating, drying and solvent recovery phases are prevalent in all three

categories: costs, time and energy consumption. These processes account for almost 20% of the

yearly costs of the production line, close to 50% of the energy consumption and well over 60%

of the total manufacturing time. Note that this is for the production of conventional batteries

and not with other cutting-edge technologies. [59, 60]

Table 2.1: Manufacturing costs per year of a LIB manufacturing process. Values retrieved from Liu et

al. [59]

Manufacturing Process
Costs per year

[USD]

Percentage

[%]

Slurry mixing 7,396,000 7.91

Coating / Drying 13,984,000 14.96

Solvent recovery 4,296,000 4.60

Calendering 4,849,000 5.19

Slitting 2,891,000 3.09

Vacuum drying 2,990,000 3.20

Stacking 8,086,000 8.65

Welding 6,864,000 7.34

Enclosing 11,636,000 12.45

Formation / aging 30,482,750 32.61
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Table 2.2: Energy consumption and duration normalized per unit of a LIB manufacturing process. Values

taken from Yuan et al. [60]

Manufacturing process
Energy

[kWh
cell ]

Percentage

[%]

Time

[min]

Percentage

[%]

Slurry Mixing 0.11 0.83 1.0 0.32

Coating 0.18 1.36 0.3 0.096

Drying / Solvent recovery 6.22 46.84 192 61.26

Calendering 0.38 2.86 1.2 0.38

Slitting 0.71 5.35 3.0 0.96

Stacking 0.77 5.80 3.0 0.96

Welding 0.25 1.88 1.2 0.38

Enclosing 0.69 5.20 4.8 1.53

Formation / aging 0.07 0.53 93.7 29.90

Dry Room 3.90 29.37 13.2 4.21
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2.4 General Battery Terminology

For a better understanding of the analysis, this section explains the general battery terminology.

2.4.1 Ionic Conductivity

Ionic conductivity is the electrical conductivity caused by the motion of ionic charge in a sub-

stance [61, 62]. One method of measurement is called the ion transference number or ion transport

number. This measures the ratio of the total current carried by that ion in an electrolyte [63].

The expression is shown in Equation 2.19, where t+ is the transference number, I+ is the current

carried by the ion, and Itot is the total current [64].

t+ =
I+
Itot

(2.19)

This means that if the transference number of an ion is close to 1, most of the total current is

carried by that ion. When the transference number is large, the concentration polarization de-

creases, yielding a higher power density in a cell. Note that not every study uses ion transference

numbers to refer to the transfer and conductivity of ions. Many of the currently existing LE

technologies have a transference number that is less than 0.5. [65]

2.4.2 C-rate

A battery’s C-rate describes its charge and discharge rates [66]. In other words, it measures the

rate at which a battery is charged or discharged relative to its capacity. For example, a 1C rate

means that a battery can provide 1A for 1 hour, during which the battery goes from 100% SoC

to 0% SoC. A 2C rate would mean a charge/discharge time of 30 minutes, while a 0.5C rate

corresponds to a charge/discharge time of 2 hours. Losses during charging and discharging affect

the C-rate, especially in fast charges and discharges. Another term often used is the depth of

discharge DoD. The terms SoC and DoD sums up 100% as shown in Equation 2.20. [3]

SoC = 100%−DoD (2.20)

2.4.3 Thermal stability

Temperature operates as a capacity indicator for batteries. Most batteries operate fairly similarly

at different temperatures. At lower temperatures, batteries tend to have a lower capacity because
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of the exponential relationship between conductivity and temperature. On the other hand, most

batteries operate irreversibly at high temperatures, lowering their cycle life. [3]

The production of heat during the charging and discharging of a battery can be divided into two

categories: reversible and irreversible. The irreversible heat depends on the C-rate, with higher

C-rates resulting in greater heat release. In contrast, the reversible heat represents a smaller

factor and is therefore less significant. However, the irreversible heat is of greater importance.

The aforementioned heat can be quantified by examining the following equation, which illustrates

the relationship between heat and the current and resistance within the battery. As the heat

generated increases, the temperature of the battery rises. As previously stated, this will result

in an acceleration of the battery’s chemical processes. [67]

Qirr = R · I2 (2.21)

Thermal runaway is also an important factor in the thermal stability of a material. This is

the maximum temperature a material can withstand before it triggers an exothermic reaction,

producing heat faster than the battery can cool down. This rapid temperature rise can trigger

further reactions and eventually lead to an aggressive fire. [3]

2.4.4 State of Charge

State of charge (SoC) is an important part of battery management systems (BMS), which are

used to manage a battery. The SoC is used to assess rechargeable storage solutions’ operational

status and longevity. [68]

SoC refers to the battery’s charge level and denotes the difference between a fully charged battery

and the available energy stored in the same battery. This indicates the percentage of charge

remaining in the battery, and it is used to determine the immediate usability and the estimated

remaining runtime of the battery at any given moment. SoC is calculated using Equation 2.22

below. [68, 69]

SoC [%] =
Q(t) [Ah]

Qn [Ah]
· 100% (2.22)

There are several techniques used to estimate the SoC of a battery, from utilizing simple cur-

rent and voltage measurements, to conducting algorithms that incorporate thermal and internal

resistance. [69]
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2.4.5 Depth of Discharge

Depth of discharge (DoD) is a term used to indicate the percentage of the battery that has been

discharged compared to the original capacity of the battery. It is considered to be complementary

to SoC, meaning that whilst one increases, the other decreases and vice versa. An example of

this can be that a battery with a SoC of 90% will have a DoD of 10%. Whilst this example

will add up to 100%, there are cases where the percentage will go beyond this value. This can

happen if the battery’s capacity is higher than its nominal rating. Equation 2.23 below presents

a method for calculating DoD. [70]

DoD = 1− SoC (2.23)

2.4.6 State of Health

State of health (SoH) reflects on the general condition and performance degradation of a bat-

tery during its operational lifespan. SoH incorporates factors such as capacity fade, increases

in internal resistance and changes in charge acceptance, which are rresult cycling, ageing and

external elemental factors [68]. State of health is calculated using Equation 2.24 below.

SoH [%] =
Current Capacity [Ah]

Design Capacity [Ah]
· 100% (2.24)

Various diagnostic techniques, including capacity testing and electrochemical impedance spectro-

scopy, are employed to evaluate SoH accurately. These methods provide insight into the battery’s

internal condition, mechanisms of degradation and tendency for failure, enabling proactive meas-

ures and maintenance. [68, 69]

To maintain the SoH of a battery, it is recommended that the operation of the battery is held

between 20% and 80% of its capacity. If the battery is operated outside of this range, it may

initiate unintentional chemical reactions, resulting in accelerated degradation and an increased

likelihood of several safety concerns. [3, 71]

2.4.7 Degradation

Degradation in batteries is a term for the progressive loss of battery performance and storage ca-

pacity over time. This is a common phenomenon that will happen to all batteries, and no matter

what preemptive measures are taken, it is bound to happen to some degree. This section will

25



2 THEORY

account for and provide an overview of the different kinds of degradation types and mechanisms

for general LIBs. [72]

There are three main causes of battery degradation: operational, environmental and time. Op-

erational causes are factors that relate to how the battery is used and maintained. Charging

habits are one of the most common user-caused degradation factors along with deep-discharging,

which is where the battery reaches its maximum DoD before being recharged. [73]

Environmental causes encompass the surroundings of the battery is either stored or operates in.

This can for example be the climate, temperature or humidity. Temperature extremes can in

particular be damaging to the battery, with cold temperatures seizing functionality and warm

temperatures speeding up degradation. [73]

Lastly, time based degradation occurs independently of other external factors and refers to the

natural degradation of the battery, even when not in use. This type of degradation is often known

as calendar degradation. Although this happens regardless of external factors, the severity is

often influenced by the SoC the battery is stored at, with higher SoC usually leading to more

degradation. [72, 73]

As there are several causes of battery degradation, there are also several underlying mechanisms

that influence this process. In general, the degradation mechanisms can be divided into three

distinct categories: particle cracking and loss of active materials, lithium plating and dendrites,

and SEI growth.

Particle Cracking and Loss of Active Materials

One mechanism involves the loss of active materials (LAM) due to particle cracking which leads

to a decreased volume fraction of active materials. Particle cracking is a phenomenon that occurs

when the electrode materials contract and expand during the intercalation and deintercalation

of Li-ions. This results in mechanical wear between the active materials and leads to fractures

and stress within the material. This will ultimately lead to a degradation in capacity but can be

mitigated by controlling the SEI-growth. [74, 75]
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SEI Growth

As mentioned, the SEI layer is made of Li-ions, the solvent and the additive in the electrolyte

during the first cycles of the battery. The SEI layer is vital for many reasons, however its

continued growth and intake of Li-ions causes the battery to slightly degrade during each cycle

it runs through. [76]

There has been a lot of research on the SEI layer, [33, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86],

but its behaviour is still being discussed [36, 37, 38]. For SEI growth in graphite anodes, one

model assumes electron tunneling to be the rate determining step for the capacity losses and

that can predict the calendar life and cycle life of a Li-battery [33]. Tunneling is a phenomenon

whereby electrons that lack sufficient energy are unable to move between two locations with

too much of a force barrier. The electrons then use a quantum-mechanical (de Broglie) wave,

accumulate where the wave is growing and thin out where the wave is diminishing [87]. Since the

SEI is conductive, some electrons will also go from the anode to the SEI layer. Therefore, some

electrons will also go from the anode to the SEI layers. These electrons then count as losses.

This is illustrated in Figure 2.10 (a) and explains that a solvent reduction is assumed to occur

at the interface between the inner and outer SEI layers. As the solvent is halted, the velocity of

Li-ions is reduced. This is facilitated by electron tunneling from the graphite anode through the

inner SEI layer to the Lowest Unoccupied Molecular Orbital of the solvent [33].

The SEI layer also blocks most electrons from further decomposing the electrolyte and ensuring

long-term electrochemical stability [33, 37, 43]. However, when the battery is not charging and

is under open circuit conditions, the SEI layer can still be formed. Electrons can tunnel through

the inner layer and reduce the solvent molecules at the inner and outer SEI interface when a

battery is stored at an SoC above 0%. During the flow of electrons, the Li-ions will parallel

diffuse through the inner SEI layer. This process results in capacity losses and is illustrated in

Figure2.10 (b)[33]. Over time, the SEI layer continues to grow, making a complex mosaic-type

structure [34], which decreases the battery’s capacity and limits its performance [43, 44].
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Figure 2.10: Illustration of a C6/LiFePO4 battery showing the formation of the inner and outer SEI

layers when charged (a) and stored in open circuit (b). Reprinted from Li et al. [33]

When the battery is being charged and discharged, the anode expands and contracts as Li-

atoms enter and exit. On the other hand, the SEI layer is solid and does not move this fluidly.

The rubbing leads to mechanical stress between the layers, which causes loss of active material

and particle cracking. This results in the anode not being completely covered with SEI. The

solvent becomes again exposed to the anode, forming a new layer of SEI. In this manner, SEI is

expanding, and the volumetric changes create capacity losses upon cycling [33]. As the surface

area of the SEI layer increases, the battery’s internal resistance also rises. When the Li-ions go

through the SEI layer, they meet more resistance, resulting in the Li-ions moving at a slower

rate [3, 76]. This resistance is illustrated by an electrical circuit in Figure 2.11 [88].
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Figure 2.11: Illustration of the equivalent circuit of how the resistance in the SEI layer works. Reprinted

from Osaka et al. [88]

The reduction reaction, which is responsible for the creation of the SEI layer, is exothermic and

exhibits a distinctive energy profile. This energy can be released at high temperatures under the

battery cycle . The fact that the reaction that forms the SEI layer is exothermic means that heat

is released and entropy is increased, leading to greater general instability. This is supported by

the standard entropy values for the SEI components. An increase in C-rate can also contribute

to increase the level of entropy and stress. The entropy increase is a part of the SEI structure’s

evolution towards a maximum entropy state. This is often associated with equilibrium, stability

and improved battery performance. If the levels of entropy on the other hand is too low or too

high, it may have negative effects on the adaptiveness and structural integrity of the SEI. The

double-layered structure of SEI, which both consists of organic and inorganic components, makes

the thermodynamical aspect even more complicated. Factors such as the electrochemical double

layer, surface tension, form and structure all contributes to the energy gradient in the SEI layer.

In order to optimize the performance and lifetime of a LIB, it is essential to understand these

thermodynamic aspects of SEI formation. [36]
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The increased temperature also enhances the Li-ion diffusion. This makes the particles more

prone to cracking and can lead to battery failure after extended cycling. If the temperature of

the battery becomes too high, the electrolyte can also start to decompose and the SEI layer,

especially the outer organic layer will destabilize. When the organic layer decomposes, new

inorganic substances with low entropy are formed. Gas with high entropy and irreversible heat

are released as byproducts. This process leads to the addition of new high entropy structures

within the SEI. These structures eventually degrade and potentially initiate thermal runaway.

In contrast, low temperatures slow down the SEI formation. This results in a more stable SEI

layer, but the consumption of Li becomes high. [36]

Lithium Plating and dendrites

Lithium plating is a common phenomenon which occurs in Li-based batteries and can significantly

alter the performance, capacity and safety of the batteries. Lithium plating occurs when Li-ions

in the battery electrodes form an uneven metallic Li deposit on the anode. For lithium plating

to occur, the battery has to either operate outside its intended temperature range or be exposed

to unintentional usage behaviour. These scenarios are shown in Figure 2.12. When the battery

is operating at a lower temperature than the batteries preferred temperature range, the chemical

reactions and the intercalation of the Li-ions occur at a slower rate. Some of the ions are

therefore not able to intercalate into the anode. Instead, they accumulate outside of the anode.

As electrons are lost from the anode, they react with the Li-ions to form Li-metal atoms. As

these Li-atoms accumulate, they form lithium plating. This is shown in Figure 2.12 (D). The

ions not being able to intercalate also happens if the C-rate of the battery is higher than the

ionic conductivity rate of the anode. As the Li-ions will not have time to intercalate into the

anode material, shown in 2.12 (E). The same reaction happens when the battery operates at a

high SoC, where the anode simply is too full of Li-ions to absorb more. This is shown in Figure

2.12 (F). [89]
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Figure 2.12: Illustration of the formation of lithium metal plating in three different scenarios. Reprinted

from Lin et al. [89]

This plating of Li-metal can continue to grow under the same conditions mentioned above.

The Li-metal will then start to grow filaments, called dendrites, through the electrolyte. This

reduces structural stability and triggers thermal runaway, which is a process that increases the

temperature uncontrollably [90]. Dendrites can grow through a structure’s interstitial voids [91],

which are empty spaces in a close packed crystal structure [92]. When the dendrite grows and
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reaches the cathode, the battery is short-circuited, leading to the battery bursting into flames or

in an explosion [93, 94]. A schematic is shown in Figure 2.13.

Despite the high Li-ion transference number, dendrite growth can occur through in the structure

interstitial voids [91]. Interstitial voids are empty spaces in a close packed crystal structure [92].

Figure 2.13: Dendrite formation in LIBs. Edited from Babu et al. [95]

2.4.8 Battery Cell Classifications

Batteries play a pivotal role in powering different systems and devices, providing a portable

energy source for both smaller electronic and larger-scale applications. Primary and secondary

batteries represent two energy storage technologies, each with distinct attributes. In this subsec-

tion, an explanation of both these technologies will be conducted, accounting for their advantages

and disadvantages.

Primary Cells

Primary cells, often referred to as disposable batteries, are single-use batteries that are incapable

of recharge. They convert chemical energy into electrical energy through an irreversible chemical

reaction. When the reactants in the battery are depleted, the batteries become unusable and

must either be disposed or recycled.

Secondary Cells

Secondary cells, also known as rechargeable cells, are designed and intended to be used multiple

times, unlike primary cells. They store and release energy through a reversible chemical reaction,
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allowing them to be recharged multiple times during their lifespan by applying an external

current. This recharging process restores the chemical reactants, enabling the battery to be

reused after depletion.

Secondary cells are generally lower in energy density than primary batteries but make up for it

by being able to recharge. This makes them ideal for applications where the powered equipment

is used frequently, or where external energy is abundant. Initially, the cost of secondary cells

is much higher than with primary cells, but with an increasing number of charging cycles they

offer significant cost savings over time as they can be recharged and reused, reducing the need

for battery replacement. [96]

These cells are generally more environmentally friendly than primary cells due to their reusab-

ility. However, the production and disposal of these batteries still have environmental impacts,

particularly in terms of raw materials extraction. Recycling options for secondary cells are more

developed and effective compared to primary cells [97]. More on this in section 2.11.

Cylindrical Cells

Cylindrical cells were the earliest type of commercially produced cell in the early 1900s and have

until recently been the most widely used packaging style for both primary and secondary cells.

The cylindrical design is considered to be the most structurally sound design and can withstand

tremendous internal pressures in comparison to cells with square designs [98, 99]. Figure 2.14

shows a cylindrical cell.

Figure 2.14: Sketch of a Cylindrical Cell. Reprinted from Abbas et al. [100]

During cell assembly, the anode, cathode and electrolytes are layered on top of each other and

rolled up to fit inside the cylindrical compartment. This process makes these types of electrolytes

crack because of their limited flexibility. In addition to this, their design makes the packaging

density less desirable in comparison to the pouch and prismatic cells. [98, 99]

33



2 THEORY

Companies such as Tesla primarily utilized cylindrical cells when making their EVs but have,

in recent years, started transitioning to more space-efficient prismatic cells. However, they have

sworn off pouch cells because of concerns of fires and thermal runaway. [101]

Pouch Cells

Pouch cells are typically used for Li-based batteries as an alternative to conventional cylindrical

and prismatic cells. Unlike these traditional cell types, pouch cells offer unique attributes such

as a reduction in weight and size and shape flexibility. In more recent years, they have become

a widely used cell type for the automotive industry and for certain portable electronic devices.

