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Abstract

In this project the effect of tortuosity and porosity graded graphite electrodes were studied dur-

ing fast charging. Two graphite powders, named S48 and S93, with different morphology were

used to make electrodes, in which the tortuosity of these electrodes was measured with electro-

chemical impedance spectroscopy. Symmetrical cells having graphite as both the working- and

counter- electrode were used for the measurements. To verify the choice of using the simplified

transmission line model to evaluate the impedance data, the tortuosity was measured with two

different electrolytes. These consisted of 0.01M and 0.1M Bu4NPF6 in 1:1 wt% EC and DMC.

The result gave tortuosity of 3.01 ± 0.07 and 3.79 ± 0.36 for electrodes made by the S93-powder

for the 0.01M and 0.1M electrolyte respectively. A higher tortuosity was measured for the S48-

powder with 5.20 ± 0.10 and 5.61 ± 0.35 for the 0.01M and 0.1M electrolytes respectively.

Further, the fast charge ability of electrodes made by the two powders were evaluated with charg-

ing rates from C/2 to 5C. For these experiments an anode controlled 3-electrode cell was used

having graphite, oversized lithium iron phosphate and lithium metal as the counter-, working-

and reference- electrode respectively. The cell with graphite electrode of the lowest tortuos-

ity (S93-cell) gave the best rate performance. This cell had the highest state of charge at

C/2 equal 93.7%, compared to 90.4% for the cell having graphite electrode with the highest

tortuosity(S48-cell). Furthermore, the capacity fade was lower for the S93-cell. Additionally,

from electrochemical impedance results, a lower total resistance was measured for the S93-cell.

These observations were likely to be caused by a reduced intercalation rate for the high tortuos-

ity graphite electrodes, as these electrodes have longer and more complex pathways for lithium

ions.

Furthermore, the effect of porosity graded graphite electrodes was studied by fabricating double

layer electrodes having a bottom layer with geometrical density equal 1.45 g/cm
3

and a top layer

with geometrical density of 1.25 g/cm
3
. This electrode was compared to a single layer electrode

with uniform geometrical density corresponding to the theoretical average geometrical density

of the double layer electrode equal 1.35 g/cm
3
. The double-and single-layer electrodes were

made by the S93-powder. The manufacturing of the double layer electrodes was challenging and

resulted in an uneven loading distribution.

The fast charge ability of the double- and single- layer electrodes were studied by using the

same set-up and test program as described for the S48-and S93-cell. The result showed a

higher stat of charge for the single layer electrode compared to the double layer electrode with

corresponding values of 89.4% and 82.4% at C/2. Furthermore, the capacity fade was larger for

the double layer electrode equal 46.44 % by increasing the charging rate from C/2 to 1C. For

the same increase in charging rate, a capacity fade of 21.7% was observed for the single layer
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electrode. The reduced performance of the double layer electrode was assumed to be caused

by an uneven loading distribution, and the dense bottom layer which inhibits the electrolyte’s

ability to penetrate into the electrode. Consequently, the intercalation rate of lithium ions is

reduced in this region. Additionally, the electrical contact between the bottom layer and the

current collector was not optimal which also reduced the performance of this cell. Lastly, from

the electrochemical impedance results, the total resistance was highest for the cell with the

double layer electrode.
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Sammendrag

I dette prosjektet ble effekten av tortuositet og elektroder med porøsitets gradient studert

under hurtigladning. To grafitt pulvere med ulik morfologi ble brukt til å lage elektroder.

Disse pulverne er kalt S48 og S93. Tortuositeten til disse elektrodene ble målt med elek-

trokjemisk impedans målinger ved bruk av symmetriske celler som hadde grafitt som både

arbeid- og mot- elektrode. For å verifisere valget om å bruke den forenklede transmittans

modellen, ble tortuositeten målt for to ulike elektrolytter. Disse elektrolyttene bestod av

0.01M and 0.1M Bu
4
NPF

6
i 1:1 vt% forhold av EC og DMC. Resultatene gav tortuositet

på 3.01 ± 0.07 og 3.79 ± 0.36 for elektroder laget av S93-pulveret med henholdsvis 0.01M

og 0.1M elektrolytt. Elektrodene laget av S48-pulveret hadde en høyere tortuositet lik

5.20 ± 0.10 og 5.61 ± 0.35 for elektrolytter med konsentrasjon på henholdsvis 0.01M og

0.1M.

Videre ble hurtigladnings evnen til de to ulike elektrodene testet ved å lade fra C/2 til 5C.

For disse målingene ble en anode kontrollert 3-elektrode celle bruk. Den bestod av grafitt

som mot-elektrode, en overdimensjonert litium jernfosfat katode som arbeids-elektrode

og litium metal som referanse- elektrode. Resultatene viste en høy ladningstilstand lik

93.7% ved C/2 for cellen bestående av grafitt med lavest tortuositet. En lavere lad-

ningstilstand lik 90.4% var imidlertid observert for cellen bestående av grafitt elektrode

med høyest tortuositet. I tillegg, ble en lavere motstand målt for S93- cellen ved bruk av

elektrokjemiske impedans målinger av de to cellene. Disse observasjonene skyldes trolig

en lengre og mer kompleks transport vei for litium ioner gjennom elektroden med høy

tortuositet.

Videre ble effekten av elektroder med porøsitets gradient undersøkt. Disse elektrodene

bestod av et nedre lag med geometrisk tetthet på 1.45 g/cm3, og et topp lag med ge-

ometrisk tetthet lik 1.25 g/cm3. Denne elektroden ble sammenlignet med en et-lags

elektrode, med geometrisk tetthet som korresponderte til den gjennomsnittlige tettheten

til to-lags elektroden lik 1.35 g/cm3. Både to- og et-lags elektrodene ble laget av S93-

pulveret. Fabrikkeringen av tolags elektrodene var utfordrerne og gav en ujevn fordeling

av det aktive materialet.

Hurtigladnings egenskapene for de to elektrodene ble sammenlignet med tilsvarende

prosedyre som beskrevet for S48- og S93-cellen. Resultatene viste at et-lags elektro-

den oppnådde en høyere ladningstilstand med 89.4% ved ladning på C/2, sammenlignet

med 82.4% for to-lags elektroden. I tillegg ble et betydelig større kapasitets tap observert
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for to-lags elektroden, da kapasiteten falt med 46.44% ved å øke ladehastigheten fra C/2

til 1C. Dette var betydelig høyer sammenlignet med et-lags elektroden som hadde et

kapasitets fall på 21.7% for samme økning i landingshastighet. Hovedteorien for disse

observasjonene var relatert til en ujevn fordeling av det aktive materialet på tolags elek-

troden. Videre ble transporten av litium ioner i det nederste laget på to-lags elektroden

vurdert som dårlig. Dette skyldes at elektrolytten trolig ikke evnet å diffunder langt inn

i dette laget. Dårlig kontakt mellom det nederste laget og kopper folien var også vurdert

som en kilde til de dårligere egenskapene for tolags elektroden. Til slutt ble motstanden

i de to cellene målt med elektrokjemisk impedans målinger. Fra disse resultatene ble en

høyere total motstand observert for cellen med to-lags elektrode.
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1 Introduction

1.1 Background and motivation

During the next 30 years, the global energy consumption is predicted to increase by 50

% [1]. Simultaneously aims the European commission to have a climate neutral Europe

within 2050 [2]. With today’s energy production, these points are contradictory, and

outlines the importance of comprehensive changes within the energy sector.

As the transport sector accounted for 24 % of the global emissions in 2020 [3], major

improvements have already been set into action to make it more sustainable. One of

these improvements is the use of battery electrical vehicles (BEV) in which lithium ion

batteries (LIBs) have been the dominating technology. However, to obtain a full transition

from internal combustion engines to BEV, the new technology must compete with the

combustion engine both regarding cost, energy density, charging time and driving range [4].

Unfortunately, today’s BEVs often have shorter driving range, are more expensive, and

the charging time is not competitive with the combustion engines’. Most of these chal-

lenges are related to the battery performance.