[102]

A pouch cell consists of all the typical battery components. In contrast to traditional cells,

the internal components are stacked on top of each other in layers, enabling a flat design that

works well in applications where space is limited. These layers are usually enclosed in a soft,

flexible laminate which is vacuum sealed to minimize waste of space found in other cell types,

often reaching a packing efficiency between 90 - 95%. The enclosure being both flexible and thin

makes it vulnerable to punctures compared to a “hard-shelled” prismatic or cylindrical cell. A

simple illustration of what a typical pouch cell looks like is presented in Figure 2.15 [102, 103]

Figure 2.15: Illustration of a Pouch Cell. Reprinted from Abbas et al. [100]

Pouch cells are prone to a shorter service life when exposed to high temperatures and humidity.

Furthermore, pouch swelling is a common occurrence. This is when gases that develop inside

the battery expand the volume of the enclosure, which is typically a manufacturing error. It is

accounted for by providing a designated pocket for gas expansion, which is removed before the

cells leave the factory. Some swelling will inevitably occur regardless, but with a relatively low

expansion rate of around 5% of its original volume. This is why pouch cells are stacked next to

each other as opposed to on top of each other. [102, 103]
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Prismatic Cells

Prismatic cells partially resemble pouch cells. The primary difference is the enclosure in a rigid

rectangular box that allows for efficient and structured stacking of multiple cells into energy

modules for scalability. Due to their usually larger size, fewer weld connections between cells are

needed when scaling the modules for use in high-energy applications. These are especially good

properties in, for example, the automotive industry, where energy density and specific energy are

paramount. An illustration of the internal components of a prismatic cell is presented in Figure

2.16. [98, 103]

Figure 2.16: Illustration of a Prismatic Cell. Reprinted from Abbas et al. [100]

The format restricts shape variations, and the larger size of these batteries makes them unsuitable

for applications with limited space. Because of their general shape and material selection, they

are often more expensive than other cell types. [98, 103]

2.4.9 Technology Readiness Level

The Technology Readiness Level (TRL) is the most widely used scale for assessing the maturity

of a technology. It enables the consistent comparison of maturity between different types of

technologies. However, it lacks a clear definition, particularly in the field of renewable energy

technologies [104]. This thesis uses the European Commission’s categorization of TRLs from

Horizon 2020. The Commission defines TRLs as follows: [105]

• TRL 1 - Basic principles observed

• TRL 2 - Technology concept formulated

• TRL 3 - Experimental proof of concept

• TRL 4 - Technology validated in lab
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• TRL 5 - Technology validated in relevant environment

• TRL 6 - Technology demonstrated in relevant environment

• TRL 7 - System prototype demonstration in operational environment

• TRL 8 - System complete and qualified

• TRL 9 - Actual system proven in operational environment

2.5 Cathode materials

For a battery to successfully charge, it is important that the cathode material is able to inter-

calate, which implies for a lattice structure of the polycrystallic particles to host a guest atom

[106, 107]. In a LIB, the guest atoms are Li-ions, while the structure of the cathodes changes

depending on the composition of the mineral [107].

The combination of Li and O has a high cell potential and is highly reactive, as mentioned in

2.3.1. The high reactivity causes the elements to want to react with each other. At the same

time, it means that reactions can occur with other unintended materials. This means that it

is necessary to provide additional protection for the battery in order to prevent the occurrence

of unwanted reactions, which is why the cathode is in need of other elements that are not as

reactive. The cathode in LIBs consists of a “Li-ion donator”, which tells the primary properties of

cell characteristics. The name of these LIBs are determined by what sort of donator or transition

metal oxides the cathode consists of. Generally, the cathode composition of LIBs includes metals

combined with Li. These metals often have partially filled up d-orbitals such as iron (Fe),

manganese (Mn), nickel (Ni) and cobalt (Co), which are very flexible in terms of oxidation number

[3]. This has led to the cathode materials that will be presented in this chapter: lithium cobalt

oxide (LCO), nickel manganese cobalt oxide (NMC), lithium iron phosphate (LFP), lithium

manganese iron phosphate (LMFP) and lithium nickel manganese oxide (LNMO).

The usage of transition metals is common due to their varying stages and structures, which

can change depending on the quantity of electrons. When the different ratios of the transition

metals react with O, various metal oxides are produced. This ability helps to stabilize the

cathode material. Additionally, the change in compositions also gives the cathode material

greater malleability. [3]

The variations in the chemical composition of LIBs result in distinct performance characteristics

as shown in Figure 2.17. The greater the colors extend within a given metric, the greater the
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performance in the given category [108]. All three LIBs presented are widely considered as

common and in high demand in the commercialized market.

(a) (b) (c)

Figure 2.17: Performance overview comparing A) LCO, B) NMC and C) LFP. Reprinted from Kostandi

and Wadsworth. [108]

.

2.5.1 LCO

LCO (LiCoO2) became the first Li-ion chemistry to be commercialized in the early 1990s by

John B. Goodenough, placing LIBs on the market [109]. Therefore, the standard LCO cathode

serves as the foundation in the landscape of LIBs. [3]. LCO consists of a cathode layered with

Li, Co and O components [110]. In this chemical composition, the transitional metal Co is used

to stabilize the chemical composition in addition to increasing the cell voltage.

The reduction reactions happening in an LCO reaction is shown in Table 2.3. It shows that the

LCO cathode has a cell voltage of 3.5-4.3 V. In Table 2.3, the x in Li(1−x)CoO2 is restricted to

55% to ensure the optimal quantity of depleted Li ions [3]. When the Co oxidizes from Co(III)

to Co(IV), the cell voltage is reduced during discharge from 4.2 to 3.0 V [111].

Table 2.3: Table showing the reversible electrochemical reaction for LCO and graphite. [3]

Battery discharge reaction for LCO E◦/V

Anode LixC → C + xLidiss. + xe− 3.04

Cathode Li1−xCoO2,s + xLi+diss. + e− → LiCoO2,s 1 - 1.3 V

Total Li1−xCoO2,s + LixCs → LiCoO2,s 4 - 4.3 V

The Co present in the cathode also determines the crystal structure, which is layered. This

means that the atoms are chemically bonded in plain layers with relatively weak forces between
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the atoms in adjacent layers [112]. These weak bonds are more flexible than other structures

as the layers can slide from side to side [107]. The weak intermolecular forces between the

layers also make the crystalline structure unstable. The Li-ions situated between the layers serve

to reinforce the structure. As a consequence, about 55% of the Li can be deintercalated from

the structure, otherwise the structure itself will collapse [3]. The layers consist of Co-centered

octahedra, which give the Li-ions 2D mobility through the “tunnels” of the structure [111].

This layered crystal structure is illustrated in Figure 2.18. Each CoO2 molecule occupies an

interstitial hole, with a plane of O at both the top and the bottom, which forms the metal oxide.

The Li-ions will again be located between the metal oxide layers. The layered structure gives

the cathode material relatively open access, leading to easy pathways for the ions to intercalate.

This attribute increases the material’s ionic conductivity [113]. The mobility of Li-ions within

the layered cathode active material varies with their state of charge [114].

Figure 2.18: Illustration of the layered structure of LCO. Published by The University of Liverpool. [115]

Conventional LCO batteries are in high demand within the market of portable electronics such

as mobile devices, computers and other digital tools. Despite LCO batteries possessing a high

specific energy and energy density, they are declining in popularity compared to other LIBs, such

as NMC. This shift can be attributed to several factors, including financial, environmental and

political considerations. More on this in sections 2.11 and 2.10. Additionally, LCO batteries rely

on a rate of Li-ions at only 0.55, resulting in a relatively limited life span of 500-1000 cycles,

short specific power and poor thermal durability. Nevertheless, LCO batteries have paved the

way for experimenting with other cathode mixtures in order to achieve lower costs and higher

density in terms of energy and power. [110, 116]
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2.5.2 NMC

The NMC (LiNiMnCoO2) cathode consists of various mineral ratios of Ni, Mn and CoO2. In

contrast to the LCO battery, the NMC battery was first introduced to the commercial market in

2004. In two decades it has become one of the most thriving conventional LIBs within the EV and

plug-in hybrid electric vehicle (PHEV) sectors used by companies such as Toyota, Volkswagen,

Audi, Ford and many more. Its success lies in the combination of the transition metals Ni and

Mn with Co in the cathode. [109]

These layered materials in an NMC cathode have a structure like rocksalt, with alternating layers

of Li and metal ions in a cubic close-packed O array with an ABCABC stacking sequence. This

structure, shown in Figure 2.19, makes it easy to move Li-ions during intercalation, thereby

increasing the ionic conductivity. This is because the practical capacity of layered materials

depends on how many different ions can be added and taken away. The key is the ratio of

Ni:Mn:Co. In particular, the exchange of Li for Ni between the layers, helped by Co, can have

a big effect. Irreversible changes to the surface can also affect performance, causing impedance

to rise and capacity to decrease. [117]

Figure 2.19: Illustration of the crystal structure of NMC as a cathode material. Reprinted from Garcia

et al. [118]

Ni contributes largely to increasing the overall cell voltage of the composition because of its

high reduction potential [119]. The Co stabilizes and makes up the layered structure of the

composition. The Mn also contributes to stabilizing the structure and furthermore strengthens

the bonds between the different layers. Due to this, the layers do not need as much support

to keep the structure in place, which increases the flow of ions compared to LCO, as shown in

Figure 2.20. This enhances both the capacity and the ionic conductivity of the cathode material.

Nickel, together with cobalt, acts as an amplifier, enabling higher capacities. Increasing the

amount of nickel to cobalt allows NMCs to achieve higher energy densities at the same voltage as
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LCO. In addition to nickel being slightly lighter than cobalt and capable of holding more Li-ions,

resulting in higher specific energy [25]. This enables NMC structures with a high nickel ratio to

achieve higher energy densities, as depicted in Figure 2.52 [120].

Figure 2.20: Graphic illustration of how NMC811 stores more Li-ions than LCO. Reprinted from Marie

and Gifford. [120]

As shown in Figure 2.5, Ni offers a high potential cell voltage. Mn, on the other hand, is low

on specific energy but exhibits higher thermal stability. When combined, the metals achieve a

complementary interaction, playing on each other’s strengths. The ratios of Mn, Ni, and Co

are usually based on one-third of each metal, known as the 1-1-1 ratio. However, due to a Co

bottleneck, various combinations with less Co, such as the 8-1-1 or the 9-5-5 ratio, are being

viewed as promising for the future of the EV market. [109, 116]

The NMC metric in Figure 2.17 shows that it has a high specific energy, meaning it enables EVs

to achieve a greater range in a single charge. Additionally, it has a relatively long life span and

high safety. Greater cycle life means NMC cells can undergo more charge-discharge cycles before

deteriorating. [109]

2.5.3 LFP

Another common cathode material for LIBs is LFP (LiFePO4). The (Fe2+) and phosphate

(PO−3
4 ) are strongly bonded together to form iron phosphate (FePO4) inhabiting seven electrons

in the outer orbit [33].This means that FePO4 takes the outer electron from the Li to reach a

more steady state. The components then becomes charged as FePO−
4 and Li-ions [33, 35, 24].

The LFP uses the transition metal iron (Fe) to stabilize the compound. The phosphorus (P) is

used to increase the reactivity and to create stronger bonds in the crystal structure.

It is the olivine crystal structure for LFP that determines the batteries’ electrochemical prop-

40



2 THEORY

erties, the diffusion coefficient of Li-ions, the thermal stability and the electrochemical stability.

The crystal structure of LFP is illustrated in Figure 2.21. The structure consists of FeO6 octa-

hedra, which share an edge with an LiO6 octahedra, which are in turn connected by a PO4 tetra-

hedra. Collectively, this forms a three-dimensional spatial network structure called α− LiFePO4.

As the Li-ions deintercalates from the cathode, the FePO4 is formed in a crystal which is al-

most identical to the LiFePO4, as shown in Figure 2.21. During the deintercalation, there is a

relatively small volumetric change of 6.81%. This translates to a lower degree of degradation as

mechanical wear within the battery and promotes/prompts good cyclability and longevity. [121]

Figure 2.21: Illustration of the crystal structure for LFP. Reprinted from Hu et al. [121]

The strong covalent bond between the P and the O in the LFP also contributes to good thermal

stability, cyclability, and safety [121]. The strength or “stiffness” of these bonds makes the rate

for the phase change of the cathode material increase. The longer it takes for the cathode to

intercalate Li-ions, the longer it takes for the material to charge and discharge. This means that

the C-rate and specific power of LFP is longer than other cathode materials [122].

The size and weight of the cathode material is relatively large, both due to the olivine crystal

structure and the weight of Fe. The olivine structure has a larger volume than for example the

layered structure. This means that the specific energy and energy density is reduced. [121, 122]

The poor ionic conductivity in LFP comes from both the olivine structure and the redox reactions

of iron. Despite this, LFPs are capable of using smaller particles which increases the surface area

per unit volume, subsequently increasing the active sites where Li-ions can attach. As a result,

the LFPs ability to take up more Li-ions is enhanced, which increases the ionic conductivity and

capacity. [121]

A distinctive feature of LFPs is that the cathode material initially intercalates the Li-ions in the
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outermost core of the cathode. Consequently, during the discharge process, a shell of FePO4 will

form with a shrinking core of LiFePO4. This implies that the LFP cathode does not undergo

a completely uniform phase transformation. When the cathode material is charged, both the

start and end of the phase transformation has a uniform change in oxidation state. However,

during the middle of the charge when the battery has reached a certain state of charge, the

battery reaches an almost stationary state where virtually no Li-ions deintercalate out of the

cathode. Towards the end of the charge, the potential changes rapidly until a single phase region

is reached. This is illustrated in Figure 2.22. [123]

Figure 2.22: Illustration of the rate of charge for LFP. Reprinted from Gunnarshaug et al. [123]

This phenomenon presents a challenge to the utilization of LFP cathodes in systems. The small

differences in the curve make it difficult for systems to know what the state of charge is for the

battery between 20% and 80% state of charge. The system can, for example, think it has a 40%

rate of charge while it actually has 20%. When this happens, the battery has to be fully charged

for the battery to calibrate the state of charge. This is critical for the transportation, as the

driver has to know the distance one can overcome without charging the battery. [123]

Although the LFP battery was introduced to the market in 1999, prior to NMC, it did not

experience the same rapid adoption. A fundamental pillar of LIB development, especially within

the EV market, is specific energy, as illustrated in Figure 2.17, where LFP exhibits the lowest

characteristic/feature among the three batteries. LFPs continue to be regarded as a highly

promising cathode material in the future due to their overall performance as it has great specific

power, life span, and inherent safety. Figure 2.23 displays how LFP batteries exhibit excellent

durability and extended life cycles at around 2000 complete charge and discharge cycles. [124,
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109, 116]

Figure 2.23: Graphic illustration comparing LFP batteries to NMC/NCM. Reprinted from Bhandari et

al. [125]

2.5.4 LMFP

LMFP (LiMnFePO4) is a type of LIB whose cathode is constructed on the basis of LFP cathode

chemistries and is considered to be a promising successor due to their enhanced electrochemical

properties, such as an increase in specific energy by 20-40% [120, 45]. While still maintaining the

safety and production costs of regular LFPs [71]. LMFP is different from LFPs because of the

introduction of Mn as a partial replacement for a portion of the iron found in LFPs. These kinds

of batteries are not conceptually new but have only recently become a viable option, meaning

limited data is available. A resurfaced interest from Gotion and LMFP production expansion

from other Chinese companies shows that there is potential for mass production of LMFPs for

automotive applications [126, 127].

LMFP has the same crystal structure as LFP. The difference is that LMFP has partially switched

out some of the Fe atoms with Mn atoms. This makes the two crystal structures slightly different,

but they are both still in the olivine family of crystal structures. Olivine has the structural

formula AB2O4, where A and B occupy the tetrahedral and octahedral cavities of an hexagonal

close packed (HCP) O network. In the case of LMFP, there is a significant difference in the

distribution of Li-ions compared to other similar compounds. Li-ions are arranged in chains,

43



2 THEORY

sharing edges and running parallel to the [010] direction. In contrast to the distribution of (Mn,

Fe)O6 octahedra, which share corners with four other (Mn, Fe)O6 octahedra and with four PO4

tetrahedra, one of them via one edge. The structure reveals the existence of tunnels that can be

used to remove Li-ion cations along [010], as illustrated in Figure 2.24. [128]

Figure 2.24: Illustration (d) shows the crystal structure for LMFP while illustration (e) demonstrates the

presence of channels oriented along the [010] axis, facilitating the diffusion of Li-ions. Reprinted from Li

et al. [128]

A similar graph on the charge cycle for LFP has not been found for LMFP, but it is presumed

that the graphs will exhibit a high degree of visual similarity [122, 30]. This renders LMFP a

suitable alternative for the majority of applications previously addressed by LFP.

LMFP cathodes share many similarities with the manufacturing of LFP cathodes but are con-

stantly being researched to reduce cost and improve performance [129]. This is needed because

of certain disadvantages the introduction of Mn into the cathode imposes. LMFPs generally

have a cycle life of around 2000-3000 cycles [126]. LMFPs also come with an increase in low-

temperature performance and a relatively high capacity retention of around 75% at -20◦ [130].

The properties of LMFPs are rated as shown in Figure 2.25.
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Figure 2.25: Performance Overview of LMFP Based On Data From Table 2.4

2.5.5 LNMO

LNMO (LiNiMnO4) cathodes are a new material composition within battery technology. It

is considered a prospective chemistry for high-power applications because of its potential high

voltage delivery, reaching up to 5.0V during lab testing [131]. An illustration of the spinel

structure is shown in Figure 2.26. Multiple battery manufacturers plan on commercializing these

cathodes by the end of 2025, showing promise for mass manufacturing [132]. Since it is a fairly

new technology, limited data regarding actual cell characteristics are available.

Figure 2.26: Illustration of the crystal structure of LNMO. Reprinted from He et al. [133]

However, there are some theoretical values available. According to Ossila, a cathode material
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producer, and a study conducted by Cui et al., the cathode composition has a high theoretical

energy density of ≈ 690 Whkg−1 [134]. In addition, a study by Nisja found that the LNMO

composition suffers from several degradation mechanisms, including carbonate electrolyte deteri-

oration and surface degradation resulting from the high contents of Mn [135]. However, an SEI

layer is not formed, which is explained further in [122]. The cathode material also demonstrates

low resistance in low temperatures.

2.5.6 Summarising values

There have been rapid advancements within the cathode chemistries over the last decade. Ulti-

mately, this has led to properties no longer being compatible with values dating back to 2015 or

even 2017. The specific energy of LIBs has improved from a density of 140 Wh/kg to over 250

Wh/kg. In EV applications, this allows for a range of ca. 600 km on a single charge. For the

various cathode chemistries, this implies that there is a broad range of values on specific energy.

[124]

Table 2.4 is a summary of the characteristics of different cathode chemistries.
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Table 2.4: Table of the properties of different cathode materials

Cathode

chemistry
LCO

NMC

1-1-1

NMC

5-3-2

NMC

6-2-2

NMC

8-1-1
LFP LMFP LNMO

Voltage [V]
3.8–4.4

[3]
3.8–4.0 3.8-4.0

2.5-4.2

[136]

3.2–3.5

[3]

3.4-4.0

[45]

3.0-5.0

[136]

Specific

energy

[Wh/kg]

120–150

[137]

140-193

[138]

219-250

[138]

255-290

[138]

144-300

[138]

90-200

[138]

210-250

[120]

690*

[134],

150-165

[136]

Energy

density

[Wh/L]

250–450

[137]

230-567

[138]

∼650

[138]

∼700

[138]

532-740

[138]

362-457

[138]

280-300

[136]

250-280

[139]

Specific

power

[W/kg]

600

[137]

500–

3000

[137]

1400–

2400

[137]

Power dens-

ity [W/L]

1200–

3000

[137]

6500

[137]

4500

[137]

Cycle life

(ideal DoD)

500-

1000

[136]

1250-

1750

[138]

1750

[138]

1200*

[138]

1500

[136]

2000-

5000

[136]

[138]

2000-

3000

250-500

[136]

C-rate [C] 1 [136] 1 [136]
1-3

[136]

Thermal

runaway

[℃]

150°C

(higher

when

empty)

[116]

210°C

(higher

when

empty)

[116]

270°C

(safe

at full

charge)

[116]

Operating

temp range

[℃]

-20 to

+60

[137]

-20 to

+55

[137]

-20 to

+60

[137]

-20 to

+60

[140]
* Indicates theoretical values
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2.6 Anode materials

The anode material plays a crucial role in determining the safety and cycle life of a LIB [141].

In this chapter, carbon and non-carbon based materials will be presented. Figure 2.27 is a chart

that illustrates the different kinds. This section focuses on graphite (C6), graphite doped with

silicon (Gr-Si), and hard carbon (HC) for the carbon-based materials. Among non-carbon-based

anodes, lithium titanium oxide (LTO) is explored.

Figure 2.27: The chart displays an overview of anode characteristics. Reprinted from Xinghao Lu. [142]

Currently, carbon-based materials are seen as the most cost-effective and convenient anode ma-

terials. However, the safety of the anode materials can be limited in large-scale applications.

Because of their low operating voltage (under 0 V vs Li+/Li), the materials also have safety

challenges regarding dendrite Li growth. This reduces the cycleability and safety of the anode

[141]. The difference between graphite, soft carbon (SC), and HC is the level of crystallinity

(structural order), as shown in Figure 2.28.
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Figure 2.28: Illustration of carbon based anode materials different crystallstrcuture during phase change

used in LIBs, a) Graphite b) soft carbon c) HC. Reprinted from Crabtree et al. [143]

The properties of the relatively new anode material LTO seem to fill some of the gaps that

carbon-based anode materials have not been able to fill. As a relatively new material, it’s quite

low down the TRL scale, but it’s an exciting technology to keep an eye on. [144, 141, 145]

2.6.1 Graphite

The most frequently used anode material is graphite (C6). It is cheap, has good electrical

conductivity, and has a low reduction potential. It consists of multiple layers of graphene, which

is six carbon atoms arranged in a hexagonal lattice, illustrated in Figure 2.29. The layered

structure of C6 makes it, as mentioned with the layered cathode material, easier to intercalate

and deintercalate Li-ions in the 2D plane. The layered structure also reduces the capacity of the

battery. Because of weak bonds between the layers, the material can only deintercalate 55% of

the Li-ions to keep itself from breaking. Another aspect comes with the intercalation of Li-ions,

which leads to mechanical wear in the battery and causes the battery’s capacity to be reduced

[53]. Eventually, the structure collapses and makes the battery uncycleable [3].

Figure 2.29: Illustration of the crystal structure of graphite. Reprinted from Katja Kretschmer. [146]
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The structure also has a small volumetric change of 7% during the intercalations [124]. The

two-dimensional mobility does however make the graphite able to expand and contract slightly.

This means that there is some mechanical wear in the battery. More on this in 2.4.7.

Furthermore, the graphite can either be mined from the earth, categorized as natural graphite

(NG), or obtained from petroleum coke (graphitized) and called synthetic or artificial graphite

(SG). In terms of cost and carbon footprint, NG production is more economical and environment-

ally friendly. Yet, SG is preferred and the most common graphite type due to its longer life span,

rapid charging and relatively more uniform performance in batteries. In addition, constructing

an SG plant is less time-consuming than extracting NG through mining. [147]

2.6.2 Graphite doped with silicon

By doping the graphite with silicon, the silicon bonds between the layers in the crystal structure

become stronger, thus leading to a strengthened anode material structure. The silicon can, in

addition, absorb 10 times more Li-ions than graphite, which will increase the ionic conductivity

of the anode material significantly [71]. The bonds between the Si and C also increase the ionic

conductivity [148]. Overall, the ionic conductivity in the anode is increased with added Si in the

graphite, which is crucial for achieving high performance and long battery life.

When the silicon is absorbed into the graphite, there is not much of a structural change, as

shown in Figure 2.30. The silicon is formed in a hexagonal pattern and the layered structure is

maintained, thus resulting in a preservation of stability and structural integrity. [148]

Figure 2.30: Illustration of the crystal structure of graphite doped with silicon. Reprinted from Nguyen

et al. [148]

However, the addition of silicon in the graphite anode leads to accelerated degradation. From

each cycle, the anode material swells by 400% as the Li ions intercalate [124], which eventually
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leads to pulverization of silicon as shown in Figure 2.31. If the ratio of Si shows a volumetric

change smaller than 60%, the energy density is still larger than that of graphite [149]. This

shows that the ratio of silicon in the cathode is very important. If there is too much silicon, the

battery casing can not handle the large volumetric change. The substantial enlargement of the

battery also results in increased mechanical wear within the battery, which will affect the state

of health of the battery. [150]

Figure 2.31: Illustration displays the pulveraztion of silicon when its volume expands during swelling.

Reprinted from Choi and Aurbach. [150]

2.6.3 Hard carbon

Among the commercial alternatives to graphite, HCs are selected for their moderately superior

ion conductivity. In this thesis, HC is looked into as this is the anode material Beyonder utilizes

[151]. HC is an anode material commonly used in sodium-ion (Na-ion) batteries and LIBs. It

is composed of amorphous carbon and a three-dimensional cross-linking network. This is one of

the factors that gives HC superior overall performance compared to graphite. [152]

HC is the least lamellar structure [142] of the three carbonaceous materials that does not trans-

form into graphite at temperatures higher than 3000℃. In other words, HC is not graphitizable.

The crystal structure is complicated and difficult to illustrate. Figure 2.32 shows the progression

of making a detailed illustration of the HC structure throughout the years. The structure has a

lot of non-planar, curved, bent, dented, twisted, and curled graphene layers [153].
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Figure 2.32: The atomic structure of HC in various years. Reprinted from Dou et al. [153]

The enhanced crystalline structure of HC enables it to accommodate a substantial quantity of

Li-ions. This property facilitates the intercalation and deintercalation of ions, thereby enhan-

cing the cycling performance and fast charging capabilities [152]. These characteristics give HC

considerably different electrochemical properties than graphite, such as good cycling life and

higher specific capacity, which is more suitable for high-power and hybrid vehicles. The complic-

ated structure also gives undesirable properties, e.g., low efficiency, poor rate performance, low

potential Li storage, and potential lag [142].

2.6.4 LTO

LTO anode is a new and promising anode material with a relatively high voltage. Under intercala-

tion there is a minuscule phase change from spinel-LTO, shown in Figure 2.33a, to rock-salt-LTO,

shown in Figure 2.33b. During the phase change, three Ti4+ ions (spinel-LTO) are reduced to

Ti3+ (rock-salt-LTO) ions. During this redox reaction, Ti4+/Ti3+ has a steady-state plateau

at ∼ 1.55 V vs. Li+/Li where it accepts three inserted Li-ions [145]. The anode material has

a large oxidation potential, which relates to a high cell voltage [141]. On the other hand, the

spinel structure gives the material a low theoretical specific capacity [144].

52



2 THEORY

Figure 2.33: (a) Illustration of the spinel crystal structure of LTO (b) Illustration of rock-salt-LTO after

intercalation of Li-ions and phase change. Reprinted from Katja Kretschmer. [154]

While LTO exhibits high thermodynamic stability, it can also operate at a high voltage and

avoid dendrite formation. This correlates to the battery having high safety and cycle life [141,

145]. The spinel structure of LTO prevents the electrolyte from reducing on the electrode surface

which enhances the stability of the battery [141]. For a considerable period, it was assumed that

the absence of an SEI layer on the exterior of the LTO anode would be a permanent phenomenon.

However, subsequent observations have demonstrated that this is not the case. [145]. As the

reduction potential of LTO anodes is higher than the reduction potential of most electrolytes,

the anode does not form a stable SEI layer. However, some stable layers may still appear in

the mosaic structure. The stability of the different SEI layers differs with various operating

conditions, such as temperature and charging rate. Therefore, the structure of the LTO SEI

layers looks different from the regular SEI layer. Nevertheless, it remains important for the LTO

anode’s stability and safety and to protect it from reacting with the electrolyte and form gases

[145].

There is almost no change in the volume of the solid-arranged spinal structure. The near-

stationary anode is known as a “zero-strain” material [141, 145]. It therefore acts like a ceramic

with open ion channels [122]. This means that LTO has a high specific power, high thermal

capacity, and a high C-rate [145] of up to 10C [136].

The high C-rate and the outer layer of the material make the anode quite reactive. As mentioned

earlier, this means that the material wants to react as much as possible. Therefore, there is a

high risk of unwanted reactions occurring within the battery. This is a factor that reduces the

security of LTO, but not to a large extent. Research shows that the outer layer can start to form
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gases inside the battery, which decreases the stability of the battery. Despite this, the safety is

still significantly better than the commercialized anodes. [145]

2.6.5 Summarising values

As it was not possible to find some of the values, a dot system has been used in Table 2.5. This

system ranks the different values from one to four dots, the more dots the higher the value. these

dots are only set up relative to each other and based on the authors’ perception of the sources

found. In order to be able to refer to some of the values and to get some perspective on the dots,

the values that could be found have been retained.

Table 2.5: Table of the properties of different anode materials.

Anode chemistry C6 Gr-Si HC LTO

Voltage [V] • (0.1 [122]) •• (>0.1 [122])
• • • (0.75

[152])

• • •• (2.4

[147])

Specific energy [Wh/kg] •• [147] • • • [147] • • • [142] • (50-80 [147])

Energy density [Wh/L] • • • • • [152]
• • • (130-177

[147] [137])

Specific power [Wh/kg] (750 [137])

Cycle life (ideal DoD) •• • • • •
• • •• (3000-

7000 [147])

C-rate [C] •••• (10 [136])

Safety [overall] • [45] • [45] •• [45]

• • •• (One

of safest LiBs

[116])

Operating temperature

range [℃]

-40 to +55

[137]

Volume change [%] •• (12 [155])

• • •

(12<X>400

[155])

• (1 [155])
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2.6.6 Sodium-ion Batteries

Implementing Na instead of Li in the anode to make sodium-ion batteries (SIBs) has been

explored, as the battery chemistries have demonstrated a high degree of similarity. Na is Earth’s

fourth most abundant element, making it substantially more available and cheaper than Li.

Furthermore, Al current collectors can be used on both the anode and cathode as Na metal does

not alloy with Al. A noteworthy point is that Na has a molar mass that is over three times that

of Li and is a larger element, meaning that the specific energy and energy density of SIBs will

typically be lower. [48, 156]

By weight percentage, about 7% of a typical LIB is made up of Li [157]. Because the anode

element does not comprise to much of the total weight and size, shifting from Li to Na does not

significantly impact the specific energy and energy density gravimetric and volumetric energy

density [71, 156]. However, challenges remain in competing with LIB in terms of energy density

while maintaining a sufficient cycle life [158].

2.7 Liquid-State Batteries

Liquid-state batteries are currently dominating the electrochemical market, particularly in areas

such as EVs and mobile power devices [159]. Possessing a liquid electrolyte is what makes them a

liquid-state battery. Li, aside from being a highly accessible and non-toxic resource, is incredibly

light and electropositive. These fundamental traits enable LIBs to have greater energy storage

capacity over other battery chemistries [109].

2.7.1 LIBs Compared to Other Batteries

Figure 2.34 displays both volumetric energy density and specific energy density. A typical LIB

can provide a cell voltage of 3.6 V, three times as much as the Ni-Cd and Ni-MH batteries.

For Ni-Cd to achieve the same cell voltage as LIBs, three Ni-Cd batteries must be connected in

series [160]. As shown, Li-metal batteries (LMBs) have in theory greater energy densities than

LIBs, however they continue to be labeled as unsafe [159]. More on this in section 2.8. Due to

LIB being lightweight and having a high voltage, they have a greater energy density than other

secondary batteries [160].
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Figure 2.34: Illustration of energy densities in Wh/L and Wh/kg for different batteries. Reprinted from

Da Deng. [159]

2.7.2 Liquid Electrolytes

LEs were the first commercially used electrolytes for batteries and are the most commonly used

and widespread because of their maturity. These kinds of electrolytes, in the case of LIBs, are

typically composed of a Li-salt dissolved in some type of solvent and additive [35]. The primary

function of these electrolytes is to facilitate the movement of Li-ions between the cathode and

anode during charge and discharge cycles. LEs are considered to have high flexibility due to the

absence of solid components, and they exhibit high ionic conductivity. However, they are often

lacking in mechanical strength and stability. [161, 162]

Most LEs are not electrochemically stable at both high and low voltages, which hinders the use

of high-voltage cathodes and low-voltage anodes such as Li-metal, thereby limiting the energy

density. [163]

Common solvents include different types of carbonates, such as ethylene and propylene. Ethyl-

ene carbonate-based electrolytes are the most popular of the two and have been proven to be a

good option for low-voltage cathode materials, but they cannot facilitate the use of high-voltage

cathodes because of relatively low anodic stability ≈ 4.3V. This bottleneck restricting electro-

chemical performance has resulted in a shift towards new electrolyte compositions that cater

to high-voltage cathodes. These electrolytes are often less expensive and more established than

other types. [161]

Ionic liquids are extremely safe options and are considered to be “non-flammable” and can facil-

itate high-voltage cathodes with an electrochemical stability between 3V - 5V. Ionic liquids are
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less established in the industry, meaning they are often expensive and difficult to manufacture

electrolytes. [162, 164]
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2.8 Solid State Lithium-ion Batteries

In recent years, there has been a growing interest in alternative battery technologies, among

which SSBs stand out as one such technology. This type of battery was conceptualized earlier

than the current conventional batteries, but LE batteries ended up being commercialized first.

[165]. This section delves into what SSBs are, how they operate, and some of the different types

of existing technologies.

2.8.1 Definitions and Basic Principles of SSBs

On a fundamental level, SSBs differ from conventional batteries in that the electrolyte is a solid

state electrolyte (SSE), made up of a solid material rather than a liquid. The SSE generally acts

as both a Li-ion conductor and separator membrane [166]. In addition, Li-metal is often utilized

as the anode in favor of the commonly used carbon-based anodes. This has reportedly provided

the batteries with higher energy densities, higher power densities, higher safety, and longer life

cycles compared to LIBs [167]. Figure 2.35 depicts the solid components in an SSB

Figure 2.35: Schematic of an SSB cell. Reprinted from Famprikis et al. [168]

Based on their geometry, SSBs can be divided into three types:

• Thin-film

Thin-film types are usually made by placing layers of cathode, solid electrolyte, and anode

one after another. Figure 2.36 illustrates this. The resulting structure usually has a

thickness of less than 15 µm, but this can vary. These demonstrate good cycle stability for
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thousands of cycles and SSEs with low ionic conductivity. However, due to limitations in

the electrodes, the thickness needs to remain low, and therefore, the energy from thin-film

SSBs is also limited. [167]

Figure 2.36: Thin-film SSB. Reprinted from Huang et al. [167]

• Three-dimensional

Tree-dimensional has higher cell energy than thin-films, but their fabrication is more diffi-

cult as it is challenging to weave together the electrodes in the given patterns [167]. The

way these patterns can differ from the thin-film is shown in Figure 2.37.

Figure 2.37: Three-dimensional SSB. Edited from Huang et al. [167]
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• Bulk-type

Bulk-type geometries are electrode structures similar to conventional LIBs, where the elec-

trodes are mixed with active materials, additives, and an SSE that is ionically conductive

and electronically non-conductive. A visualization is shown in Figure 2.38. Since the thick-

ness of the cell can be several hundred micrometers, the energy of the cell is high [167].