LIBs are being charge when lithium ions are transferred from the cathode to the anode.

In today’s LIBs, graphite is the most used anode material due to its high specific capac-

ity, high abundance and high conductivity. However, this material constitutes a problem

during fast charging [5]. Fast charging is one of the biggest challenges for LIBs, due to

lithium plating that can occur at the anode surface [6] [7]. This phenomenon occurs when

lithium metal is deposited at the anode surface instead of being intercalated into the host

structure. Consequently, the capacity decreases, and the performance of the battery is

reduced. Lithium plating often occurs when the charging rate exceeds the intercalation

rate. Therefore, to decrease the probability of plating, one possibility is to increase the

intercalation rate [8]. One of the factors that have been studied for this purpose is the

morphology of graphite electrodes.

The tortuosity of an electrode is an important parameter that affects the transport of

charge carriers into the graphite electrode. High tortuosity represents long and complex

pathways which increases the diffusion length, hence the intercalation rate of the charge

carriers decreases. Therefore, an electrode having a low tortuosity is expected to achieve

a high diffusion rate of lithium ions [9]. Another important parameter for lithium trans-

port is the porosity. A porous electrode has easily accessible pathways, which enables

fast diffusion of lithium ions. To enable fast charging without increasing the degradation
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of the battery, a porous electrode is therefore preferred [10]. However, to maximize the

energy density of the battery, the industry desire to have electrodes with high loading and

low porosity. This can be achieved by having dense and thick electrodes. Therefore, to

increase the rate performance of LIB without affecting the energy density, a compromise

between high loading and porous electrode is needed. To obtain this, electrodes having a

porosity gradient have been suggested. This technology provides a high density of active

material close to the current collector, while it is more porous close to the electrode sur-

face. This enables open pathways for lithium ions while at the same time achieving higher

loading [11]. However, this is so far limited to few and mainly computational studies and

further research is therefore needed [12] [13].

With this in mind, the morphology of the graphite anode constitutes an important pa-

rameter when optimizing the battery performance. Many research groups and companies

are working within this field, in which Vianode is one of them. This is a spin-of company

of Elkem, which specializes on graphite powders for lithium ion batteries. Their focus is

to develop synthetic graphite products suitable for fast charging. [14]
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1.2 Aim of the project

This project aims to investigate the effect of tortuosity and porosity graded graphite

anodes in LIBs during fast charging. With this, the goal is to contribute to Vianode’s

research to develop graphite more suitable for fast charging.

The effect of tortuosity is investigated by comparing two graphite powders with different

morphology, both in which are provided by Vianode. The tortuosity of the electrodes

made by the two powders will be measured by electrochemical impedance spectroscopy.

For this, symmetrical two-electrode cells having graphite as both working- and counter-

electrode will be used. Furthermore, the fast charge ability of the two powders is in-

vestigated in an anode controlled 3-electrode cell. The cell has graphite as the anode

material, an oversized lithium iron phosphate (LFP) as the cathode, and lithium metal

as the reference electrode. Lastly, the effect of porosity graded electrodes is investigated

by comparing a double layered electrode with a single layered electrode. The double lay-

ered electrode has a dense bottom layer and less dense top layer, while the single layered

electrode has a uniform density equal the average density of the double layered electrode.

This project aims to use conditions close to the industry, by using quite high area ca-

pacities equal to 2mAh/cm2. The goal is to obtain results that matches the observations

for commercialized batteries. This is viewed as an important factor when studying the

morphology of graphite, as the effect of both porosity and tortuosity may not be as clear

for thinner electrodes with lower loading. This can be explained by the fact that the

lithium diffusion length is smaller for thinner electrodes. In this case, a large degree of

the electrode is utilized, and the effect of porosity and tortuosity may not be as visible

compared to thicker electrodes with higher loading.
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2.1 Working principle of a lithium ion battery

There exist two types of batteries, primary- and secondary- batteries. In contrast to pri-

mary batteries, secondary batteries can transform electrical energy into chemical energy

and vice versa, allowing the battery to be charged and discharged [7]. These properties

make secondary batteries an important part of toady’s-, and the future’s- energy storage.

The most used battery technology is lithium ion battery (LIB), which was first introduced

by Sony in 1991 [7]. The wide usage of this type of battery is related to its long cycle life,

the absence of a memory effect and high gravimetric- and volumetric- capacity [15] [7].

A secondary lithium ion battery consist of a positive- and a negative- electrode which

is referred to as the cathode and anode respectively. The electrodes are wetted with an

electrolyte and separated by a separator to avoid short circuit. The cathode constitutes

as the lithium source, while the anode functions as the host structure that can store

lithium ions [7]. Today, transition metal oxides such as lithium cobalt oxide, LCO, and

lithium manganese nickel cobalt oxide, NMC, are the most used cathode materials with

a market share of 45 % [16] and 30 % [17] in 2017 respectively. For the anode material,

graphite is the most popular material with a 96 % market share in 2016 [18] [15].

During charging, lithium ions are liberated from the positive electrode in an oxidation

reaction. This is accompanied by a migration of lithium ions through the separator to-

wards the negative electrode where they are intercalated by a reduction reaction. These

are topotactic reactions, meaning that the core structure does not undergo major changes.

Simultaneously are electrons extracted from the positive electrode and transported to-

wards the negative electrode in an outer circuit. The opposite reaction occurs when the

battery is discharged. Figure 2.1 shows the working principle of a LIB having graphite

as anode material, and LCO as cathode material [7].
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Figure 2.1: Working principle of lithium ion battery. The illustration has graphite as anode material

and LCO as cathode material
[19]

.
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2.2 Definitions

• Capacity: The capacity of a battery is defined as the amount of charge it can

deliver and is usually given in ampere-hour [Ah]. Every electrode material has a

theoretical capacity which based on Faraday’s law is given by Equation 2.1 [20]. This

value is often presented in mAh/g, in which ampere corresponds to C/s.

Qtheoretical =
F · n

M · 3600 (2.1)

Here, F is Faraday’s constant and equals 96485 C/mol [21], n is moles of electrons,

M is the molar mass of the material and 3600 is the number for seconds in one hour.

The capacity of a battery is affected by both the anode and cathode material [7].

• C-rate: C-rate is the rate at which the battery is charged or discharged. The

higher C-rate the faster is the charging/discharging. 1C referees to the current at

which the battery is fully discharged in one hour [7].

• Cycle life: Based on the paper "The Li-Ion Rechargeable Battery: A Perspective"

written by John B. Goodenough and Kyu-Sung Park [22], the cycle life is given by

the number of cycles a battery can perform before the capacity has faded to 80 %

of its initial capacity.

• Electrochemical potential: For a specie i, the electrochemical potential is given

by Equation 2.2 [20]

µ̃i = µ
o +RT ln(ai) + ziF�i (2.2)

where T is the temperature, zi is the valency of the specie i, R is the gas constant

equal 8.314 [21] , ai is the activity of specie i, �i is the potential of specie i, and µ
o

is the standard chemical potential.

• Energy: The amount of charge that is generated, or consumed over a given time

is given as the energy of a battery [7]. In a fully charged battery, the energy can be

expressed as a function of time (t) or the charge (q) as shown in Equation 2.3

energy =

Z �t

0

I · V (t) dt =

Z Q

0

V (q) dq. (2.3)

were I is the current, V(t) is the voltage as a function of time, �t is measured time,

V(q) is the voltage as a function of q, and Q is the total charge per unit weight [22].
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The energy is normally given in watt-hour[Wh].

Energy density is an important term used to describe the quality of a battery. It

describes the amount of energy a fully charged battery can store per unit volume

or mass [23].

• Faradaic charge transfer reaction: Faradaic reactions follow Faradays law

which means that the amount of charge passing through a boundary is propor-

tional to the amount of chemical reactions that occurs in the system [20].

• Non-faradaic charge transfer reaction: Non-faradaic reactions do not follow

Faraday’s law. This means that current can flow through a cell without any chemical

reactions [20].