However, they have poor interfacial contact [169, 170]. Nevertheless, bulk-type SSBs are

suitable for large energy storage devices compared to thin-films [171].

Figure 2.38: Bulk-type SSB. Edited from Huang et al. [167]

In contrast to LEs, it has been demonstrated that SSEs enable the utilization of high-voltage

cathodes and low-voltage anodes. In several SSB chemistries, the use of a low-voltage Li-metal

anode, in particular, is a key reason for the high energy density in an SSB. While replacing

the LE with an SSE improves the safety of the battery, it also decreases the overall gravimetric

density on an individual cell level. When combined with Li-metal, the individual cells show an

increase in both the energy density and specific energy that can be compared to conventional

LIBs [172]. Additionally, Li-metal has a high theoretical specific capacity, low density and the

lowest reduction potential (-3.04 V vs. SHE) as shown in 2.5 [173, 174, 175, 176]. Table 2.6

shows the different properties of Li-metal. The dot is based on the same system as in the previous

anode and cathode chemistry tables.
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Table 2.6: Table of Li-metal properties

Anode chemistry Li-metal

Voltage / V 2.5-4.2 [147]

Specific energy 400-450 [147]

Energy density 800 [147]

Cycle life • [147]

Lastly, an SSB battery pack enables bipolar stacking where the layers are stacked in one package,

thus reducing the amount of dead space and inactive parts that are involved in a series stack of

conventional LIBs [167]. An illustration of this is shown in Figure 2.39.

Figure 2.39: Comparison of the cell stacks in a conventional series connection and in an SSB stack.

Reprinted from Placke et al. [177]

A prominent reason for an SSEs ability to facilitate Li-metal anodes is the reduction of Li

dendrite formation rates. As mentioned in 2.4.7, dendrite formation is a major concern when

dealing with Li-metal. During the beginning of commercialized LIBs, the use of Li-metal was

deemed too dangerous as it caused several accidents due to dendrite formation appearing at

faster rates in LEs than in SSEs. Therefore, an LE with a carbon-based anode became a safer

alternative. However, in SSBs, Li-metal is more applicable. Dendrite formation remains a safety

concern but to a significantly lesser degree. [93]

The solid materials in SSBs exhibit a higher thermal conductivity than the liquids in commer-

cialized batteries. This can help remove temperature hotspots inside the battery and allow for

better thermal stability, making SSBs more reliable than traditional LIBs under high-temperature

conditions [167]. Moreover, the stiffness of the electrolyte often leads to poor physical contact
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between the electrodes and the electrolyte [178]. Nevertheless, the kinetic performance of SSBs

has been shown to give them a higher power density than conventional LIBs. The high ionic

conductivity of some SSEs at low temperatures is one reason for the kinetic performance. This

also means that SSBs have the potential to operate at very low temperatures where LIBs would

decrease in performance, meaning that SSBs can have a wider operating temperature range.

Another reason for the kinetic performance is that the Li-ion transference number in many SSBs

is around the ideal, tLi+ = 1 [91, 167, 179], which is significantly higher than the transference

number in traditional LEs (less than tLi+ = 0.5) as stated in 2.4.1. Because of this, there is

both a higher amount of Li and no concentration overpotential involved in SSEs compared to

LEs as depicted in the plots in Figure 2.40. Plot (a) shows one type of SSE with a higher ionic

conductivity than an LE at low temperatures, and plot (b) shows that SSBs have higher Li-ion

concentration and no concentration overpotential, as the concentration line is constant and above

the LE line. Despite this, many SSEs display low ionic conductivity at room temperature [175].

Figure 2.40: Comparing an SSE (a) with an LE (b). Reprinted from Huang et al. [167]

SSBs are not only categorized by their geometry. They are also separated into three types

of SSE chemistries that are used. The first type of electrolyte is made of inorganic materials,

usually ceramics, which are currently not produced as frequently. The second type is the polymer

electrolytes, which form a coating. These are the only SSEs with large-scale production. The

third type consists of a hybrid material of the previous two. [167]

2.8.2 Inorganic Solid-State Electrolytes

Inorganic solid electrolytes (ISEs) are a class of electrolytes that can address existing difficulties

associated with traditional LEs, including but not limited to safety concerns such as flammability

and poor stability. Among ISEs, sulfides and oxides stand out as the two most common categories,
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each offering a wide variety of properties. Figure 2.41 illustrates an ISE in an SSB

Figure 2.41: The components of an SSB with an ISE. Reprinted from Sen et al. [180]

Oxide solid-state electrolytes are often composed of oxide compounds, such as garnets and per-

ovskites, each with their own crystal structure and ion transport mechanisms. [181]

Oxide electrolytes possess high electrochemical stability, making them resistant to most types of

traditional degradation mechanisms. This stability increases long-term reliability, performance

and safety, particularly in demanding applications where performance compromises are inapplic-

able. Oxides demonstrate good ionic conductivity across a wide range of temperatures, further

stabilizing the battery. [181, 182]

Recently, sulfide electrolytes have emerged as a modern take on solid-state electrolytes. They

originate from oxide electrolytes and are made by substituting O atoms with sulfide atoms

within the electrolyte. As with oxide electrolytes, they offer an array of properties, making them

applicable as an electrolyte of choice for solid-state batteries. [183]

There are a lot of similarities between oxide and sulfide electrolytes, such as their shared capacity
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for ionic conductivity. However, sulfides are typically less brittle and have a wider electrochemical

stability window than oxides, making them viable for multiple electrode materials such as Li-

and Na-ions (Na+). This results from sulfides having a relatively flexible composition, allowing

for tuning of properties such as conductivity and stability. The adaptation enables the design

of customized electrolyte formulations that are optimized for specific battery applications and

requirements. ISEs also possess high mechanical strength and a very high Li-ion transference

number at almost tLi+ = 1. This translates to a reduction of Li-ions in the electrolyte and

helps to prevent dendrite formation [184, 185]. Despite being safer than LIBs, there are distinct

concerns involved, such as toxic H2S being released when in contact with H2O. This makes

sulfides unstable in conventional environments [183].

ISEs are not exempt from having issues of their own, such as inflexibility, large interfacial res-

istance, and brittleness. In addition, sulfide electrolytes are often more expensive [186] to the

point that they might not be viable for large-scale production or industrial use. Despite the high

Li-ion transference number, dendrite growth can occur through the structure’s interstitial voids

[91] as explained in 2.4.7.

2.8.3 Solid Polymer Electrolytes

In the pursuit of safer and more efficient energy storage solutions, solid polymer electrolytes

(SPEs) have emerged as an alternative alongside ISEs. SPEs typically consist of a polymer

matrix infused with a conductive salt such as lithium perchlorate (LiClO4) and lithium hexa-

fluorophosphate (LiPF6), and in some cases, additional additives, e.g. plasticizers to enhance

performance [187]. Figure 2.42 is a schematic of an SSB with an SPE component used as the

electrolyte.
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Figure 2.42: Illustration of an SSB with an SPE. Reprinted from Liu et a. [188]

Similar to ISEs, SPEs offer a higher safety factor by eliminating the flammable LEs and exerting

a higher sense of stability. Furthermore, SPEs are more structurally flexible and processable

than ISEs and can be used in various cell applications. Figure 2.43 shows a schematic comparing

SPEs and ISEs. SPEs suffer from certain properties, such as the need for a BMS, and are prone

to aging effects [189]. Additionally, SPEs exhibit a more limited thermal stability window, a

narrower electrochemical stability window, and safety issues at high temperatures compared to

ISEs [190, 191]. In LIBs and LMBs, the mobile cations and anions in batteries with an SPE

cause concentration polarization, which compromises performance [192].

Figure 2.43: Comparison of ISEs and SPEs in LMBs. Reprinted from Song et al. [193]
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2.8.4 Hybrid Solid-State Electrolytes

Hybrid SSEs, also known as composite SSEs, are a type of electrolyte technology whose aim is to

combine ISEs and SPEs to achieve enhanced desired properties while minimizing their individual

drawbacks. Characteristics of solid-state batteries (SSBs) include high energy and power density,

longer life cycles, high tolerance to mechanical deformations and vibrations, high safety, and

ease of fabrication. However, challenges include high cost, high interfacial resistance due to poor

contact between solid-solid interfaces, low ionic conductivity caused by poor ion propagation,

and decreased capacity due to volumetric changes in the SSB. As previously mentioned, the

Li-ion transference number for ISEs is around 1, while it is less than 0.5 in SPEs. Therefore, by

combining their properties, the transference number for hybrid electrolytes becomes higher than

for SPEs and lower than for ISEs. [166]

Hybrid electrolytes can be classified into two different types depending on their base and filler

components. The first one utilizes an SPE with an ISE filler, whilst the other uses an ISE with

an SPE filler. Figure 2.44 illustrates a hybrid SSE. Since many studies focus on SPEs with an

ISE filler [194], the focus in this thesis will be on SPEs with an ISE filler.

Figure 2.44: Illustration of a hybrid SSE in a battery. Reprinted from Yang et al. [185]

Further, SPEs with ISE fillers can be divided into passive and active ISE fillers. Both categories
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generally show an improvement in performance, stability, strength, and the ability to restrain

Li dendrites [185], but the ionic conductivity is low. Passive ISE fillers are typically ceramic

and do not contain Li-ions. This means that they cannot significantly affect the ion conduction

mechanism. Since these fillers are hard, their implementation helps improve the mechanical

properties of a polymer matrix. While they do not improve the ion-conducting mechanism of

SSEs, they increase the ionic conductivity and Li-ion transference number by preventing the

crystallization of polymers with low glass transition temperatures (Tg) and enhancing mobility

between the filler surface and polymer. In addition, the ionic conductivity is increased by the

dissociation of Li-salts, thereby giving a rise to the concentration of mobile Li-ions [166].

Active ISE fillers contain Li-ions and can increase ionic conductivity because of their direct par-

ticipation in Li-ion conduction. In addition, they provide high mechanical and thermal stability,

as well as a wide electrochemical stability window. The Li-ion transport happens in a similar

manner to the passive fillers but with new ion pathways. There are many different types of fillers

that are used. For passive fillers, some of the types used are metal organic frameworks (MOFs),

ferroelectric ceramics, zeolites, and clay materials. Some of the types used in active fillers include

sulfide, sodium super ionic conductors (NASICONs) for Na types, and perovskites. Many active

fillers are chemically unstable with Li-metal anodes and in natural environments, meaning that

modifications are required. [166]

2.8.5 Manufacturing

Cathode

Manufacturing an SSB requires different steps than conventional LIBs. The most common meth-

ods for processing cathode materials are wet processing and dry processing. The active materials

involved can be the same as in LIBs, such as NMC and LCO. LFP is often used in polymer

electrolyte chemistries. [163]

Wet processing of cathode materials is slurry-based and therefore well established, such as in

LIB processing as described in 2.3.9. In the case of ISEs, the SSE is also added to the slurry,

which impacts the binder and the solvent that is used. Furthermore, there is no electrolyte

filling step required in the manufacturing. If a sulfide ISE is used, it will react with polar

solvents (i.e. NMP), meaning that non-polar organic solvents are needed as well [195]. Since the

commonly used PVDF binder in LIB is not soluble in these non-polar organic solvents, other

binder rubbers have been implemented instead, such as styrene-butadiene rubber (SBR) and

silicon rubber (SR) [196]. Additionally, the sulfide manufacturing steps need to be done in a dry
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or inert (chemically inactive) environment to avoid the generation of the aforementioned toxic

H2S gas, whereas conventional LIBs only need this for the anode manufacturing steps due to

the reactive Li. [172]. Similar to in LIBs, the slurry is coated onto an Al current collector. The

non-polar organic solvents used need to go through the solvent recovery and drying step along

with NMP. After drying, the electrode is densified in order to achieve a good connection between

the active materials and the ISE [163].

The calendering step for ISEs varies depending on whether a sulfide or an oxide is used. With a

ductile sulfide ISE, calendering is similar to conventional LIB calendering. With a brittle oxide

ISE, a calendering step followed by a sintering step, which means applying heat and/or pressure

without melting the materials [197], is done to ensure low porosity. This needs to be done at

lower temperatures so that the active material does not decompose. Furthermore, film drying the

cathodes is expensive and energy-demanding. Wet processing is the most mature method used

for ISEs, while an established dry processing method with no solvent is used for SPEs. In dry

cathode processing, the cathode components (active material, SSE, binder, and conductive agent)

are stored in an extruder, and the resulting mixture is coated on the Cu current collector [198].

It then goes through the calendering step. For ISEs, some obstacles remain in accomplishing dry

processing, partly because of their hardness and brittleness compared to polymers [163].

Anode

To incorporate Li-metal into the anode materials of SSBs, alternative methods to conventional

processing are required. Some challenges arise from the properties of Li-metal, such as its high

reactivity and adhesiveness. This makes it necessary for the anode manufacturing to happen

in an inert environment such as a glove box. There are four main methods to process the SSB

anode, and these are extrusion, melt-processing, vapor-based processing and anode-less. [163]

Extrusion is the most established process and works in a similar manner to the cathode dry ex-

trusion process. Thin Li foil is produced in the extruder and then calendered to reduce thickness.

The rollers are coated during the high-pressure calendering step to prevent the adhesive Li-metal

from sticking. Producing thin Li-metal foils of good quality is difficult and can be expensive.

After calendering the foil is coated on the current collector or separator. [163]

In melt-processing, Li-metal with a low melting point of 180 ◦C [199], is melted before being set

on an electrolyte or current collector. This is suitable for porous structures and has been able to

produce thin foils. This method is not as mature as extrusion and requires additional measures

in regard to the reactive liquefied Li [172].
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Vapor-based processing is a third method that offers the advantage of producing thin, high-

quality Li foil. Sputtering is an example of such a process in which Li-metal is deposited onto

the current collectors by using ions to release Li particles from the metal [200]. The rate of

production is restricted [172], and the method is expensive, which limits the possibility of bulk

production [163].

Anode-less or anode-free approaches differ from the rest in that no Li-metal is involved during

the production process. Instead, Li-ions stored in the cathode are coated on the current collector

in the first charging cycle, thus forming the Li-metal anode [163]. An illustration of this is shown

in 2.45.

Figure 2.45: Illustration of anode-less SSB structure. Reprinted from Kerman et al. [201]

This approach can remove the need for producing expensive Li-metal foils as well as the anode

processing in an inert environment [71], while simultaneously providing the battery with a higher

energy density than LMBs [202]. However, challenges exist in the homogeneous coating of Li-ion,

the current collector, and the SEI formation, leading to loss of Li, reduction in capacity, and Li

plating. This can result in dendrites and an unstable SEI layer. To compensate for this, excess

Li can be injected. Additionally, this method has not yet been established for large cells [163,

202].

For the different processes, challenges remain for attaining uniform layers and bulk production.

Figure 2.46 shows the different processes.
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Figure 2.46: The different approaches to Li-metal anode processing. Reprinted from Schmaltz et al. [163]

Separator

The separator can also be implemented in the battery in various ways. Wet processing is a method

that is especially viable for ISE separators. The separator can be set on the cathode directly

or produced separately as a free-standing SSE before being applied on the electrodes [203].

Free-standing separators require greater thickness to maintain mechanical stability compared

to directly coated separators. Thin ISE separators have been produced, but scale-up challenges

remain. Regarding the calendering step, SPEs can be used due to their high flexibility, and sulfide

ISEs can be used because of their ductility. Oxide ISEs need an additional sintering process,

which is energy-demanding, time-consuming, expensive, and leads to Li loss, thus resulting in

less efficient production. Overall, wet processing is feasible to implement in SSEs as it is an

established processing method in conventional LIBs [163].

The dry extrusion process is an established approach for SPE separators. However, more ad-

vancements are necessary for ISEs because of their hard and brittle nature. Additionally, a

sintering step remains a requirement for oxide ISEs [163]. An alternative powder-based pro-

cessing method exists for oxides to remove the sintering step and the solvent and avoid side

reactions. This technique involves using an aerosol made up of a carrier gas and solid electrolyte

powder to deposit the powder on the cathode. The deposition rates are low, and the technology

is still too new to compete with the established wet and dry processing approaches for bulk SSE

production [204].

Cell assembly and finishing

The last steps of SSB manufacturing are the cell assembly and finishing. This process is largely

similar to that used in conventional LIBs. In the cell assembly, the electrodes are initially cut

into stacks, e.g. by laser cutting. They are then stacked on top of each other to form a cell stack.
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Subsequently, for sulfide ISEs, the stack is pressed together for improved interfacial contact

between the layers. For oxide ISEs, a small amount of liquid or SPE should be involved in

order to reduce interfacial resistance, while SPEs go through a heating process to reduce this

resistance. The last processes are as described in 2.3.9. However, the housing can be formed

into either a pouch cell through sealing or gluing or a prismatic cell through welding [203]. The

process chains for cell assembly are shown in Figure 2.47

Figure 2.47: SSB cell assembly process. Reprinted from Schnell et al. [172]

Although it is possible for SSBs to be manufactured into other cell types, such as the common

cylindrical cells in LIBs, winding the solid SSE makes this a difficult task, as cracks can form

in the layers. This is particularly true for ISEs due to their hard and brittle properties. Pouch

cells are therefore the most convenient cell format for SSBs. However, cell formats that require

winding of the SSE could be a viable option for ductile SPEs [163]. For SSBs, the electrolyte

injection and residual moisture removal steps in conventional LIBs can be omitted [172].

The cell finishing process is similar to 2.3.9. However, compared to conventional LIBs, the time

and cost of the formation step are considerably lower. Furthermore, it is anticipated that SSBs

will stabilize more rapidly than conventional LIBs and that the formation step will therefore be

shorter or eliminated for SSBs. [163, 172, 205]

Besides the raw materials, the most expensive steps are expected to be the inert processing
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environment required for sulfide processing and the high sintering temperature needed for oxide

processing. However, some costs will be reduced by shortening or eliminating the formation and

electrolyte-filling steps. [172]

Conventional LIBs deal with safety issues due to having an organic, volatile, and easily flammable

material as an electrolyte. There are also limitations in the energy density. SSBs, on their end,

face performance issues such as low ionic conductivity and poor interfacial contact [206]. This

paper will therefore, additionally focus on semi-solid state Li-ion batteries as an alternative

that has the potential to alleviate these issues found in LIBs and SSBs to improve the ionic

conductivity, increase the electrochemical stability window as well as the overall safety.

2.9 Semi Solid State Lithium-ion Batteries

Semi-solid state lithium-ion batteries, or quasi-solid state batteries, represent an innovation

within the field of energy storage, offering an alternative to conventional LEs and SSB tech-

nologies. SSLIBs are intended to address some of the limitations and challenges that exist when

utilizing conventional batteries.

In essence, SSLIBs use a unique type of electrolyte in which the fluid in LEs is combined with the

solid in SSEs. This results in an in-between, semi-solid electrolyte. Similarly to SSBs, utilizing

Li-metal in the anode is one of the motivations for this technology. [173, 174]

2.9.1 Manufacturing

The manufacturing process of SSLIBs is largely similar to conventional LIB manufacturing [71,

207]. For example, Chang et al. reported the preparation of a stable pouch cell SSLIB with

an MOF active filler, following the same steps as described in 2.3.9. The solvent recovery and

calendering step were omitted, and instead, a small pressing procedure was conducted. However,

a PVDF binder agent was used, and the MOF film needed an evaporation step for the organic

solvent. The resulting battery showed that it could sustain high temperatures and stress while

maintaining electrochemical stability and safety. Furthermore, the ionic conductivity was higher

than in an SSE and lower than in conventional LEs. At high operating temperatures, LEs

can evaporate and decompose, causing cell failure and possible safety hazards [178]. A visual

representation is shown in Figure 2.48.
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Figure 2.48: Comparing conventional LIB, SSB and SSLIB in operation. Edited from Chang et al. [178]

However, there is a non-traditional method of processing the electrodes that involves fewer steps,

removing processes such as casting, drying, calendering and binder agents from the LIB manu-

facturing process described in section 2.3.9. This takes away many of the inactive materials, thus

reducing the cost in bulk production [208]. The process starts with slurry mixing carbon black

and the active material in the electrolyte solvent, then filling these in the anode and cathode.

By doing this, the electrodes become significantly thicker, as visualized in Figure 2.49. However,

this structure has the downside of decreasing the total energy density [209].

Figure 2.49: Conventional (left) and a type of SSLIB (right) cell structure. Reprinted from Bryntesen et

al. [208]

An anode-less pouch cell semi-solid manufacturing process was presented by Liu et al. The

process first involved the production of a free-standing cathode obtained through mixing and

cold pressing. The electrolyte was then synthesized into a composite SPE. The synthesis method

included both the casting and solvent recovery steps, but no calendering was performed. Similarly

to the semi-solid pouch cell manufacturing process, the PVDF binder agent was also included
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here. The cell was then assembled by stacking Cu sheets, the free-standing cathodes, and the

electrolyte. Finally, they were sealed and made to go through the formation process prior to

undergoing further testing. [210]

2.9.2 Semi-Solid State Electrolytes

Semi-solid electrolytes bridge the gap between LEs and SSEs, integrating different parts from

both to achieve an optimal electrolyte composition. With the growing demands for high-

performance, safety, and long-lasting solutions, semi-solid electrolytes offer distinctive features,

making them an option for resolving these demands. The following section will account for these

properties, as well as exploring their role in advancing battery technologies.

Material Selection

Particularly for semi-solid electrolytes, material selection is pivotal to ensure an optimal com-

pound composition. The different materials used within the electrolytes will influence the per-

formance, stability, and longevity of the battery as a whole. The aforementioned ISEs, SPEs, and

hybrid electrolytes are also used in SSLIB electrolytes along with polymer-gels, ceramic-polymer

composites, and ionic liquids.

Gel Polymer Electrolytes

Gel polymer electrolytes (GPEs) are formed by combining SPEs and a liquid electrolyte. The

combined electrolyte uses the liquid component for ion transport whilst the solid polymer matrix

provides much-needed structural support and increase in safety, inhibiting the challenges asso-

ciated with conventional LEs such as leakage, flammability, and poor interfacial stability [211].

Figure 2.50 visualizes a GPE in a LIB.
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Figure 2.50: Schematic diagram of lithium batteries using (a) LE; and (b) gel polymer electrolyte. Re-

printed from Chae et al. [211]

GPEs have mechanical flexibility, easy processing, good interfacial contact and are light-weight.

They also contribute to forming a stabilized SEI layer, thus achieving long-term cycling stability.

However, concerns regarding dendrite growth and ionic conductivity are present. In a polymer,

the amorphous regions have shown to have the highest mobility of ions, and a low Tg supports

the ion transfer in these regions. Using ILs as a precursor for poly(ionic liquids) and Li-salts

has decreased the crystallinity, lowered the Tg, and increased the Li-ion transference number to

improve the ionic conductivity. [212]

Gel Hybrid Electrolytes

Similar to SSBs, SPEs with an ISE filler can be utilized together in hybrid IL-based electrolytes

to achieve more optimal electrolyte properties. These are called gel polymer-ceramic hybrid

electrolytes (GHEs) [213]. Due to their brittleness, ISEs can deliver high ionic conductivity

but have poor contact between the electrode and the electrolyte. SPEs have better interfacial

contact owing to the soft and ductile polymers but are restricted by the low ionic conductivity

and narrow electrochemical stability window. The benefits of combining them are mostly the

same as mentioned in 2.8.4 [214]. Whether it is in ISEs, GPEs, or GHEs, using ILs has been

shown to improve the electrochemical attributes in SSLIBs.

These kinds of electrolytes are fairly new and have therefore not reached a mature state. Because

of this, limited research has been conducted in this area. However, experiments conducted by

Foran et al. and Overhoff et al. found that the introduction of an ISE filler only contributed to

an increase in mechanical strength. [215, 216]

As mentioned in 2.8.4, another possibility is using inverse compositions such as polymer in
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ceramic. However, the feasibility of using it infused with liquid components is unclear. [217]

Ionic Liquids

One challenge ILs face, in general, is high viscosity at low temperatures. This means that the

ionic conductivity is decreased in room temperature operation. Another challenge is the high

cost, which limits widespread use and the ease of manufacture. Therefore, ILs are often combined

with other SSEs, such as ISEs and SPEs to minimize these challenges. [212]

In general, for ILs used with ISEs, the ISE acts as the framework and provides the electrolyte

with safety and stops the IL from leaking, while the liquid properties of ILs can lower interfacial

resistances between the electrolyte and the electrodes, along with further hindering dendrite

formation [218]. Using ILs as a coating in the ISE or electrode layers has also been attempted

to reduce interfacial resistance, thus decreasing the overpotential. Overall, incorporating ILs

in ISEs is yet to be practically applicable due to mechanical inflexibility and poor interfacial

contact between the electrode and electrolyte. However, while many varieties of ILs have been

synthesized, their diversity in ISEs is limited [212].

Single-Ion Conducting Electrolytes

Another type of electrolyte used both for SSBs and SSLIBs is single-ion conducting soft electro-

lytes (SICSEs) [91]. They are a class of SPE where the anion is covalently bonded to the polymer

backbone or immobilized by anion acceptors, thus resulting in the cation being the single mobile

ion. Some of these electrolytes have relatively high ionic conductivity and Li-ion transference

number, low Tg and dendrite growth [176]. In addition, since only the cation is moving, the

anion concentration overpotential is removed. This leads to a reduction in the overall concentra-

tion overpotential that is associated with traditional SPEs. However, large-scale application of

SICSEs is limited by their low ionic conductivity at moderate temperatures and poor interfacial

qualities. Additionally, due to the LE content in GPE, SICSEs in SSLIBs include an increase in

safety issues and leakage, which is not present in SSBs [91, 192].

2.10 Economy

In a common LIB cell, materials can cover up to 75% of the cell cost as illustrated to the left in

Figure 2.51. Of the materials in a LIB, the cathode takes up 50% of the cost, the anode covers

14.3% of the cost and the electrolyte accounts for 4.8 %. The bar chart in the middle of the

display shows this. The distribution costs of materials in a cell reflect how the cathode chemistry

consists of more materials than the anode. This pattern is indicated further in the bar chart to
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the right, which breaks down the cell mass in percentages. It is further evident in Figure 2.52,

displaying some of the various mass distributions within cathode materials, placing the cathode

at a ratio of around 33% of the cell materials and anode with a mass covering up to 11% of the

battery cell. [219]

Figure 2.51: Overview of three bar charts showing the following: 1) breakdown of the cell cost, 2) the cost

share of materials in a cell, 3) breakdown of the cell mass. Reprinted from Li et al. [219]

Figure 2.52: Overview of different cathode chemistries mass distribution of raw materials. Reprinted from

COBRA. [139]

As stated, LIB technology plays a crucial role in advancing the electrical landscape, with man-

ufacturing expenses having decreased by 85% in the last ten years. Since LIBs commercial

commencement with LCO in 1991, there has been a significant reduction of 97% in the cost of

LIBs. The price is given in terms of cost per kWh of energy capacity. As of 2020, the price was

around 132 USD per kWh at pack level, meaning the assembled battery pack, and ca. 99 USD
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per kWh at cell level, meaning individual battery cells within the pack. However, due to the

COVID-19 pandemic and geopolitical tensions in Russia and Ukraine, the rate of decline in LIB

prices has slowed down. The year 2022 was characterized by significant fluctuations in battery

prices, which were largely unpredictable. Despite this, the cost of LIB packs has decreased by

14% since 2022, reaching 139 USD per pack, according to BloombergNEF. This reduction is

attributed to cheaper raw materials, components, and an accelerated production capacity. [124,

220]

Not much data is available regarding the cost of an SSE, but Schmuch et al. estimates it to be

about 50 USD
kg . [221]

Comparing costs of essential materials

For active materials in anodes, the cost is solely dependent on the anode mix. According to

Goldman Sachs, within the next year, the anode composition of active materials is projected

to consist of around 70% SG, about 20% NG, and the remaining 10% goes to various shares of

silicon, as shown in Figure 2.53. By implementing silicon, the energy density in the anode will

be enhanced, resulting in a price reduction. However, as the proportion of SG rises, the share of

NG is reduced. Therefore, the price increases as it is given that SG requires a greater amount

of material per cell and is 20% more expensive than NG. Additionally, SG exhibits less capacity,

meaning it requires a greater amount of material per cell. The rise of SG stems from its qualities,

such as a greater life cycle than NG and reduced swelling. [125]

Figure 2.53: Graphic illustration of predicted anode mix advancements over a time period of 7 years.

Reprinted from Bhandary et al. [125].
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Table 2.7 displays the cost of anode active materials in USD/kg. Li-metal is the most expensive

material by a good margin, lingering from 96-240 USD/kg. Graphite (both SG and NG) lies

between 6-10.8 USD/kg. A mix of graphite and silicon has a value of 12 USD/kg, whereas a

solid-dominated anode has a cost of 36 USD/kg. Titania and niobates cost 18 USD/kg. [222]

Table 2.7: The Table below shows cost per USD/kg of various anodes. Values obtained from Hettesheimer

et al. [222]

Graphite
Graphite-silicon

composites

Silicon

dominated

Li-

metal
Titanates

USD/kg 6 - 10.8 12 36 96 - 240 18

As a result of the vast growth in the demand for batteries, the prices of raw materials have

increased. The primary raw materials used in common cathode chemistries of a LIB are Li, Ni,

Co, Mn, Al, and Cu. Figure 2.54 displays the variations of battery metal prices over a span

of 6 years, showing Ni increasing by 500% since 2017, while Co increased to half the amount,

staying at around 250%. Compared to 2021, both Li and Ni had a price surge at 300% [124]. As

the Russia and Ukraine war unfolded at the start of 2022, the prices of the materials increased

drastically, resulting in a hiccup in the price trend [125].

Figure 2.54: The graph illustrate the battery material prices for a 6 year period for different metals.

Reprinted from Bhandari et al. [125]

Furthermore, estimations have been made for relatively high cost material prices for 2025 and

2030. Figure 2.55 displays the trajectories of material prices in USD/kg for Co, Ni, Mn, and Li

over two decades, with historical data from 2010 to 2020 and projections for the decade from
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2020 to 2030. In the wake of the pandemic, all materials increased in price from 2020 to 2025.

For Co, it is anticipated that it will reach its peak in 2025 with 80 USD/kg before it stabilizes

in the following years at around 70 USD/kg, closing up to 2030. As a limited resource primarily

retrieved from mining and additionally as a byproduct of Ni and Cu extraction, it is realistic to

expect an increase in price. For Ni, it is estimated that the price will reach its peak at 25 USD/kg

around 2023 before slowly declining towards 2030. Both Ni and Co have experienced a tightening

in supply following the Russia-Ukraine situation. The gradual decrease in Ni supply reflects the

aftermath as the price stays between 20-25 USD/kg. Yet, in contrast to Co, Ni reserves are

sufficiently varied geographically and plentiful to facilitate the future manufacturing of cathode

materials [221]. On the other hand, Mn is a raw material that is categorized as noncritical,

meaning it comes at a low price [221]. The graph displays a small increase from 2-2.5 USD/kg to

about 3 USD/kg in 2030. This makes Mn the cheapest of the four materials. Li has the highest

incline going from around 25 USD/kg in 2020 to over 200 USD/kg between 2020 - 2025, before

a rapid decline/stagnation in the following years, ending up at under 50 USD/ kg by 2030 [124,

223].

Figure 2.55: The graphs illustrate projected materials prices for cobalt, nickel, manganese and lithium in

USD/kg from 2010-2030. Reprinted from Orangi et al. [124]

For raw materials such as iron and phosphate, both of which are non-toxic and non-critical, the

supply chain and cost dynamics present no significant challenges. Iron is one of the most typical

elements on earth and is therefore relatively low-cost compared to the materials listed above,

leading LFP to be the most economical option for manufacturing 1kg of cathode material [45],
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as shown in Figure 2.56.

Figure 2.56: Compares different costs of cathode chemistries. Reprinted from Snowdon et al. [224]

For the cathode chemistry, LMFP is considered to be considerably cheaper than LFP, with a

cost difference of 13 USD/kWh between the two in 2022. In 2023, the gap became considerably

smaller with a difference of 5 USD/kWh as shown in 2.57. [147]

Figure 2.57: Compares LMFP and LFP costs over two years. Reprinted from Jinga et al. [147]

The price will also differ among various countries. China holds the lowest cost, while the re-

mainder of Asia Pacific exhibits the highest [225]. China dominates the market across the entire

battery supply chain, from extracting raw materials to cell assembly. With the exception of

extracting raw materials, China covers the majority share of the battery value chain as shown in

Figure 2.58. In terms of raw materials, Australia is the largest supplier with up to 50%, followed

by Chile with almost 30%, while China stands for 19%. In the step of processing the materials,
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China owns up to 92% of the market share, leaving the remaining 8% to Korea, Japan, and the

EU. Regarding battery components and cell assembly, China covers 65%

Figure 2.58: The bar chart illustrates the distribution of the battery supply chain across countries. Re-

printed from Bhandari et al. [125]

2.10.1 Liquid State

Over the year 2022, it was LFPs that experienced the most significant increase by around 25%

due to the rise in Li prices as shown in Figure 2.54. Additionally, since Fe and P are relatively

cheap compared to Co or Ni, Li serves as a significant determinant in the final cost of LFP. NMC

batteries had a price spike between 10-15%, as both Ni and Co also increased in cost. However,

since the two materials are generally more expensive than Fe and P, NMC batteries are overall

more expensive per unit of energy capacity compared to LFP batteries. [225]

The cost spikes of raw materials have resulted in elevated LIB prices. For battery packs in 2021,

LFP was the most economical, being 10-20% cheaper, with a price between 110-120 USD/kWh

as illustrated in 2.59. For the various NMC batteries, the price depended on the amount of Co

and Ni. Since NMC 811 has the smallest share of the two raw materials, it is cheaper than NMC

622 and NMC 532, with its costs lingering from 130-140 USD/kWh.

Moreover, Goldman Sachs [125] predicts a cost decline in 2025 decline for all the battery packs,

with LFP still being the cheapest of the commercialized LIBs, laying in a price gap between

90-100 USD/kWh. However, “new batteries” will be the most economical overall with a price

estimation of 90 USD/kWh. This category can include batteries such as LMFP or LNMO.
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Regarding NMC, it is predicted that the cost gap between NMC811 and 622 will increase,

covering a price between 100-110 USD/kWh and over 110 USD/kWh respectively. The price will

decrease further if recycling is part of the life cycle of the battery pack. More on recycling in

2.11.

Figure 2.59: The graphs illustrate different costs in USD/kWh for cathode battery packs for different

demands. One curve is from 2021, while the other two are projected graphs from 2025, both with and

without recycling. Reprinted from Bhandari et al. [125]

Furthermore, in 2023, it was estimated that LFP batteries had a standard cost of 130 USD/kWh

at the pack level and 95 USD/kWh at cell level. The cell price was 32% lower in cost than an

NMC cell [220], showing a rise in price from 2021. This can be seen in Figure 2.58. However,

due to the war between Ukraine and Russia that started in 2022, it is projected that the prices

of batteries will increase [124].

2.11 Sustainability

In recent years, the supply chain of cathode materials has been affected by the pandemic and

Russia’s war with Ukraine. Given that Russia is one of the largest producers of Ni, the price of the

material has risen considerably, and it is prone to price volatility [226]. However, of the cathode

materials used in LIBs, Co is of particular concern. The price of Co, similar to Ni, is volatile

and has increased over the years. It is anticipated that this trend will continue as more LIBs are

produced. This is partly because Co is a scarce material that is subject to supply chain shortages

[227]. Currently, the majority of Co is mined from the Democratic Republic of the Congo (DRC),

accounting for approximately two-thirds of the global extraction [124]. In comparison, no other

country produced more than 5% [228]. Moreover, there are geopolitical concerns in regards to the
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ethical conditions of Co mining in the DRC, as well as challenges in international distribution.