• Loading: Loading describes the amount of active material per area and is usually

given in [mg/cm2] [20].

• Open circuit voltage: The open circuit voltage(OCV) is the potential when no

current is flowing and is given in volt [V]. It can be expressed as the potential

difference between the working-(WWE) and the counter- (WCE) electrode, which

usually refers to the positive- and negative- electrode respectively. OCV can also

be calculated based on the Gibs free energy, �G, number of electrons, n, and

Faraday’s constant equal 96485 C/mol [21]. Gibs energy can further be expressed as

a function of the standard Gibs free energy �G
°, and the activities of the reactants

A and B, and the products C and D. Here a, b, c and d are the stoichiometry of

each component [20].

�E = VWE �WCE = ��G

nF
= ��G

°

nF
+

RT

nF
· ln

� a
c
C · adD

aAa · abB

�
(2.4)

• Power: Power is given by the rate at which the energy is transported [7] and is

often given in watt [W]. The power of a battery is therefore limited by the kinetics

of the charge transfer [23].

The power density of a battery is given by amount of power being transferred per

unit volume or mass [23].

• State of charge: The state of charge (SOC) is given by the ratio of the accessible
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capacity to the maximum capacity of the battery (often referred to as the specific

capacity), which is given in Equation 2.5

SOC =
Qaccess

Qspecific

· 100% (2.5)

At 100 % SOC, the cell has reached it’s maximum capacity and is therefore fully

charged [24].

2.3 Electrolyte

The choice of electrolyte constitutes an important part of optimizing the battery perfor-

mance. There are many factors to be considered when optimising an electrolyte. Firstly,

to ensure fast transport of lithium ions through the electrolyte, high ionic conductiv-

ity is important [7]. Moreover, good wettability is needed for optimal transport of the

electrolyte into the porous electrode. This increases the fraction of surface area being

utilized which contributes to higher energy- and power- density [25] [26]. In addition, it is

important that the electrolyte does not promote corrosion of any battery parts. This have

especially been seen as a problem for the current collector [27]. Factors such as abundancy,

non-flammability and environmentally friendliness are also preferred. Unfortunately, it

is hard to produce an electrolyte with all these qualities. Therefore, to achieve the best

possible electrolyte, combinations of different solvents and additives must be used [7].

In general, the electrolyte consists of solvents, salts, and possible additives. In LIBs the

salt must contain lithium, and LiPF
6

is the most used salt in today’s electrolytes [28].

To meet the demands mentioned above, multiple solvents are needed to make as opti-

mal performance as possible. Regarding the solvents, a low viscosity is preferred as this

enables the electrolyte to penetrate deeper into the porous electrode, hence the trans-

port of lithium ions is improved. On the other hand, to dissolve the salt, the solvent

also needs to have high dielectric permittivity. Ethylene carbonate (EC) is one type of

solvent that is used in most electrolytes. This solvent has a high viscosity and melting

temperature and hence must be combined with other carbonates such as dimethyl car-

bonate (DMC), ethylmethyl carbonate (EMC) and diethyl carbonate (DEC) to improve

the properties [29] [28].

One of the most important properties of an electrolyte is to have a large electrochemical

stability window. This means that the electrolyte must be stable within the operating
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potential range. The window is given by the band gap, Eg, of the electrolyte. For liquid

electrolytes, this is defined as the potential range between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The electrolyte is

said to be stable if the electrode potential of the cathode, µc, is higher than the HOMO,

and when the electrode potential of the anode, µa, is lower than the LUMO. If the

electrode potentials are outside this stability window, degradation of the electrolyte can

occur at the electrode- electrolyte interphase forming solid electrolyte interphase (SEI)

and cathode electrolyte interphase (CEI) on the anode and cathode respectively. Figure

2.2 shows the two different scenarios, in which the dotted electrode potentials symbolize

a stable electrolyte, while the filled boxes mark the situation in which the electrolyte

is unstable [22]. The use of HOMO and LUMO to express the electrochemical stability

window of an electrolyte was however not supported by the article "Electrochemical

potential window of battery electrolytes: the HOMO–LUMO misconception" written

by Pekka Peljo and Hubert H. Girault [30]. They showed that an electrolyte could be

oxidized or reduced inside of the stability window defined by LUMO and HOMO, because

other molecules such as reaction products affects the redox potential of the electrolyte.

Instead of using HOMO and LUMO to identify the electrochemical stability window, they

suggested that an electrolyte reduction- and oxidation- potential should be established [30].

Figure 2.2: The band gap of an electrolyte together with the electrode potential of the anode and

cathode material. The dotted boxes illustrate the scenario in which the electrolyte is

stable, while the filled boxes show the situation where the electrolyte is unstable. Inspired

by
[22]

.

2.4 Solid electrolyte interphase

The electrochemical potential of the anode is outside the stability window of the elec-

trolyte before any cycles have been performed. Consequently, a solid electrolyte interface
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(SEI) with a thickness of several nanometers is formed at the anode surface [22] [31].

Because the anode is outside the stability window of the electrolyte, the electron flow

going from the graphite electrode reduces the electrolyte at the electrode- electrolyte

interphase. The reduced species further react with lithium ions, and deposit at the

surface of the negative electrode. The deposition mechanism is however jet to be fully

understood. Until the publication "Near- Shore Aggregation Mechanism of Electrolyte

Decomposition Product to explain the Solid Electrolyte Interphase Formation" written

by Ushirogata et al.in 2015 [31] a "surface-growth mechanism" was evaluated as the most

reasonable formation mechanism. However, Ushirogata et al. suggested in their article

a "near- shore agglomeration" as a possible mechanism for the SEI formation. Here,

the reduced species agglomerate close to the electrode surface before they are absorbed.

The formation of the SEI-layer occurs during the first cycles. Because the SEI-layer

has electrically insulating properties, it will function as a barrier for electrons passing.

Therefore, as the layer becomes thicker, less electrons can pass through the electrode,

hence the growth of the SEI-layer will eventually stop [31].

The resulting SEI layer can be divided into two layers. Closes to the anode surface, the

film is dense and consists mainly of inorganic compounds, while a more porous layer

containing mostly organic compounds dominates the outer layer [32].

While the layer is electronically insulating is it however ionic conductive. This enables

lithium diffusion into graphite, while simultaneously avoid further degradation of the

electrolyte. In the paper "Lithium transport within the solid electrolyte interphase" by

Lu and Harris [32] they suggest that the electrolyte species only enables to penetrate the

porous outer layer, while lithium ions can pass through the dense inner layer, which en-

ables intercalation and deintercalation of the graphite electrode. Figure 2.3 gives a visual

of the SEI layer at the graphite surface, in which lithium ions can pass and intercalate

into the structure.

As the SEI-layer ensures no further degradation of the electrolyte, while at the same time

allows for high lithium diffusion rate, the formation of SEI is essential for the battery

performance [33]. However, the layer has one major negative effect which is called the

irreversible capacity loss. This loss occurs as lithium ions are consumed in the formation

of the layer [34]. The extend of this loss depends among others on the surface morphology

of the negative electrode, and by the thickness and density of the SEI layer. During

the first cycles, a 10 % loss can occur [35], while for anodes made by nanosized graphite
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particles the loss can be up to 50 % as the surface area of these particles are larger [34].

Figure 2.3: Illustration of the SEI layer at the graphite electrode surface. The figure shows how lithium

ions can pass through the layer and intercalate into the graphite structure
[33]

.

2.5 Electrode materials

LIBs have shown good properties as they have high power- and energy- density. The

good functionality can in some extend be explained by the properties of the lithium ion.

Of all elements, the reduction potential of lithium is the lowest, giving LIBs a high cell

potential, which according to Equation2.3 contributes to high energy. Additionally, it’s

small radius and light weight makes lithium a favourable ion for charge transfer [15].