Additionally, Co is a toxic material for the environment, and overexposure is damaging to human

health. Co is the material with the highest criticality in many LIB chemistries, as well as having

a high environmental impact. This has led to a focus on transitioning to Co-free batteries [227,

229, 230].

In LFP cells that do not contain Co, the material with the highest criticality is graphite. China

and Mozambique mine about 70% of the global graphite [228]. Around 50% and 22% of Li

reserves are located in Chile and China respectively, while Australia accounts for 80% of the

extraction [231]. This has given Li and graphite high impacts in criticality. When replacing the

graphite anode with metallurgical grade Si, the criticality and the aggregated elemental impacts

decrease [230].

In descending order, Co, Ni, Al and Cu are the largest contributors to the climate change impact

in NMC batteries. Ni is the largest contributor in NMC811, where Ni occupies more of the

cathode material compared to NMC622 and NMC111. Li and natural graphite show minimal

environmental impact despite their high criticality. Titanium (Ti) used in the anode of LTO

causes high emissions and contributes to the environmental impact. Transitioning from graphite

to LTO in the anode does not benefit the criticality of environmental impact [230]. This is

illustrated in Figure 2.60. Note that the bubble size is proportional to the total elemental mass

per unit cell capacity and that the dotted lines show the median criticality and environmental

impacts across all the cells.
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Figure 2.60: Criticality and environmental impact quadrant matrix. Reprinted Manjong et al. [230]

Recycling

The recycling of LIBs is a relatively new concept, and the industry is not as well established as

the growing LIB manufacturing industry. Furthermore, the intricate cell chemistry of LIBs and

the lack of standardization in design compared to other chemistries, such as lead-acid batteries,

makes the recycling process more difficult. This is because LIBs are designed for safety and

longevity, but the consequence is that recycling becomes less efficient and incapable of being

automated. The current technologies are primarily focused on the recovery of the cathode ma-

terials and Li since these are the most valuable from a recycling perspective [232, 233, 234, 235,

236]. The recycling technology of LIBs is divided into three main categories: direct recycling,

pyrometallurgical, and hydrometallurgical [236].

• Direct recycling

Direct recycling is a solvent extraction process that utilizes supercritical carbon dioxide

(CO2) to extract the cathode and anode materials. First, the cells are treated with the

CO2, which extracts the electrolyte. Subsequently, the electrolyte is recovered and can be

reused in future manufacturing. Afterward, the cells are dismantled and crushed, and the

components are separated. Lastly, the cathode materials are collected and reused [237].

Direct recycling is not as mature as the other recycling methods and therefore has not been
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applied on a large scale [236].

• Pyrometallurgical recycling

Pyrometallurgical recycling is a process whereby reusable metals are melted at high tem-

peratures and separated according to their melting or boiling point. It is known for being

simple and more profitable at large scales. However, the method requires high temperatures

and presents significant challenges in terms of the yield of pure metals. This often results in

the need of a hydrometallurgical treatment. Due to the design of LIBs, pyrometallurgical

recycling is sometimes the only option. [233, 238]

• Hydrometallurgical recycling

Hydrometallurgical recycling is considered the main option, using chemical processes to

recycle. This method has a lower environmental impact, consumes less energy, and has

a higher recovery efficiency, especially in the case of Li. Ordinarily, hydrometallurgical

recycling is preceded by either a mechanical or pyrometallurgical pretreatment [239]. The

resulting recovery rates under optimal conditions are 98.7% for Ni, 97.1% for Mn, 98.2% for

Co, and 81.0% for Li. Moreover, steel, polypropylene, Al, and Cu are other cell components

that can also be recovered in this process [240]. NMC is more suitable for hydrometallur-

gical recycling, as multiple metals need to be separated, while pyrometallurgical methods

are simpler for LFP [235]. However, LFP recycling can also be carried out using hydrome-

tallurgical methods [241].

Due to the low recycling potentials of Li, a risk regarding primary material use is involved in

LIBs [230]. A comparison of the different recycling methods with their attributes is illustrated

in Figure 2.61.

Figure 2.61: Characteristics of the different recycling methods. D = Pyrometallurgy, E = Hydrometal-

lurgy, F = Direct Recycling. Reprinted from Mao et al. [236]
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3 Methods

Throughout the course of this thesis, the sources that were used have been checked in detail,

and the authors or organizations were examined for credibility. Moreover, multiple sources were

reviewed in order to ascertain the consistency of the information. Additional care was taken

when researching various values that are recent and consistent. However, this was not carried

out in the cases where the available information was severely limited. In those situations, the

limited sources were thoroughly checked to ensure reliability.

At the start of the thesis, the first priority was to gather documentation on the topic of SSBs

and SSLIBs. This was subsequently condensed in order to gain a general understanding of the

subject. The structure of the thesis was then formed with the advice of the internal and external

supervisors taken into account. Afterwards, the theory section was developed. Each of the four

authors was assigned a portion of the theory.

Various techniques were used to collect the relevant theory for the project. Websites such as

Google Scholar, ScienceDirect and MDPI were used to find reliable research journals and papers.

When finding more specific information, the sources used within these papers were delved into.

Moreover, to effectively find information, keywords were utilized in the searches. In different

sections of the general theory and LIBs this included keywords such as "properties", "crystal

structure", "cathode chemistry", "cost" "recycling" and "battery report". In SSBs and SSLIBs,

some common keywords used were "polymer", "ceramic", "dendrites", "electrolyte", "LMB",

"gel", "hybrid/composite" and "anode-free". Additionally, the "Ctrl+F" function was used as a

tool to rapidly navigate the sources.

Once the necessary theory had been established, the discussion was written based on the collective

findings. Lastly, the remainder of the thesis was written in the order of the introduction, methods

and conclusion. The role distribution gave a general framework, but all of the authors worked

on the different sections. Furthermore, one author was assigned to periodically maintain the

structure and consistency of the text. During the last phases of writing, all of the authors went

through the thesis collaboratively in order to further ensure cohesiveness.
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4 Discussion

In this section, a discussion will take place in order to concisely evaluate these findings and will

be the basis of the conclusion and recommendation for Beyonder. It will start by evaluating the

advantages and disadvantages present in different cathode and anode chemistries and choosing

which ones to focus on during further discussion. After this, an evaluation between the different

electrolyte states will take place, narrowing in on specific points such as costs and attributes.

Lastly, a consideration of which chemistries and electrolytes are viable for different use cases will

be conducted.

4.1 Comparison of the cathode materials

Over the course of the thesis, numerous cathode chemistries have been identified as potential

candidates for further research by Beyonder. These include LCO, NMC ratios (111, 532, 622,

811 and 955), LFP, LMFP and LNMO. In order to make a concise assessment of these potential

compositions, an analysis of cell voltage, specific energy, energy density, specific power, cycle life

and degradation, thermal stability, economy and TRL is required. The data used is shown in

Table 2.4.

4.1.1 Cell voltage

The operating voltage of different batteries is an important factors when selecting an appropriate

battery for a given application.

The highest voltage of LIBs currently produced, comes from LNMO with a voltage of ceiling

5.0 V and LCO with a voltage ceiling of 4.4V. These are closely followed by the different NMC-

material distributions reaching a maximum of 4.0V. LIBs that exclude the use of cobalt and

nickel, in contrast to those that do, generally see a lower operating voltage, with LMFP reaching

3.7 V and LFPs ranging from 3.2 V to 3.5 V.

These numbers show that LNMO, LCO and NMC are the cathode materials which are best suit-

able for high power applications. The cathode materials best suited for lower power applications

is however LFP and LMFP.

4.1.2 Specific energy

In applications where the minimisation of battery weight is essential to minimise the impact

on system performance and efficiency, the specific energy density (Wh/kg) is crucial. This is
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particularly important in automotive applications, where the battery’s weight directly affects

the vehicle’s performance.

According to Table 2.4 the LFP cathode chemistry have/has the lowest specific energy. Both

the lower cell voltage and the weight of Fe, along with its larger olivine structure, contribute to

a reduced specific energy at 90-180 Wh/kg. By implementing Mn, the ratio of iron is reduced in

LMFP which elevates the cell voltage , resulting in a 20-40% higher energy density at roughly

210-240 Wh/kg compared to LFP. While the LCO cathode chemistry has a specific energy

ranging from 150-200 Wh/kg. This is a result of LCO being cobalt rich as demonstrated in

Figure 2.52, Co offers high energy density, due to its high voltage. NMC cathode compositions

differ in specific energy between a range from 140-300 Wh/kg. Similar to LCO, NMC cathodes

contain cobalt, known to be energy dense. Additionally, since they include nickel, NMC cathode

chemistries achieve an even higher specific energy range. This stems from both cobalt and

nickel having great voltage and their complementary advantage. However since nickel is slightly

lighter than cobalt, NMC cathodes with a higher nickel ratio will have greater specific energy.

Therefore NMC811 will have the greatest spesific energy with a potential reaching up to 300

Wh/kg. Since NMC 622, 532 and 111, are not as nickel rich chemistries, they will have values at

255-290 Wh/kg, 219-250 Wh/kg and 140-193 Wh/kg respectively. On the other hand, LNMO

is projected to exhibit a specific energy from 150-165 Wh/kg, which is comparatively limited.

Yet, it is higher than that of LFP. In addition, it is important to note that it has extremely high

theoretical specific energy at 690 Wh/kg which shows great promise for the future.

This leads to NMC ratios with 811 at the top, to be the most suitable for mobile applications

where weight is essential such as passenger EVs. While for LCO, LMNO and LFP should be

compatable in transport apllications where weight is not as pivotal.

4.1.3 Energy density

Energy density (Wh/L) is of significant importance within applications where spatial limitations

are a design factor, such as in fields for mobility and electronics.

Cathodes containing Co, such as LCO and NMC, exhibit notable superiority in terms of heightened

energy density. The presence of Co, with its great reversal potential, implies that LCO has one of

the highest energy densities at 560 Wh/L as it primarily consists of this material along with Li,

as shown in Figure 2.52. In contrast to LCO/Unlike, NMC incorporates nickel and manganese,

indicating that its energy density is not solely reliant on Co. Ni also contributes to increased

cell voltage, enabling NMC compositions to achieve even higher energy densities with a higher
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ratio of nickel. While Mn has substantially lower reversal potential, which implies NMC ratios

with greater Mn will have lower energy density. Similarly, to specific energy, NMC811 ends up

with the highest energy density at 700 Wh/L. While, NMC 622 has a slightly lower value of

density at 650 Wh/L. NMC111 ends up being surpassed by LCO with a value of 230-567 Wh/L.

The cathode chemistry LFP, with iron and phosphate, occupies a larger volume relative to other

chemistries. Consequently, reducing the amount of stored energy/overall energy storage capacity,

resulting in a diminished energy density at 362-457 Wh/L. However, for LMFP, with Mn, the cell

voltage falls, resulting in a lower energy density than LFP, staying at 280-300 Wh/L. LMNO is

estimated to have the lowest energy density of 250-280 Wh/L. Nonetheless, it has the potential

to increase even further as it moves towards commercialization.

In summary, NMC811 exhibits the highest energy density, followed by NMC622, LCO, and then

NMC111. This implies that these batteries are well-suited for applications requiring smaller

batteries and saving space, such as in electric vehicles (EVs). Further, LFP is trailed by LMFP

and LNMO, making them more relevant for areas where volume is not as vital, such as energy

storage. In other words/ that is to say/ This indicates that for EV applications, both the energy

per mass and volume are pivotal. Particularly within lighter transportation, such as passenger

cars and even aircraft, the size and weight of the battery are crucial factors determining the

optimal performance of mobile devices. Therefore, NMC cathodes become the optimal choice in

terms of specific energy and energy density within this area.

4.1.4 Thermal stability

Safety is a critical consideration within battery design. In order to have a high thermal stability,

a battery must be capable of operation at ambient temperatures.

When the battery is operating at a temperature that is under its temperature range, this will

decrease the reactivity, which lowers the capacity. This also slows down the growth of SEI,

which is positive because it stabilizes the formation. On the other hand, does the formation

utilize more Li-ions, which again reduces the capacity of the battery. The slow reactivity also

increases the formation of lithium plating and dendrites. From the properties shown in Table

2.4, all the cathode materials have the same minimum operating temperature. This makes all

the cathode materials equally sensitive to degradation from low temperatures.

Several factors inside the battery can increase the temperature and the internal energy. As the

temperature rises, the volume of the internal battery can increase, causing mechanical wear. Irre-

versible heat is created exponentially with a high C-rate. If the battery operates at a temperature
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that is higher than the operation temperature, the reactivity of the materials increases. Among

other things, this leads to an increase in ionic conductivity, which causes irreversible reactions

such as the SEI layer to grow faster. This, in turn, leads to the storage of exothermic energy. The

increased exothermic energy in the SEI layer is released at excessively high temperatures. The

increased temperature will also begin to decompose, destabilizing the outer organic SEI layer

and potentially triggering thermal runaway. In addition, the increased ionic conductivity makes

the structures more susceptible to fracture, resulting in loss of active material and an overall

shorter cycle life. The listed C-rates in Table 2.4 are very limited, but this is an important factor

to consider. The maximum operating temperature for the cathode materials shown in Table 2.4

is quite similar. The only material that stands out is NMC111, which has a bit smaller operating

range than the other cathode materials. This makes NMC111 a bit more sensitive to higher

temperatures.

The increase in thermal energy can also activate several non-spontaneous chemical reactions in

the battery. If the chemical composition of the battery is reactive, the likelihood of unwanted

chemical reactions taking place is increased. The most reactive materials is the ones with the

largest redution potential and oxidation numbers, from Figure 2.4. The cathode materials,

including Ni and Co, are therefore the most reactive ones. This makes NMC, LCO, and LNMO

the most prone to degradation and low cycle life, while LFP and LMFP have a more stable and

long life cycle, as shown in Table 2.4.

The thermal runaway shows the maximum temperature the battery can handle before .... These

numbers can give an indication of which environment the battery. The values in Table 2.4 shows

that LCO is the most sensitive to heat with a thermal runaway at 150 ℃, then NMC111 with

thermal runaway at 210 ℃and LFP with thermal runaway at 270 ℃. Although these temperatures

may seem high, they are important to illustrate because it can get warm in an operating room,

e.g. with machinery.

4.1.5 Cycle life and Degradation

Degradation is the key technological aspect for a long cycle life. The rate of battery degradation

affects the battery’s cycle life. If the battery degrades rapidly, the battery’s cycle life is shortened.

Conversely, if the battery degrades slowly, the battery’s cycle life is extended.

From the numbers in Table 2.4 and Figure 2.23 it is shown that the cathode materials with the

longest cycle life are LFP and LMFP with a cycle life of 2000-300, then comes NMC with a cycle

life of 1000-2000. LCO has the lowest cycle life of only 500-1000.
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The factors that contribute to the shortened life cycle of batteries are degradation and the

three main causes of battery degradation, which are operational, environmental and time. The

operational aspect of battery management concerns the manner in which the battery is treated

and maintained during use. This factor is not specific to a particular cathode material but

is influenced by the user. However, the time and environmental impact of different cathode

materials can vary.

While time is an inevitable factor in all batteries, the different cathode materials have varying

abilities to maintain a long life cycle. For instance, the layered structure is not particularly stable.

The weak bonds between the layers make the cathode material more likely to crack. This can

also be observed in the significant volumetric change in the layered structure for LCO and NMC.

The volumetric changes are of significance with regard to the cycle life of the battery, as they give

rise to mechanical stress and particle cracking, which in turn can lead to loss of active material

and subsequent degradation and uncycleability. In contrast, LFP and LMFP with an olivine

crystal structure exhibit a small but significant volumetric change. This structure is more stable

than the layered structure, which makes it less prone to cracking and degradation. Consequently,

LFP and LMFP have a higher life cycle than LCO and NMC. The spinel structure, in contrast,

exhibits almost no volumetric change under the transport of Li-ions. This indicates that the

cathode materials, such as LNMO have a longer life cycle for the battery.

The environmental factor is concerned with the application of the battery and the environment in

which it is used, and factors such as temperature. While the temperature stability of the different

cathode materials was discussed in the subsection over 4.1.4, the importance of the temperature

can be looked at at in combination with the cycle life. The thermal stability analysis is based on

four factors: reactivity, C-rate, operating temperature range and thermal runaway. The results

of these analyses show that LFP and LMFP are the most thermally stable cathode materials,

while LCO, NMC and LNMO are the least thermally stable. This correlates well with the cycle

life where LFP and LMFP is significantly better than NMC, LCO and LNMO with the lowest

cycle life. This shows that thermal stability is a significant factor in battery cycle life.

4.1.6 Cost

The material expenses significantly impact the total economic viability. Cathode materials should

both be able to have tolerable overall performance properties, as well as be cost-effective for large

scale manufacturing. As stated in 2.10, all cathode materials have experienced an increase in

costs over the last two years, partially due to the pandemic and the Ukraine-Russia war. Yet, the
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increase in raw material costs may also be a result of the current demand for battery cathodes

due to the global need for a green transition, hence an increase in the need for LIB, as can be

seen in the figure.1.1. Rather than relying solely on fluctuations in the availability or direct cost

of raw materials. Li and Ni has drastically kept on rising after high spikes since 2020, primarily

as a result of the surge in demand for Li-ion batteries with high nickel content as NMC. If

the increases continue, there could be a risk of a shift for producers to utilize more abundant

materials such as LFP, LMFP, or LMNO

The LCO cathode chemistry is estimated to be mid-low cost-effective compared to LFP and

NMC. Even though NMC too consists of cobalt, LCO is the cathode with the highest cobalt

usage, as shown in Figure 2.52. While LFP has a relatively significant cost advantage compared

to the different NMC cathodes, as shown in Figure 2.56. Since LFP is a nontoxic and free for Co

and Ni, it is not affected by the price implications that follow. In addition to iron and phosphate

being abundant and considerably more affordable raw materials, the cathode chemistry had an

estimated price at 5-10 USD/kWh according to Figure 2.56. Regarding LMFP, the inclusion of

manganese results in a reduction of the iron ratio, leading to decreased costs. Figure 2.57 displays

the discrepancy at 5 USD/kWh in 2023 between LFP and LMFP, giving them a price estimation

at around 55-60 USD/kWh and 50-55 USD/kWh. Considering the diverse NMC chemistries, it

appears NMC 622 exhibits the highest cost at 20 USD/kWh, which aligns with the chemistry

having the greatest portion of Co and Ni content. NMC811 appears to be the best choice in

terms of price as it is slightly more affordable due to its lower Co ratio.

An LNMO cathode chemistry has the potential to be low cost as it is cobalt free, as well as it

consists of more environmental materials as the low-cost material Mn as illustrated in Figure2.56

and 2.55. As well as Mn covers up to 60% of the cathode chemistry shown in Figure 2.52.

Leaving the remaining 40% to Ni, which is rather affordable compared to Co and Li but has

experienced a high incline in cost. However, it is important to note that, as a relatively new

chemical composition, cost evaluations on the same scale as the other ternary cathodes have not

yet been made.

Cost is a highly relevant subject within all utilization applications. The lower the cost, the more

desirable the cathode chemistry becomes for different areas. This indicates that LFP and LMFP

are the cathode chemistries with the lowest cost. They are most likely followed by LMNO and

LCO, which have reasonable costs. NMC is the most expensive composition, with NMC 822

being significantly more affordable than NMC 622.
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4.1.7 Overall performance

In conclusion, LCO exhibits a relatively high specific energy of 120-150 Wh/kg and high energy

density of 250-450 Wh/L, which is a result from the high cell at 3.8-4.4 V attributed by presence

of Co. Therefore, it is considered one of the better chemistries to use in applications of limited

space such as portable electronics. However, it suffers from a short life span at 500-1000 due

it it is easily degradable. As well as it features poor specific power and safety, implicating the

low thermal runaway temperature. Furthermore, the environmental impacts of mining cobalt,

and the unethical geopolitical issues, contributes to the high cost of LCO compared to other

cathodes.

NMC, with a regulated mass ratio of nickel, manganese, and cobalt, all offer higher cell voltage,

specific energy, and energy density. With NMC cathode 811 resenting the highest values as it

consist of a larger share of Ni which correlates well with Co, resulting in the highest values within

both fields energy content. In regard of safety, NMC offers better thermal stability than LCO as

it has better properties for thermal runaway. However NMC 822 exhibit poorer stability than

NMC 622 as nickel-rich cathodes contributes to lower thermal stability and overall cathodes with

no or less nickel and cobalt perform better at safety. In addition, NMC was concluded to be the

most expensive cathode chemistry due to high Co prices as well as increaed nickel prices. Since

Co is more expensive than Ni, culminating in ratios with higher Co content to have the largest

cost with NMC 622, while NMC 811 is cheaper. The NMC cathode that is best suited for high

voltage mobile applications where a battery’s size and weigh is important.

On the other hand, LFP cathodes are perceived as remarkably safe due to their good thermal

stability. It relies exclusively on environmentally friendly and abundant materials, being cobalt-

free, thus resulting in its low cost. Other advantages of LFP as great specific power and longer

life cycles comes from the olivine crystal structure, which is more than most NMC chemistries.

The lower level of reactivity also extends the cycle life of LFP compared to the other cathode

materials. As established, LFP has lower cell voltage compared to cathodes with Ni and Co and

lacks significant performance in specific energy or energy density, staying between 90-200 Wh/

kg and 362-437, respectively. Primarily, because its materials occupy more volume, resulting

in other cathode options like NMC and LCO to outperform LFP. These key indicators hold

particular importance within residential and stationary storage applications, as metrics such as

energy density are being less emphasized due to weight being less critical. In addition to this,

mobile applications are not dependent on traveling longer distances. The rate of charge for LFP

also makes the cathode well suite for ....
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However, a measure to achieve higher specific energy and energy densities was to incorporate

manganese in the cathode chemistry, creating LMFP. This cathode chemistry exhibits the same

features as LFP but with enhanced properties in regard to energy densities reaching values of

210-240 Wh/kg and 280-300Wh/L. Meaning the cathode chemistry is both nontoxic and of safe

materials for the environment compared to other heavy metal compounds in cathodes. As well

as it is lower in cost than LFP and still has a superior cycle life as the added manganese lowers

the reactivity of the material. LMFP still remains to be broadly commercialized as it is relatively

new within the LIB market. With enhanced values for energy content, LMFP can be a suitable

option for vehicles aiming to travel far as it is not affected by the battery size or weight. SATE

RATE OF CHARGE AS LFP

Lastly, LNMO, a battery not yet commercialized, shows high promise in the future with good

theoretical aspects. Therefore, the current values presented have a high potential of increasing

in the next couple of years. Its cell voltage has shown promise of reaching 5V but also lingers

down to 3V. Giving a relatively big gap in the cell voltage. While the specific energy is given

from 150-165 Wh/kg, however, the theoretical is at almost 700 Wh/kg, anticipating an increase

in years to come. In terms of energy density, it has relatively high values for being cobalt-free

at around 250-280 Wh/L. As it does not include any toxic heavy metals and is rather low-cost

compared to NMC and LCO, LNMO is considered eco-friendly. Currently, LNMOs exhibit the

shortest life cycle at 250-500. Again, this is most likely due to the cathode being less researched.

LMNO can be fit for both stationary and mobile applications, as it is still quite new and still has

a potential for longer life cycles and energy content. In terms of TRL, LNMO has mainly been

experimented with in lab environments, giving it a TRL of 4, whereas LCO, NMC, and LFP

are very well established with a TRL of 9. LMFP has complete systems with many companies

aiming to use them in the coming years, resulting in the chemistry being assigned a TRL of 8.

4.2 Comparison of the anode materials

The capacity and performance of the battery depend significantly on the intrinsic properties of

the electrodes. Concurrently with the cathodes being presented and discussed comparing vital

characteristics of each composition, the anodes will be assessed for Beyonder. The potential

anode materials include Gr, Gr-Si, LTO, HC and Li-metal.

4.2.1 Cell voltage

In order for the battery to have a high voltage, it is important that the anode has as large a

difference in cell voltage from the cathode as possible. Since the only thing discussed in this
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section is the voltage of the anode material, it is assumed that the Beyonder is looking for

batteries with a high voltage. So this is what will be taken into account.

As Table 2.5 shows, Gr has a remarkably low and neutral voltage. This may be one of the reasons

why it fits so well with several cathode materials. The value of the voltage for Si-doped Gr is

not clear, but it is known that Si does increase the voltage significantly, which makes the ratio

of Si important. The voltage of Gr-Si is therefore put as everything over Gr. HC does have a

relatively high voltage and is hence suitable for relatively high voltage applications, while LTO

has the highest voltage, meaning it is the best when it comes to high voltage applications.

4.2.2 Specific energy

Anode materials with greater specific energy (Wh/kg) are able to accommodate a higher number

of Li-ions, thereby enhancing the total energy storage capability of LIBs. Si can be used to

replace all or some of the Gr in the anode in order to make it lighter, thus increasing the specific

energy. On its own, Gr does not exhibit great specific energy. The same applies for LTO with

lower energy density at 50-80 Wh/kg, which is even lower than Gr. As for HC, it has better

overall performance compared to the commercialized Gr, implying greater specific energy as

well. Another anode material is the innovative Li-metal, which can yield an impressively greater

specific energy at 400-450 Wh/kg.

In terms of TRL, the lack of specific energy is a disadvantage within EV vehicles, making Gr

and LTO not the best choice when relying solely on this characteristic. Gr-Si or Li-metal are the

preferred anode materials in mobile applications where weight is essential.

4.2.3 Energy density

Energy density for Gr is low as a result of its limited capacity and layered structure since the

weak bonds between the layers only allow 55% of Li-ions to deintercalate. Furthermore, the

same applies for Gr-doped Si, but the bonds between these layers are strengthened, so the

limited percentage of the allowed deintercalated Li-ions is increased. This leads to a higher

energy capacity. However, the Si expands during cycling which increases the volume of the

anode material. Overall, this results in a lower energy density. The crystal structure of LTO is

more complex compared to other anode materials. Therefore, its structure takes up more space,

resulting in a lower energy density. Moreover, the structure of HC is highly complex and is still

unknown. Because of this, it is hard to give a value of energy density, but it is assumed that it

is higher than Gr since it has an overall better performance. Meanwhile, Li-metal exhibits the
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greatest energy density.

4.2.4 Cycle life and degradation

It is just as important that the anode has a high cycle life as the cathode for the battery as a

whole to have a high cycle life. In order to get this, the anode has to have as little degradation

as possible. Since the Gr has weak bonds between its layered structure, the material will not

take as much strain as the other materials. Si-doped Gr does, on the other hand, have stronger

bonds between the layers and can therefore withstand more stress than Gr. The crystal structure

of HC is very complicated, but literature refers to the structure as “enhanced”. HC is therefore

considered, as seen in Table 2.5, to have a more stable structure than Gr and Gr doped with Si.

Finally, we have LTO, which has a superb cycle life of 3000-7000.

The volumetric changes of the anode materials is also an important factor for the degradation

of the materials. If the anode has too big of a change, this will lead to mechanical wear and

stress in the SEI layer, which results in even more increased growth. Faster growing SEI leads

to a decrease in the cycle life. From the values in Table 2.5, Gr has a volume change of 12%.

Since the volume increase of Gr-Si will vary with the ratio of Si, the percentage in the table is set

to between 12% and 400%. This is the largest volumetric increase of the anodes because LTO

only increases with 1%. Gr doped with Si is more likely to degrade faster than the other anode

materials and will therefore have a lower cycle life, followed closely by Gr. LTO is in the best

position, with by far the least volume change, which means that in theory, it will have an even

longer life than the other anode alternatives.

4.2.5 Cost

The intrinsic qualities of the anode largely depend on the anode mix, which is heavily influenced

by the cost of the anode materials used. Gr is comparatively the most cost-effective choice among

the various anode materials with a price of 6-11 USD/kg as shown in Table 2.7. With NG being

20% lower in cost than SG, NG is the most economical material to mix with. Gr-Si costs 12

USD/kg, whereas a Si-dominated anode costs around 36 USD/kg. This results in an anode mix

with less Si being more affordable than an anode with a dominant material use of Si. LTO cost

is set to be over 18 USD/kg, due to this being the price of titanium, staying in between the price

gap of Gr-Si and Si dominated. This makes SG and NG the most affordable materials to use in

the anode, followed by Gr-Si, LTO, and then any Si-dominated anode material.
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4.2.6 Overall performance

It is important to state, when considering the TRLs for anodes, that they are not as vital as for

cathode materials. This is evident in the widespread commercialization of Gr within all sorts of

applications as it does not exceed in all of the discussed characteristics.

To conclude, Gr with a cell voltage of 0.1 V is dominating the anode market for LIBs. Compared

to other anode materials, it has become the traditional material of choice given its low cost,

long commercialization within the LIBs field, stability, and relatively good cycle life. Despite

its higher specific energy compared to LTO, it does not surpass materials like Gr-Si and Li-

metal. As stated, when Gr is mixed with an amount of Si, it provides a higher specific energy.

However, a drawback of Si is that it causes swelling during charging and discharging, which

expands the volume and affects the energy density. In addition, the swelling also contributes to

the degradation of the cell, reducing the cycling performance. For TRL, Gr and HC are already

well established with a TRL of 9. Gr-Si is still in development but has had several advancements,

so it is estimated that it has a TRL of 7. The optimal application of Gr-Si is in areas where

weight is a primary consideration but not volume or cycle life.

LTO anodes exhibit the lowest potential of specific energy compared to the other anode materi-

als. In contrast, it is assumed that it offers the longest cycle life performance and relatively good

safety. LTO is particularly well-suited for mobile applications where larger and heavier batteries

are acceptable, as well as for energy storage applications where cycle life is of the utmost im-

portance. Since LTO anodes are fairly new, they have not been demonstrated in an operational

environment. This means that their estimated TRL is 6.

HC has gained commercial attention because of its excellent overall performance, which has

the potential to even outperform Gr anodes in the future. HC exhibits relatively good cycling

performance, specific energy, and energy density and has a cell voltage of 0.75 V. It is applicable

in both mobile applications where weight and volume are relevant and in energy storage devices.

Li-metal has one of the highest performances in both specific energy and energy density, however

they are prone to various challenges. Li-metal is appropriate for all mobile applications as it

has very high-performance rates but not energy storage systems as its cycle life is relatively low.

Similarly to LTO, Li-metal has not been demonstrated yet so the estimated TRL is 6.
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4.2.7 Sodium-ion Batteries

SIBs present a promising alternative for the battery industry in the future. Utilizing Na can

alleviate the criticality issues that Li is predisposed to because of the increasingly high demand

of LIBs. Since the performance of SIBs is lacking compared to LIBs, it is currently not practical

for as many situations. Nevertheless, the abundance of Na, the low costs involved, and the

chemistry similarity to Li give potential for cheap and sustainable batteries in the upcoming

years.

While the different anode and cathode chemistries are vital for a battery, the selection of a

suitable electrolyte for the different compositions is crucial for optimal compatibility.

4.3 Electrolytes

As previously stated, there are three main types of electrolytes: liquid, solid, and semi-solid

electrolytes. To evaluate each of these concisely, they will be compared using different metrics.

The metrics used will be ionic conductivity, general safety, mechanical strength, maturity, costs,

and Li-metal compatibility.

4.3.1 Ionic Conductivity

In terms of ionic conductivity, the LEs score the highest, with both carbonate-based electro-

lytes and ILs exhibiting extremely high ionic conductivity compared to the electrolytes that

incorporate solid elements. For both solids and semi-solids, a common theme is that the lower

the distributions of polymers, the higher the ionic conductivity. For semi-solid electrolytes, this

means that GHEs outperform GPEs, but both still exhibit lower ionic conductivities than LEs.

Lastly, SSEs perform the lowest, by nature of consisting entirely of solid materials. ISEs perform

better than hybrid SSEs, while SPEs are the least conductive.

4.3.2 Safety

In aspects of safety, the common denominator is that the more solid elements are incorporated,

the safer the electrolytes. This means that SSEs rank the highest, followed by semi-solid electro-

lytes and LEs. For SSEs, electrolytes partially consisting of inorganics perform better, leading

to hybrid-SSEs and ISEs exhibiting the highest safety followed by SPEs. It is important to note

that the use of sulfide SSEs can develop toxic gases when in contact with water, which could

potentially limit the usage of these considerably in applications where water is involved. Semi-

solid electrolytes follow the same trends, with GHEs outperforming GPEs. Finally, LEs shows
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the least amount of safety. ILs are however, considerably safer than carbonates, with carbonates

being the only ones to deteriorate because of higher cell voltages.

4.3.3 Mechanical Strength

As mechanical strength means to maintain structural integrity, this metric will largely follow the

same trends for the different electrolytes as in the previous section about safety. SSEs generally

perform the best, closely followed by semi-solid electrolytes. LEs do not exhibit any mechanical

strength in the context of maintaining structural integrity. For SSEs, ISEs are the most beneficial,

with both hybrid-SSEs and SPEs following. In terms of semi-solid electrolytes, GHEs and GPEs

perform similarly. Lastly, both LEs exhibit a relatively low strength due to their liquidus nature

compared to electrolytes that incorporate solid elements.

4.3.4 Costs

When it comes to costs related to manufacturing the different kinds of electrolytes, one has to

look at the level of maturity, establishment and manufacturing difficulties. LEs being the first

commercialized electrolytes, it is highly established in the industry, leading to optimized man-

ufacturing and lower costs. Although this is true for carbonates, ILs are considered to have a

difficult manufacturing process and have a substantially higher cost in comparison. Although

there are limited sources regarding the costs of manufacturing SSE and semi-solid electrolytes,

they are considered to be higher than that of LEs. However, LEs are a saturated technology,

whereas SSEs and semi-solid electrolytes still have room for improvement, such as in the manu-

facturing processes. More on this in section 4.4.

4.3.5 Li-metal compatibility

Li-metal compatibility is an interesting topic with the recent emergence of SSEs. LEs can

not facilitate the use of Li-metal anodes because of the dendrite formations that occur. SSEs

and semi-solid electrolytes, however, have higher mechanical strength, thereby maintaining their

structural integrity and resisting protrusions. Semi-solid electrolytes do contain a small amount

of LE, lowering their inhibition, but are not found to have as prominent dendrite formation issues

as LEs. Generally, the incorporation of active fillers in hybrid electrolytes results in instability

with Li-metal anodes, whereas passive fillers do not experience these issues.
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4.3.6 Summary

There are certain trends noticeable when considering the given metrics. Generally, an increase

in solid elements increases both safety and mechanical strength. Furthermore, the incorporation

of certain inorganics bolster these attributes. In contrast, an increase in solids translates to

higher manufacturing costs. This can be attributed to the establishment and maturity of the

technologies. The final noticeable pattern is that a higher amount of polymers leads to a decrease

in ionic conductivity.