The electrode selection is also important to obtain a good battery performance. To meet

the demand from the industry, high energy- and power- density are needed. Firstly, the

energy density depends on having a high cell voltage, which can be obtained by having

an anode with low potential and a cathode operating at a high potential with respect to

Li/Li
+. Depending on the electrode material, LIBs normally operate at a cell potential

between 3.2V and 3.85 V vs. Li/Li
+ [7]. Secondly, to achieve a high power density, it

is essential to have fast transport of lithium ions and electrons. This is obtained by

high electronic- and ionic- conductivity for both the anode- and cathode- material. In

addition to high energy- and power- density, the capacity of the electrode materials is

an important factor. Figure 2.4 shows the voltage as a function of capacity for some

of the most common cathode- and anode- materials. As can be seen, the capacities of

the cathodes are lower compared to the anode-materials [36]. Because the total battery

capacity depends on both the cathode and anode, it is primarily limited by the cathode
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material [7]. Additionally, good anode- and cathode- materials are stable and do not

react heavily with the electrolyte. From an industrial perspective, having lightweight-,

cheap- and environmental friendly- materials are important factors. Unfortunately, the

environmental aspect is still a challenge especially for cathode materials in conventional

LIBs [7].

Figure 2.4: Voltage vs. capacity for multiple anode- and cathode- materials
[36]

2.5.1 Cathodes

In LIBs, it is desired to have cathode materials with high capacity, meaning that it can

extract and store large amount of lithium ions without having major changes in the

structure [37].

There exist a broad variety of cathode materials for LIBs, all with different strengths and

challenges. The main categories of cathode materials are intercalation- and conversion-

cathodes. Intercalation cathodes can further be divided into transition metal oxides and

polyanion materials [15]. Two of the most common structures of transmission metal oxides

are layered and spinel.

Lithium cobalt oxide, (LiCoO
2
) (LCO) is one of the most used layered transition metal

oxides. This material has a relatively high practical capacity of 148 mAh/g, high average

voltage of 3.8 V and good cycle stability [15]. Unfortunately, this material has low thermal

stability and high cost which is directly related to cobalt [15]. To improve these expenses,

research have been done trying to substitute cobalt with both nickel and manganese.

Nickel decreases the costs and contributes to increase the capacity, while manganese im-
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proves the thermal stability. This give rise to Li(Ni
0.5

Mn
0.5

)O
2

(NMC). However, by

removing cobalt the stability of the material is reduced. Therefore, today the most com-

mon NMC structure is Li(Ni
x
Mn

y
Co

z
)O

2

[15].

Spinel is another common structure of transition metal oxides. An example of such

structure is LiMn
2
O

4
in which the pathway for diffusion of lithium ions is three- dimen-

sional [38]. This material has a low cost, and is more environmentally friendly compared to

LCO due to the absence of Co. However, the material has a lower experimental capacity

of 120 mAh/g compared to LCO [15]. Additionally, long term cycling of this material can

result in Mn dissolution which reduces the cycle stability of this electrode [15].

Polyanion is the second type of intercalation materials, in which Lithium iron phosphate,

LiFePO
4

(LFP) with olivine structure is a common cathode. Compared to LCO, LFP

has a better thermal stability, and a higher experimental capacity equal 165 mAh/g [15].

However, it’s average voltage of about 3.4V is lower than for LCO. [15]. From a commer-

cial perspective the material has the advantage of being simply processing and cheap.

However, due to it’s low conductivity the rate capability of LFP is relatively poor [39].

Consequently, LFP cathodes depend on being coated with a conductive material to be

functional. As amorphous carbon shows high electrical conductivity and good chemical

stability, carbon coating have been used to improve the properties of LFP cathodes [39].

Moreover, LFP has a flat voltage profile, meaning that in a LFP-graphite cell, graphite

will dominate the voltage profile. This makes LFP a suitable cathode material when

studying the properties of graphite [40].

In addition to intercalation cathodes, conversion cathodes have been introduced. During

intercalation and deintercalation of conversion cathodes, chemical bonds are broken and

recombined in redox-reactions [15]. In contrast to intercalation cathodes, the conversion

cathodes do not contain lithium and hence must be combined with a lithium containing

anode. Sulfur is an example of a conversion cathode which has a high theoretical capacity

of 1675 mAh/g. However, due to it’s low electrical conductivity and potential vs. Li/Li+,

this cathode material is not commonly used [15].

2.5.2 Anodes

Similar as for cathode materials, an ideal anode should be able to store large amount of

lithium ions, while at the same time remain a stable structure [7].

The literature distinguishes between three types of anode materials; intercalation, con-
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version and alloying. The intercalation anodes are the most used materials, as they have

low potential vs. Li/Li+, and shows long and stable cycle life [41].The most common in-

tercalation material used in LIBs is graphite, which is explained in Section 2.6. During

charge and discharge of these materials, lithium is intercalated and deintercalated into

the structure [5]. This mechanism is explained in Section 2.6.1. However, the intercalation

materials have relative low capacity. As the demand for higher energy density increases,

the industry has been forced to look for other suitable materials. Such materials are

conversion anodes. In contrast to intercalation anodes, chemical reactions occur during

lithiation and delithiation of these electrodes. This often results in structural changes

of the core structure [23]. Unfortunately, conversion anodes often suffer from morphol-

ogy changes during cycling, resulting in degradation of the material. Furthermore, their

conductivity is lower compared to the intercalation anodes [42]. To replace intercalation

anodes with conversion anodes, these challenges must be overcome [41] [42]. The third group

of anode materials are alloying anodes. In the literature, alloy anodes are often referred

to as a type of conversion anodes due to their many similarities. Similar as the conversion

anode, alloying anodes have high capacity, and suffers from low conductivity and volume

expansion during charging. The main difference between these two materials are the

mechanism during lithiation and delithiation, in which alloying elements forms a lithium

alloy (Li-Y) instead of a chemical compound(Li
a
Y) [23]. Silicon is one of the alloying

anodes that have received considerable attention the last years. With a theoretical ca-

pacity of 4200 mAh/g [43], silicon have almost 10 times higher capacity than graphite (372

mAh/g) [23]. Because of this, silicon is considered as a potential substitute for graphite in

the future [43].

2.6 Graphite as anode material

Graphite is the most used anode material in LIBs for multiple reasons. Firstly, it is

highly abundant, non-toxic and in contrast to other anode materials it has a natural

high conductivity. In terms of research and further improvements of graphite, it is a

huge advantage that it’s structure is well known and easy to study by a broad variety of

techniques [23] [5].

These advantages are highly related to the structure of graphite. The material is built

up by graphene layers consisting of hexagons of sp2- hybridized carbon atoms. The sp
2

hybridization gives three sp
2- orbitals, and one p-orbital. The sp

2 orbitals are bonded
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together with strong covalent �- bonds. Due to the short bond-length, the electrons are

localized close to the atom.

The graphene layers are kept together by weak Van der Waals bonds, in which p-orbitals

constitutes the formation of ⇡-bonds. These bonds are considerably longer compared to

the �- bonds, which make the electrons more delocalized in comparison to the electrons

within the same graphene layer. This enable the layers to be easily separated, which makes

graphite a good host structure for intercalation [5]. The �- and ⇡- bonds for one graphene

layer can be seen in Figure 2.5b. Furthermore, the material is built up by graphene layers

with two main stacking sequences, namely ABCABC giving a rhombohedral symmetry

and ABAB sequence giving a hexagonal graphite symmetry. Because the ABAB stacking

is most thermodynamically stable, the hexagonal structure is the dominating structure

of graphite [5]. The layered stacking gives the structure two types of planes, namely the

basal- and edge- plane. The basal plane is referred to the plane which is parallel to

the graphene layers, while the edge planes is perpendicular to these layers. The layered

structure showing the basal- and edge- plane is shown in Figure 2.5a [5].

Because the bonds are different within and between the graphene layers, graphite have

anisotropic properties, which can be seen from the conductive properties. In the basal

plane, the conductivity is much larger compared to the edge plane with 2.25 · 104 Scm�1,

compared to 5.9 Scm�1 in the edge plane [5]. Moreover, as the edge plane has a higher

surface energy, the surface reactivity would be higher her compared to the basal plane.

As a result, intercalation of species is favoured in the edge planes [5]. However, as lithium

intercalation is favoured at the edge planes, the SEI-formation would also be largest in

this region. Therefore, a combination of basal- and edge- planes are important to achieve

high intercalation current while minimizing the irreversible capacity loss caused by the

SEI formation [5] [44].

(a) Layered structure of graphite showing the edge- and

basal- planes
[5]

.

(b) One graphene layer showing the �- and ⇡- orbitals
[45]

.

Figure 2.5: The graphite structure.
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Although graphite delivers a capacity much higher than the conventional cathodes, im-

provements of graphite is needed to meet the demands for the future. One way to improve

the properties of graphite is by reducing the SEI formation. In this regard carbon coated

graphite particles have shown to give thinner SEI layer. Moreover, the carbon coating

protects the graphite particles from direct contact with the electrolyte [7]. In addition to

coating, the morphology plays an important role for the performance of graphite anodes.

More about this is described in Section 2.8.

2.6.1 Intercalation of lithium ions

When a battery is charged and discharged, lithium ions are intercalated and deinterca-

lated into the graphite structure respectively. The charge- and discharge- reaction of

graphite is shown in Equation 2.7, in which the LiC6 configuration is the maximum sto-

ichiometry possible. The mechanism during intercalation of lithium ions into graphite

can be seen as characteristic voltage plateaus, having three main steps. The three volt-

age plateaus with the corresponding animation are given in Figure 2.6. The first step is

random intercalation of lithium ions from the electrolyte into the solid electrode. This

is followed by a first order phase transition from LiC
24

to LiC
18

. In the second step the

number of intercalated graphite layers increases, giving a transformation from LiC
18

to

LiC
12

. For the third and final step, the concentration of lithium ions in graphite increases

such that the stoichiometry of LiC
6

is reached, giving graphite a theoretical capacity of

372 mAh/g [5] [23] [46].

Figure 2.6: Cell potential vs. Li/Li
+

as a function of time during the intercalation and deintercalation

at C-rate of C/30. The cell has graphite as the working electrode and lithium metal as the

counter electrode.
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As described in Section 2.6, lithiation is preferred in the edge planes. Within this plane

there are two possible diffusion pathways. This concept is well described in the article

"Diffusion of alkali metals in the first stage graphite intercalation compounds by vdW-

DFT calculations" by Z. Wang et.al [47]. The following explanation is based on this article.

Firstly, the lithium ions can cross two carbon- carbon bonds (sigma bonds), and by this be

transported into a new carbon ring. This pathway is shown as the curved red line in Figure

2.7. Here h is a parameter describing the curvature of this pathway. The second possible

pathway is a straight line going over two carbon atoms, before the lithium ion reaches

the new carbon ring. This pathway is shown as the blue line in Figure 2.7. Furthermore,

the paper discussed the energy barriers of these two pathways. By comparing the relative

energy of a vacancy defect diffusing in the two pathways, the curved pathway was found

to be most energetically beneficial. Consequentially, the transport of lithium ions is faster

for the curved pathway compared to the straight line, hence the longest pathway showed

to be most likely.

Figure 2.7: The brown lattice illustrates one graphene layer, while the green circles correspond to

lithium ions. The blue and red line illustrates the two possible pathways for lithium ions

to intercalate in the graphene layer
[47]

.

During the intercalation process, the interlaying distance between the graphene layers

increases. When the capacity of graphite is fully utilized, the interlaying distance can

increase up to 10.4 % [5]. Moreover, as there naturally exists some defects in the graphite

structure, the pathway available for lithium intercalation varies, giving an inhomogeneous

lithiation process.
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2.7 Degradation of LIB

Naturally LIBs degrade over time, which causes both capacity- and power- fade, as well as

safety concern such as thermal runaway, and short circuit. There are primarily two types

of degradation mechanisms, namely mechanical and chemical. Mechanical degradation

can for instance be caused by volume changes during intercalation and deintercalation [48].

Chemical degradation can be divided in three categories: loss of electrolyte, loss of active

material and loss of lithium [8]. The formation of SEI-layer is one of the main reasons

for loss of electrolyte, which also contributes to loss of lithium as explained in Section

2.4. Furthermore, the loss of electrolyte can also be caused by oxidative decomposition of

solvents on the electrode. [28] [8]. Loss of active material is related to the loss of anode- and

cathode- material. This can be due to electrode particle cracking, structural changes, and

dissolution of the active material in the electrode. For graphite, the active material can

also be reduced due to lithium metal being deposited at the surface and by this blocking

the active material. This type of degradation also gives loss of lithium in a process called

lithium plating [8] [28].

This degradation mechanism has received a lot of attention the last years as it is triggered

by fast charging. Because the demand of fast charging increases, the need for limiting

the extend of plating becomes important [8]. This requires a good understanding of the

plating mechanism as well as factors contributing to it. More of this is elaborated in the

following sections.

2.7.1 Lithium plating

Lithium plating is one of the worst degradation mechanisms in LIBs because it constitutes

a safety concern as well as degradation of the battery.

As explained in Section 2.1, lithium ions are extracted from the positive electrode and

intercalated into graphite during charging. However, in some cases lithium is deposited

at the anode surface instead of being intercalated. This process is referred to as lithium

plating. Because of this, there are two competing reactions during charging namely

intercalation and lithium plating. These two reactions are shown in Equation 2.6 and

2.7 [49].

Li
+ + e

+ �! Li(s) (2.6)

xLi
+ + xe

� + 6C () LixC6 E
0 = 65� 200mV vs. Li/Li+ [7] [49]

. (2.7)
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The intercalation of graphite occurs at a potential range of 65-200 mV vs. Li/Li+ [49]. This

means that at potential within this range, interaction is the thermodynamic favourable

reaction. However due to polarization of the negative electrode, the potential can drop

below 0V which allows lithium plating at the graphite surface [8].

The literature distinguish between three possibilities for lithium metal to be deposited at

the electrode surface. Firstly, lithium can be deposited as part of the SEI-layer, which

is explained in Section 2.4. The other possibility is plated lithium, which is divided in

two categories. If the plated lithium has electrical contact with the electrode, it can

be stripped of during discharge and by this once again function as active lithium ions.

However, if the contact is lost, stripping would not be possible. Such lithium is often

referred to as "dead"- lithium and is the worst type of lithium deposition as it contributes

to a significant capacity loss and degradation of the battery [8].

Lithium plating degrades the battery performance in multiple ways. Firstly, as lithium is

deposited at the surface of the electrode, the active surface area of the electrode is reduced,

hence less ions can be intercalated, and the capacity is reduced. Additionally, the dead

lithium blocks the pathway to the available sites, and by this creates a more tortuous

pathway for the remaining active lithium [8]. Moreover, the plated lithium can form a

SEI-layer which consumes more electrolyte. However, the biggest concern is related to

the safety. If the deposition of lithium metal continues, the separator can be punctured,

which results in short circuit of the cell [50]. It is therefore important to reduce the degree

of lithium plating. To be able to do this, an understanding of factors contributing to

plating is needed. This is given in Section 2.7.2.

2.7.2 Factors influencing lithium plating

The intercalation of lithium ions depends on the solid state diffusion in graphite, and the

diffusion in the porous electrode. An illustration of this concept is presented in Figure 2.8.

Here, the graphite particles close to the electrode surface are first being fully lithiated.

The particles closer to the current collector have a lower degree of lithiation at a given

time due to the longer transportation length. Please note that the degree of lithiation of

the graphite particles only is illustrative.

Moreover, the concentration of lithium ions in the electrolyte decreases as it approaches

the current collector. This can be explained as most of the lithium ions are being in-

tercalated before they reach the current collector [51]. With this concept in mind, factors
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contributing to lithium plating can be understood. The paper "Lithium Plating Mech-

anism, Detection, and Mitigation in Lithium-Ion Batteries" written by Xianke Lin et.

al [8], presents fast charging, high state of charge and low temperature as three important

factors contributing to lithium plating. The following paragraphs explains how these

factors promote plating and is based on this paper.