Given the results of the metrics, SSEs are more optimal for uses that require high safety, whereas

LEs are better for high power applications. Semi-solid electrolytes gain the properties of both

LEs and SSEs, but not to the extent of either one.
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4.4 Manufacturing

A few characteristics are present in the unconventional SSLIB manufacturing method compared

to conventional batteries and SSBs, which makes them beneficial. Among these are the elimina-

tion of several processes required in liquid and solid electrolytes, such as the drying and solvent

recovery processes. One advantage is the omission of NMP use since NMP is a toxic solvent. As

can be seen in Table 2.2, the drying and solvent recovery processes require a considerable amount

of energy, taking up almost half of the total energy consumption. In addition, the duration of the

process is around 60% of the total cell manufacturing duration. With the non-traditional SSLIB

production method, the most demanding process in battery manufacturing can be eliminated,

thereby massively increasing efficiency and reducing energy use. However, this does not result

in a correspondingly large impact in solvent recovery cost, since 2.1 shows that it accounts for

less than 5% of the total yearly cost. When recommending a battery for Beyonder, despite the

immense potential of this unconventional manufacturing method, it is not accounted for due to

the limited scope of data used in this thesis.

The reduction in cost from the omission of drying and calendering is greater than that from

solvent recovery. In particular, drying represents one of the most expensive processes, accounting

for a portion of 15% of the total cost. However, the removal of these steps does not significantly

affect the total energy consumption or time reduction. A disadvantage in SSLIB manufacturing

is that both the solid and the liquid have to be manufactured before being combined. This adds

to the cost and time consumed for producing them separately for either a conventional LIB or an

SSB. Nevertheless, the overall attributes indicate that transitioning to this unconventional SSLIB

manufacturing method is greatly beneficial for reducing cost, time and energy consumption, thus

creating an opportunity for more efficient and sustainable bulk production of LIBs in the future.

For processing the cathode and separator in SSBs, using a wet processing method facilitates

a highly practical transition from conventional batteries since it is already the most mature

method. This is particularly the case for ISEs which have an established wet processing method

for both the cathode and the separator. The use of oxide ISEs is hindered by their brittle

properties. Requiring a calendering and sintering step for the cathode, as well as an additional

challenging sintering step for the separator renders them less viable. Sulfide ISEs, in turn, can

not be used with polar solvents and a PVDF binder, meaning that slight manufacturing changes

are needed. Despite this, sulfide ISEs have shown to be more promising in wet processing.

Moreover, forming bulk-type SSBs further supports the transition as the electrode structure

resembles LIB electrodes. With SSLIBs, the calendering step and binder are omitted, leading to
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fewer considerations in this process.

While dry processing is different from the existing LIB processing approach, making the transition

to SSBs more challenging, there are other benefits to it that make it valuable. One aspect is

that it is an established method for SPEs, and LFP cathodes are commonly used with SPEs. In

addition, pouch cell packing is the most convenient for SSBs. This results in a natural transition

for Beyonder. Another aspect is that no solvent is used in dry processing, thus leaving out the

most arduous task in typical processing. Dry extrusion is also applicable and established for SPE

separators. Lastly, SPEs have the advantage of being significantly cheaper than ISEs.

Therefore, one promising manufacturing alternative for Beyonder within SSBs and SSLIBs would

be to use dry processing of an SPE with an ISE filler for bulk-type pouch cells. This would allow

for an achievable transition from LIBs while simultaneously capitalizing on the advantageous

properties of Hyrbid SSBs and maintaining an affordable cost.

Anode-less manufacturing is an attractive technology within LMBs in SSBs and SSLIBs due

to the need of anode processing in an inert environment. This eliminates the time consumed

and the cost involved for this step and for the production of Li-metal foils. Additionally, their

high energy density makes them highly appealing. The biggest drawback is the loss of Li during

battery cycling, therefore requiring excess Li to balance it. This is not ideal, as the market price

of the metal is volatile and increasing. This results in an unstable production and supply chain,

thereby raising the risk to the businesses involved. Furthermore, the sources of Li are limited,

so the added dependence on it would not be sustainable in the long term. While anode-less

batteries are not viable at present, their benefits could make them immensely valuable in the

future.

Although Na is not a primary focus of this report, there is some potential for its use as an anode

over Li in certain instances. One side is that Na is considerably more abundant than Li and can

be extracted from a broader range of global locations. Another is that Na is significantly less

expensive than Li. However, the larger size and less electronegative nature of Na slightly limits

the energy and power density, rendering it less successful in several commercial applications.

Nevertheless, applying Na in batteries where the optimal performance that Li provides is not

necessary could help mitigate the increased use and cost of Li. This is particularly the case for

Na in stationary energy storage devices compared to mobile ones such as EVs. Moreover, the

flexibility of options may be more sustainable in the long term.
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4.5 Sustainability

The use of Li-metal in SSBs and SSLIBs eliminates the conventional Gr anodes in LIBs and

therefore the criticality of the materials decrease. The upside is that we become less dependent

on other countries for the materials and there is a smaller risk involved in the supply chain.

Shifting away from using Co in the cathode material would alleviate some of the issues, such

as the dependency on the material, toxicity, material shortages, and the high and volatile price.

More recently, other cathode materials have also been affected by external factors. The global

conflicts, in particular the one between Russia and Ukraine, as well as the pandemic, have

drastically influenced the price and availability of Ni and other battery materials. In light of this,

LFP batteries have shown to be capable of withstanding unforeseen external and uncontrolled

environmental and economical risks. Beyonder is already a producer of LFP batteries, which

as shown in Figure 2.60 has a low median environmental impact and criticality score in large

part because the chemistry uses no Co or Ni. The shift to SSB or SSLIB technologies would

therefore, further strengthen the company’s position as a manufacturer of sustainable batteries

while possibly maintaining sufficient performance and safety.

Recycling

There is a significant potential for recycling of LIBs in the future. The largest challenge to be

overcome for all battery types is to achieve a more standardized design. This would make the

recycling process easier and more efficient. It could also make automation of the recycling process

feasible. Despite the reduced environmental impact and criticality of LFP cathode chemistries

compared to the other discussed cathode chemistries, pyrometallurgical treatment remains the

most suitable option when approaching the end-of-life recycling stage. Nevertheless, it can be

anticipated that developments in hydrometallurgical approaches will render them more suitable

for LFP batteries.

Pyrometallurgical recycling has the drawback of needing high temperatures, thus expending more

energy. Furthermore, this treatment yields fewer pure metals than other methods. Nevertheless,

with increased developments in direct recycling and more standardized pack designs, these issues

could be mitigated. With the possible advent of SSBs and SSLIBs, a standardized design for

simple recycling is also an important aspect to consider.
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4.6 Recommendation

When choosing the optimal combinations of cathode, anode, solid electrolyte and semi-solid

electrolyte chemistries, it is crucial to evaluate their applicability for Beyonder. This implies

that the batteries will be considered from an environmental, economic and safety aspect, as well

as from the standpoint of their ability to deliver high power for large-scale use. This is because, as

mentioned prior, European battery manufacturers have not reached the same level of maturity as

China in regards to small-scale batteries. With this in mind, the technologies are recommended

from a stationary energy storage perspective and from a transportation perspective based on

what has been discussed in the preceding sections.

It can be assumed that the majority of the data found and used in this thesis is reliable, with sev-

eral peer-reviewed articles being examined for consistency. However, there are a few exceptions.

An example is the estimated cost of manufacturing an SSB. Moreover, changes in technology

throughout the years have an influence on the data, giving rise to a degree of fluctuation. This

is especially the case for SSBs and SSLIBs, which are relatively new technologies. With this in

mind, the thesis has attempted to stay as current as possible in regard to its sources.

4.6.1 Energy storage

For energy storage, a battery’s long cycle life, safety and cost are a desirable attributes. While

specific energy and energy densities are not as highly prioritized as they are in the transportation

sector. Therefore, an attractive battery would be a prismatic solid-state, LFP battery with an

SPE and a Li-metal anode. The LFP cathode is a low-cost, high-sustainable option that is

safe and can have a high number of cycle lives. The low cost stems from its use of abundant

materials Fe and P. The sustainability aspect of LFP comes from the fact that both of these

abundant materials are non toxic and has low carbon footprint. Yet, it is harder to recycle since

it uses pyrometallurgical recycling, which has a higher environmental impact than other recycling

methods. In this context, it is crucial that the battery is capable of absorbing and storing a large

amount of energy. However, the fact that the battery for energy storage is stationary means that

it is not dependent on weight. Consequently, energy density is not a significant factor in the

case of energy storage. The relatively low energy density of LFP does not significantly impact

its capacity for energy storage. Further, LFP has a high power density which is beneficial but

not crucial within this application. The current input is relatively stable, and the discharge has

no specific requirements. However, if an additional production of electricity arises, for instance,

from a wind or solar farm, it is advantageous that the LFP has a high power density, thus the
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ability to absorb energy in a shorter time interval. The high cycle life of LFP and LMFP batteries

is an important characteristic for investors in energy storage. A battery with a long cycle life

will thereby derive greater value. This makes LMFP also a suitable cathode candidate within

the storage stationary apllications. Additionally, LMFP has a slightly lower cost than LFP.

Even though its has enhanced electrochemical properties, LMFP is a relatively new technology

compared to the widespread commercialized LFP. With Beyonders prospect of LIB technology

in 5-10 years, LFP with a TRL at 10 would be the best choice as this is a familiar cathode for

the company. Since they have a production chain for LFP, meaning the transition is smoother

than for other candidates making / than that of LMFP.

The SPE, while exhibiting relatively poor performance, represents a highly cheap alternative

with a simple and established production chain. Furthermore, the solid nature of the electrolyte

provides safety and stability. The prismatic design enables good structural stacking, which is

ideal for energy storage. From a long-term perspective, hybrid SSEs could be viable for energy

storage for higher thermal stability and a wider electrochemical stability window compared to

LIBs. In particular, an SPE with an ISE passive filler provides increased safety, stability, and

mechanical properties. The drawback of low ionic conductivity is counteracted by the standpoint

that it is not as massively needed. The largest barrier to overcome is the increase in cost and

the added manufacturing step, however improvements in these areas can be anticipated.

It is advantageous for the ideal battery composition to have an anode material with similar

characteristics to the cathode. This can enhance the battery’s vital properties for energy storage

applications. However, it is also solely dependent on the type of electrolyte. The use of SPE

excludes the choice of Li-metal. An anode with similar properties to LFP is HC, with a superior

overall performance compared to Gr. It exhibit a relative good overall safety with a long life cycle

performance, in addition a high cell voltage. This is also the anode material utilized by Beyonder,

making it a preferred candidate in terms of time-saving benefits, as well as cost and safety

advantages. However, in a long-term prospect for Beyonder, LTO would be a good investment.

This is due to its excellent performance in crucial areas for energy storage applications, such as

high safety, long cycle life, and relatively low cost, compared well with the cathodes of choice.

4.6.2 Transportation

In terms of transportation, it is advantageous to consider the various modes of transport dif-

ferently. This is because, for passenger and commercial vehicles, lighter weight is an important

factor (e.g., in aircraft, ferries, and passenger cars), whereas in other vehicles, it is less crucial
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(e.g., in trucks). For heavy weights, the specific energy and energy density are less vital than

the power density, whereas the opposite is the case for light weights.

When it comes to heavy transportation properties such as high specific power, safety, cost and

long life cycle are vital to acount for to create the ideal battery. A conventional LFP battery

with a HC anode and prismatic design remains a very appealing alternative for Beyonder. Due

to their high specific power, LFP and LMFP are well suited to heavy-duty ground transport.

As previously stated, LFP and LMFP are heavier than other cathode materials, but in heavy

transport, the weight of the battery becomes a smaller proportion of the total weight of the

vehicle. The high power density is an important factor for heavy transport, as it enables the

battery to start up and accelerate to speed. In contrast, the energy density of LFP and LMFP

is relatively low, which is a disadvantage for vehicles that require long-distance travel or that

lack the option of charging along the route. Furthermore, the low environmental impact of LFP

batteries enables this battery to be highly sustainable. As established, both cathode options are

cost-effective. It is up to Beyonder to decide what TRL they want to invest in for the future.

Transitioning would be a challenging ordeal with limited rewards in the coming years. This

is because both SSBs and SSLIBs are currently too underdeveloped to match the power dens-

ity requirement due to their issues of lower ionic conductivity and higher interfacial resistances

between the electrode and the electrolyte. Moreover, the relative immaturity, higher costs, and

more demanding manufacturing processes associated with these batteries often render them less

practical than LIBs for heavy-weight transportation. Nevertheless, while many of the SSBs and

SSLIBs benefits are not applicable here, GHEs stand out as a promising avenue for further ex-

ploration in the far future, as these have the potential to provide the batteries with the necessary

ionic conductivity while maintaining sufficient interfacial contact. Currently, high costs and diffi-

cult manufacturing are a concern. However, the increased safety, enhanced electrochemical, and

high Li-ion transference make GHEs notable for long-term potential advancement.

Anode materials suitable within the prospect of a TRL at 9-10 for Beyonder are Gr, Gr-Si, or

HC. Regardless of size and weight, cycle life is an important metric within this transport sector.

This makes Gr-Si least suitable, in addition to its higher cost than Gr and high safety concerns.

It is assumed Gr is cheaper than HC, unless this is the most favourable factor within this area

HC will be the best alternative within this prospect. For a TRL on 5-6, LTO would be the best

to apply as an anode material due to its overall better performance than HC, with the exception

of specific energy. Since this is less of a concern for these vehicles, LTO makes a good candidate

with its relatively low-cost, high safety, and long cycle life.
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One viable battery chemistry for light weight purposes in the coming future is a pouch semi-solid

NMC/LMFP battery with a GPE and Li-metal anode. In vehicles where weight is a significant

factor, NMC811 is a more suitable cathode material. Given the importance of weight in cer-

tain forms of transportation, NMC is the most commonly used material despite its challenges.

Among other considerations, the cathode material is expensive, less stable, and has a shorter

cycle life than other cathode materials. Conversely, NMC exhibits a relatively high energy dens-

ity, which, when combined with a reduced weight, results in a considerably longer range, for

instance, for passenger vehicles, than other cathode materials would. Currently, range represents

a significant obstacle in the EV market, thus influencing the prioritization of this technology and

its subsequent development. If Beyonder wants to look at a longer prospect within this field,

LNMO with a TRL at around 3 could be a suitable option. Despite LNMOs’ present values, it

is anticipated that these will increase due to the sky-high theoretical specific energy and high

cell voltage. As discussed, within the next decade, it is anticipated that this battery will, with

the exception of cell voltage, enhance its performance rates by a lot. Therefore, it can be a very

suitable application for passenger and commercial EVs since it is anticipated to weigh less and

be cheaper and safer compared with NMC811.

With a GPE, the battery gains the advantage of higher ionic conductivity than SPEs and higher

safety than LEs while also remaining relatively easy to manufacture and cost-effective. Addi-

tionally, the pouch cell format is ideal in this case due to its lighter weight, thereby further

facilitating a seamless transition for Beyonder in the manufacturing process. Initially, the use

of ionic liquids seems to be the best liquid component for semi-solid electrolytes. However,

carbonate-based electrolytes can be a viable alternative for cost reduction in the case of LMFPs

and NMCs. In the future, hybrid SSEs is promising for the same reasons as in the field of energy

storage applications. Utilizing an active filler could be more appropriate here when it comes to

vehicles that require an increase in ionic conductivity. In spite of the safety risks involved with

the Li-metal anode instability, it can be expected that safety improvements are due for this type.

Further, the anode material, similar to the cathode candidate is expected to be of higher specific

energy and energy density. Gr with Si ends up being the most suitable application compared

with Gr as it has a higher specific energy range. However, HC, in addition to having longer

energy density, also exhibits a better cycle life and safety than that of Gr with Si. In addition,

this anode is already used by Beyonder. For a longer prospect, HC would most likely still be the

preferred option, as LTO has a very low specific energy. A property that is highly prioritized

over the value of safety, cycle life, and cost, as pointed out with the NMC811 cathode candidate.
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5 Conclusion

The purpose of this thesis was to investigate the existing electrode technologies and the feasibility

of semi-solid state electrolytes. Based on the values found in literature reviews and studies, the

aim was to assess which compositions would be suitable for the energy storage and transport

market sectors, depending on the TRL of the compositions.

When considering energy storage applications, the most important characteristics to consider

are safety, costs, reliability and cycle life. For energy storage systems in 5-10 years, this analysis

will, due to the short time span, recommend using components with a high TRL level. This will

include using LFP or LMFP as cathode material within stationary storage applications since

great cycle life performance, low cost and high safety are key metricises. In addition, it is not

reliant on the size nor the weight of the cathode in these applications which suits LFP and LMFP

well due to their low specific energy and energy density. This works well in combination with

HC since it has good overall performance. In addition to SPE electrolyte, which fulfills these

requirements, without compromising much regarding performance characteristics.

Furthermore, for automotive applications, there are two different types to consider: vehicles for

which weight is an important factor, and vehicles for which weight is less important. The first

one is heavy transport, where power density of the cell is vital rather than the specific energy

and energy density. In addition properties such as safety, costs, sustainability and cycle life are

important. It was concluded that for these properties, a prismatic cell with either an LFP or

LMFP cathode in combination with an HC anode, utilizing an IL electrolyte, is the optimal

configuration in the coming years.

In terms of lighter automotive applications, the battery chemistry is dependent on features such

as specific energy, energy density, cost and safety. It was reasoned that for upcoming years, a

pouch cell NMC battery with a graphite anode and GPE electrolyte is ideal. Looking ahead,

hybrid SSEs were deemed to be exceedingly promising.

Overall, SSLIBs are currently too immature and underdeveloped to be recommended in the near

future other than for light transport. From a long-term perspective, they have vast room for

improvement, giving them the possibility to compete with current commercialized batteries.
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5.1 Further Research

If Beyonder aims to look at long term prospects on relevant battery chemistries in 10-20 years,

various technologies can considered due to their promising potential within these application

fields.

LNMO, with a TRL of 4 has a lot of potential due to its high voltage and specific energy.

Additionally, Sodium-ion batteries are promising largely because of the abundance of sodium.

It is also relevant to mention that ILs have untapped potential for use in SSLIBs, as many of

the synthesized types of ILs have not been attempted in SSLIB production yet. This should

therefore be taken into account when considering promising SSLIB batteries in the long-term.
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