Figure 2.8: Illustration of lithiation of graphite electrode. The graphite particles close to the electrode

surface reach fully lithiation faster compared to the particles close to the current collector.

Also, the concentration of lithium ions in the electrolyte decreases closer to the current

collector.

Fast charging is one of the biggest contributors to lithium plating. In this case, the

high charging current results in a high flow of lithium ions towards the electrode. If

this current exceeds the intercalation current, the concentration of lithium ions at the

surface increases. This often leads to polarization of the electrode, which triggers lithium

plating [52] [8].

In addition to fast charging, the state of charge plays an important role regarding lithium

plating. The probability of plating increases at high SOC. At this condition most of the

active sites are already being occupied. If the charging continues in this condition, the

electrode would quickly be saturated, and the remaining ions will rather be deposited at

the electrode surface [8].

Low temperature is a third factor that have shown to have a huge influence on the

probability of lithium plating. When the temperature is reduced, the viscosity of the

electrolyte increases which inhibits its ability to penetrate the porous graphite structure.

This will reduce the intercalation rate of lithium ions. Further, a low temperature results

in low kinetics, which also reduces the intercalation rate. The consequence is lithium ions

accumulating at the electrode surface rather than being intercalated [53] [8].
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By evaluating these three factors, it becomes clear that the diffusion rate of lithium is the

limiting factor for why both fast charging and low temperature often results in lithium

plating. The diffusion rate of lithium is among other affected by the morphology of the

graphite electrode. As both the porosity, tortuosity and particle size and shape affect the

electrode structure, these factors are important to evaluate when reducing the extend of

plating. Discussions of these parameters are given in Section 2.8

2.7.3 Investigation of lithium plating

As lithium plating constitutes a big concern regarding the degradation and rate per-

formance of the battery, comprehensive work has been done to reduce this effect. To

determine the effect of these measures, tools allowing to detect the amount of lithium

plated at the electrode surface are needed. Unfortunately, this appears to be difficult,

which among other is due to the low atomic weight of lithium [8]. In the following para-

graph, some of the most common techniques are presented.

One way to detect lithium plating is by post- mortem characterization. In this tech-

nique, the cell is disassembled which sets some limitations to which state the battery can

be investigated. Having opened the cell, SEM can be used to investigate the electrode

surface. However, due to the low atomic weight of lithium, it is challenging to obtain

strong signals. Lithium may therefore not be visible or appear as weak shadows at the

electrode surface. As lithium is hard to detect by SEM, pictures of a cycled electrode

should be compared to SEM micrographs of an uncycled electrode to easier detect any

differences [54] [8]. An example of how lithium deposition can be observed by SEM are

shown in the article "Stable Li Metal Anodes via Regulating Lithium Plating/Stripping

in Vertically Aligned Microchannels" written by S.H. Wang et. al [55]. Here they present

SEM micrographs of lithium deposition at Cu- current collectors with different morphol-

ogy. Their results show that lithium metal deposition has a worm- like structure.

In addition to SEM, other post- mortem characterization techniques such as Transmission

electron microscopy (TEM) and Atomic force microscopy (AFM) can be used [8].

As opening the cell risks contamination of the sample, it is preferred to have a method that

does not rely on disassembling the cell. One example of such method is the Differential

Voltage Analysis (DVA). By studying the OCV and the voltage plateaus described in

Section 2.6.1, the amount of lithium being stripped off the electrode can be calculated [56].

22



2 Theory

2.8 The effect of electrode morphology

2.8.1 The effect of porosity

As it appears from Section 2.7.2, the diffusion of lithium in the porous electrode is an

important factor to consider when limiting the extend of lithium plating. The time for

lithium ions to diffuse into the electrode material is proportional to the ratio of the square

of the diffusion length (l) to the diffusion coefficient (D) which can be seen in Equation

2.8

t ⇠ l
2

D

[57]
. (2.8)

This equation shows that the diffusion time of lithium ions can be reduced by decreasing

the diffusion length or increasing the diffusion coefficient. The diffusion coefficient can be

increased by doping. Unfortunately, this requires chemical changes of the electrode mate-

rial. Therefore, to avoid this, reduction of the diffusion length by using porous electrodes

have been evaluated as one possible solution to reduce the diffusion time. As explained

in Section 2.6.1, lithium ions are intercalated and deintercalated through the edge-planes

of graphite [57]. By having a porous electrode, the pathways to these intercalation sites

becomes more accessible which improves the diffusion time [10]. Moreover, in a porous

electrode the electrolyte enables to penetrate deep into the structure, which improves

the transport of lithium ions and hence also the intercalation rate [10]. In this way, more

of the active electrode material is being utilized. [57]. Porous electrodes also improve the

stability of the battery as it limits the volume expansion that occurs during intercalation

and deintercalation of lithium ions [10].

Clearly, there are many advantages of using porous graphite electrodes. However, there

are challenges associated to this. A porous electrode has a lower loading, which reduces

the energy density of the battery. As the demand for high energy batteries increases

it is preferred to have batteries with high loading electrodes. Such type of electrodes is

thick and have a high density. Regarding the porosity, a compromise are therefore needed

to increase the diffusion rate while ensure as high loading as possible [11]. Adjusting the

thickness is another way to increase the loading, however this have also caused challenges.

As the thickness increases, the diffusion length of lithium ions increase which can result

in a reduction of the power density of the battery. Having a thick electrode, therefore sets
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even higher demand for good transport of the electrolyte in the electrode structure [58] [11].

The effect of thickness on graphite anodes have been investigated in the paper "Optimiz-

ing Areal Capacities through Understanding the Limitations of Lithium- Ion Electrodes"

written by Gallangher et. al [58]. Three electrodes with thickness of 58 µm, 97 µm and

127 µm were used, which gave corresponding capacity of 2.2 mAh/cm2, 3.3 mAh/cm2

and 4.4 mAh/cm2. The electrodes had porosity equal 39 % ± 0.02. The result can be

seen in Figure2.9. This shows that the thickest electrodes had largest amount of lithium

plating on the surface.

Figure 2.9: Graphite electrodes with different thicknesses and loading of 58 µm ( 2.2mAh/cm
2
), 97 µm

(3.3 mAh/cm
2
) and 127 µm (4.4 mAh/cm

2
) after cycling

[58]
.

From this, it becomes clear that a compromise between porosity and thickness is needed to

find a perfect balance between high power-and energy- density. One solution to achieve

the benefits of porous electrodes, while retain high loading of the electrodes is to use

graded porosity electrodes. These electrodes have highest density close to the current

collector and a lower density near the electrode surface. This enable lithium ions to be

quickly transported into the electrode structure at the surface, such that the amount of

lithium ions accumulating at the surface decreases. The diffusion of lithium ions further

into the structure would then become more challenging as the density increases which

causes more tortuous pathways [11] [12].

The effect of porosity graded graphite electrode was studied by comparing it’s perfor-

mance to a single layered graphite electrode in the article "Graded Porosity Electrode

for Fast Charging Lithium-Ion Battery" written by Jian Yang et. al. [12]. Here, lithium

metal was used as the counter electrode. The graded electrode was made by three layers

in which the bottom-, middle- and top- layers had porosity of 15 %, 25% and 35 % re-

spectively. The single layered electrode had a porosity equal 25% which corresponded to

the average porosity of the graded electrode. Their result showed that both electrodes
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achieved approximately similar maximum capacity, while the graded electrode obtained

higher capacity when increasing the C-rate. Moreover, the cycle life of the graded elec-

trode was better compared to the single layered electrode.

2.8.2 The effect of tortuosity

In addition to the porosity, tortuosity plays an important role to improve the transport of

lithium ions. This parameter provides information about the transport pathway through

the electrode, which affects the electrolyte’s ability to diffuse into the porous electrode [9].

The tortuosity can be expressed as the ratio of the actual curved length, Lc to the direct

distance between the two curved ends L.

⌧ =
Lc

L

[59] (2.9)

According to Equation 2.9, a straight line will give a tortuosity equal 1. In the case of ⌧

being larger than 1, the pathway would be longer. Consequently, the transport length of

the electrolyte containing lithium ions into the porous electrode is longer [9].

In 2020 Hao Chen et. al. published the article "Tortuosity Effects in Lithium- Metal

Host Anodes", where they studied three graphite structures namely vertically aligned,

random reduced graphene oxide and horizontally aligned, with tortuosity of 1.25, 1.76

and 4.46 respectively [9]. They found that the high tortuosity electrodes had an uneven

transportation of lithium ions which resulted in a lower cycling performance. In com-

parison, the low tortuosity electrodes had better cycling performance as the transport of

lithium ions were more uniform.

Their observations were explained by evaluating how the tortuosity affected the trans-

portation length of lithium ions. From Equation 2.9 it is given that a high tortuosity

causes a longer transportation length of lithium ions in the porous electrode. Conse-

quently, the intercalation rate decreases, and a longer time is required to reach 100 %

state of charge. The decrease in intercalation rate can also cause lithium ions piling up

at the electrode surface, hence the risk of lithium plating increases. [60].

Another aspect of tortuosity is related to local unevenness in current density. As described

in Section 2.7.1, one of the problems with plating is the bottleneck metallic lithium con-

stitutes. This causes uneven current distribution such that some areas receive a high

current density which amplifies degradation of the battery. This effect would be lower
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for electrodes having a low tortuosity, as the transport of lithium ions are more evenly

distributed through the electrode [9].

From this, it becomes clear that an electrode with low tortuosity is preferred to achieve

a good cycling performance. This have specially been evaluated as a good solution to

allow thicker electrodes without sacrificing the rate capability [61].

To express the relation between the porosity and the tortuosity of an electrode MacMullin

number have been introduces. This parameter gives information about the microstructure

of the electrode, and is presented in Equation 2.10.

NM =
⌧

✏
=

�

�ion

[59] (2.10)

Here, ⌧ is the tortuosity, ✏ is the porosity, � is the conductivity of the electrolyte, �ion is

the effective ionic conductivity of an electrode or a separator [59]. From Ohms’s law the

resistance R is given by

R =
d

� · A (2.11)

in which A is the surface area of the electrode, and d is the thickness of the electrode [20].

By combining Equation 2.10 and 2.11, the tortuosity can be expressed as shown in Equa-

tion 2.12, where Rion is the ionic resistance. This equation can be used when calculating

the tortuosity from impedance spectroscopy results. Due to the symmetry of the cell, the

factor 1/2 is added to the equation [59].

⌧ =
RionA�ion✏

2d
(2.12)

2.8.3 Effect of particle size and shape

In addition to porosity and tortuosity, the particle size is also an important factor influ-

encing the performance of an electrode.

The intercalation process of lithium ions can be limited by either the reaction at the

graphite surface, or by the diffusion of ions in the bulk. For large particles, a larger

transportation distance, hence also a larger diffusion time, is required for lithium to

reach the center of the graphite particle. In this case the intercalation is said to be bulk

transport limited [60]. In the opposite case, for small particles, the distance into the center

is smaller, meaning that a shorter time is required for lithium ions to reach the center.
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In addition, the amount of lithium ions needed to reach a high state of charge is lower for

smaller particles. For this case, the intercalation is more likely be limited by the surface-

reaction. The particle size are therefore an important parameter for the intercalation of

lithium, hence also the overall electrode performance [60].

Although small particles tend to give better performance of the electrode [62], there are

some limitations related to these particles. Small particles have a larger surface area

which increases the SEI formation and hence contributes to a larger irreversible capacity

loss [44]. Moreover, the tortuosity is affected by the particle size. Smaller particles tend to

increase the tortuosity, which according to the theory presented in Section 2.8.2 reduces

the rate-performance [60]. Therefore, a compromise of having small particles to quicker

reach a high SOC, and larger particles to reduce the SEI- formation at the electrode

surface is needed.

Moreover, the effect of particle size distribution on graphite electrodes was investigated

in the paper "Simulating the Impact of Particle Size Distribution on the Performance of

Graphite Electrodes in Lithium- ion Batteries" written by Fridolin Röder et. al. [62]. Their

result showed that for graphite powders having a broad size distribution, the capacity

tends to be lower compared to powders with a smaller distribution. Additionally, the

particle size also affects the current distribution in the electrode. As different particle sizes

have different surface area to volume- ratio, inhomogeneous current densities are expected

for powders with a large particle size distribution. Consequently, the degradation is also

expected to be higher for these powders [62].

In addition to the particle size, it’s shape and orientation does also affect the performance

of the electrodes. As described in Section 2.6 intercalation of lithium is most preferred in

the edge planes. Having graphite particles with a high number of available edge-planes

are therefore important for the intercalation rate. However, a too high edge-to basal-

plane ratio increases the SEI-formation. Therefor a compromise is needed to optimize

the electrode performance [44].

2.9 Electrochemical characterization

2.9.1 Galvanostatic cycling with potential limitations

Galvanostatic cycling with potential limitations (GCPL) is one of the most used tech-

niques when studying the performance of batteries. When cycling, a constant current
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is applied in which the charge- and discharge- rate is determined by the C-rate. One

advantages with this technique is the opportunity to control the potential of both the

working-, and counter- electrode vs. the reference electrode for a three-electrode cell by

using a potentiostat [63].

2.9.2 Electrochemical impedance spectroscopy

The following explanation of electrochemical impedance spectroscopy (EIS) is based on

the report "Application note, Basic of Electrochemical Impedance Spectroscopy" [64].

While ohms law express the resistance for an ideal resistor, the impedance can be used

for a broader variety of systems. For an ideal resistor, it is assumed that the resistance is

independent of the frequency, and that the system follows Ohm’s law. Additionally, the

voltage- and AC current- signals are assumed to be in phase with each other. However,

for conventional batteries, this is not the case. Most circuits contain multiple circuit

elements, which gives systems in which Ohm’s law no longer is sufficient. For this reason,

impedance have been introduced as a more general term for expressing the resistance in

a system.

When measuring the impedance, an AC potential (PEIS) or current (GEIS) is applied

while measuring the current or potential respectively. For PEIS, the applied potential is

usually sinusoidal, which results in a sinusoidal response of the current. In contrast to an

ideal resistor, the current would be phase- shifted. Based on Ohm’s law, the impedance

can be expressed by the ratio of the potential at a given time (Et) to the current at

a given time (It) as shown in Equation 2.13. Here, � is a parameter representing the

phase-shift, ! is the angular frequency, and E0 and I0 is the amplitude of the potential

and the current signal respectively.

Z(!) =
Et

It
=

E0sin(!t)

I0sin(!t+ �)
(2.13)

The impedance is normally given as a complex function. This is obtained by using Euler’s

relation which gives

Z(!) =
E0

I0

�
cos(�) + i · sin(�)

�
(2.14)
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where i is the complex number.

The impedance measurements are often presented as a Nyquist Plots, in which the imag-

inary part is plotted as a function of the real- part of the impedance equation. The

experimental values are later fitted to an equivalent circuit model. The choice of equiv-

alent circuit model depends on the system and requires a good understanding of the

different elements. Each model has its own unique expression for the impedance which

is based on the impedance for each circuit element. The impedance for the elements

used in this work are presented in Table 2.1. Where Rion is the ionic resistance, ! is the

angular frequency, ⌧ is the local tortuosity, and Q and ↵ are parameters both related to

the constant phase element [63].

Table 2.1: Circuit elements used in this work with corresponding impedance.

Element Impedance

Resistor R [64]

Capacitor 1
iC!

Constant phase element 1
Q(i!)↵

[64]

Warburg (finite-open) Zw
(i!⌧w)↵w coth

�
(i!⌧w)↵w

�
[65]

Transmission line model (simplified)
q

Rion
Q·(i!)↵ · coth

✓p
Q ·Rion · (i!)↵

◆
[59]

The constant phase element is an element used for cases which have unideal capacitors.

If the parameter ↵ equals one, the constant phase element equals a capacitor [66]. The

Warburg element express the 1D lithium diffusion and becomes dominating at low fre-

quencies. There are mainly three types of Warburg elements namely infinite- and finite-

Warburg, in which finite Warburg can be divided into transmissive (short) and reflective

(open). In the infinite model the diffusion is unrestricted by assuming a large planar

electrode, in which the diffusion region is much larger than the diffusion length [67] [68].

However, in some cases the diffusion of lithium ions is restricted by the diffusion region,

meaning that the diffusion length is not infinite. In this case a finite Warburg model have

been established. For cases with a finite diffusion length without a blocking boundary,

a Warburg short element is used. For the finite open Warburg element on the other

hand, the diffusion of charge carriers is limited by a blocking boundary. For graphite

electrodes, the active particles and the pores filled with electrolyte are small. Addition-

ally, the thickness of the electrode is thin, such that some of the lithium ions enables to
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penetrate through the entire electrode. This gives a finite diffusion length. Moreover, a

blocking boundary is obtained from the current collector in which no lithium ions can

pass. Therefore, of the three Warburg elements, the finite open element describes the

diffusion in a graphite electrode best [51] [69].

The transmission line model is used in this work to calculate the tortuosity of elec-

trodes. In the paper "Tortuosity Determination of Battery Electrodes and Separators by

Impedance Spectroscopy" written by J. Landesfeind [59], this model was used to find the

ionic resistance in porous electrodes. The following presentation of the TLM- model is

based on this article.

This model can be used to describe the ionic resistance in a porous electrode filled with

electrolyte. In this model, the electronic resistance in the solid phase is given by ohmic

resistors connected in series. In the liquid phase, the ionic resistance is given by a se-

ries of ionic resistors. Furthermore, the surface impedance element represents the charge

transfer between the two phases which can occur as non-faradaic or faradaic reactions.

As this is a complex model, some simplifications can be made. Firstly, as the surface

roughness of the materials affects the geometry of the system, a constant phase element

is used instead of an ideal capacitor. Moreover, because the conductivity of carbon is

high, the electronic resistance in the solid phase is considerably smaller compared to the

ionic resistance in the liquid phase. As a result, the electronic resistance in the solid phase

is neglected. The circuit element of the simplified transition line model can be seen in

Figure 2.10 in which q represent the contribution from the constant phase element, and

rion is the ionic resistance. Here, the green lined area illustrates the solid phase, while

the red area represents the electrolyte. This model is often presented as Ma in a circuit.

Figure 2.10: Circuit element use to fit the impedance data from the tortuosity measurements. The

model is named the simplified transition line mode. Inspired by
[59]

.
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2.9.3 Ionic conductivity measurement with electrochemical impedance spec-

troscopy

Electrochemical impedance spectroscopy can also be used to find the conductivity of an

electrolyte. The conductivity is given by Equation 2.15, where Kcell is the cell constant,

and Rel is the resistance in the electrolyte.

� =
Kcell

Rel

[70] (2.15)

The cell constant is a parameter which gives information about the volume between two

electrodes and is often given in cm�1 [70]. For a cell with a simple geometry, the cell

constant is given by the ratio of the distance between the electrodes to the surface area

of it. An example of such system is two parallel electrodes. However, for more complex

structure, the cell constant can’t be found directly from the geometry. For these cases,

the cell constant can be calculated from Equation 2.15, in which the resistance of the

electrolyte is found by EIS of a solution with known conductivity. [70].

2.10 Physicochemical characterisation techniques

2.10.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique used to investigate the sample mor-

phology, by having an electron beam interacting with the sample surface. Apertures and

lenses are used to obtain a focused beam. To avoid the electrons colliding with particles

when being accelerated, the system is under vacuum during the measurements. When the

electrons interact with the sample surface, three main signals are being formed namely,

X-rays, secondary- and backscattered- electrons. These signals are collected by detectors

which generate an image of the sample. Because these signals are generated differently,

they also contain different information. When using the scanning electron microscope, it

is therefore important to understand the usage of these signals.

Secondary electrons have their origin from the sample and are generated during an inelas-

tic reaction between the sample and the electron beam. These electrons are generated at

the surface and do therefore provide information about the sample surface. In contrast,

backscattered electrons provide information of the material deeper down in the sample.

These electrons have their origin from the electron beam and are generated when they

are backscattered from the sample during an elastic interaction with the sample. The

31



2 Theory

intensity of the backscattered electrons is highly dependent on the atomic number of the

elements they were backscattered from. Elements having a high atomic number generates

more electrons which makes them brighter compared to elements having a lower atomic

number. However, backscattered electrons do not give the exact element, it can only be

used to distinguish between high- and low- atomic number elements. One way to iden-

tify the different elements in a material is by using Energy-dispersive X-ray spectroscopy

(EDS). As every material generates X-rays with a unique energy, these signals can be

used to determine the different elements. [71] [72].

2.10.2 BET surface area measurement by BET- theory

Brunauer- Emmett- Teller-(BET) theory is used to measure the specific surface area of a

sample, and is usually given in m2/g. To remove physically bonded impurities, the sample

is degassed before the specific surface area is measured by applying a gas, usually nitrogen

or argon. As the gas are being added, the sample surface will physically adsorb the gas

molecules. Eventually, the saturation point is reached, in which no more gas is adsorbed.

As the amount of gas being applied is known, the amount of gas being adsorbed can be

measured based on the change in pressure during the adsorption process. From this, the

specific surface area of the sample can be found. Because the interaction between the

solid and gaseous phases are relative week at room temperature, a cryogenic temperature

is used, typically by using liquid nitrogen [73]

2.10.3 Laser diffraction

Laser diffraction is the most used method to measure the particle size distribution of a

powder and is specially favoured for particles in the range of 0.5 to 1000 microns. When

the laser beam interacts with the sample, the beam is scattered by the particles. The

angle at which the light is scattered is inverse proportional to the particle size, meaning

that large particles give a small scattering angle, while small particles provide larger

angles. By detecting the scattering angles, the PSD of the powder can be detected. The

fact that particles within the same powder obtain different shapes constitutes a challenge

for determine the particle size. As spheres are the only shape that can be described in

1D, the particle size distribution technique assumes the particles to be spheres. [74] [75].
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3 Experimental

Three main experiments were performed in this project. Firstly, the tortuosity of elec-

trodes made by two different powders was measured. Afterwards, the rate-performance

of these electrodes were studied. The last experiment considered porosity graded elec-

trodes. Before these experiments were performed, the specific capacity of the powders

was found, and the slurry recipes were optimized. The experimental procedures of these

experiments are presented in the following sections.

The C-rates used for testing were based on the graphite electrode using the specific ca-

pacity of the powders. In the description of the experimental procedure, lithiation and

delithiation is referred to the graphite electrode. All experiments were performed at

constant temperature of 25 °C.

3.1 Materials

The materials used in the project are presented in Table 3.1 with corresponding producer

and purity.

Table 3.1: Materials used in the project with corresponding producer and purity.

Material Supplier Purity

C45, Carbon black MTI CORP

CMC 2000PA, Sodium Carboxyl Methyl Cellulose Daicel

Celgard 2400 separator Celgard

Graphite Vianode

SBR100, Styrene butadiene rubber (15 wt% in water) Targray

Ethylene carbonate Sigma Aldrich � 99 %

Dimethyl carbonate Sigma Aldrich � 99 %

Tetrabutylammonium hexafluorophosphate (Bu
4
NPF

6
) Sigma Aldrich 98 %

Insulating sleev, PP; Li-referance, Separator FS-5P EL-cell

LiPF6; 1.2 mol/L lithium hexafluorophosphate in Solvionic

(3:7 wt %) Ethylene carbonate: Ethyl methyl carbonate + 2wt % Vinylene carbonate

LFP (LiFePO
4
) Customcells

3.2 Powder characterization

Two synthetic graphite powders with different morphology were tested both which were

provided by Vianode. These powders are referred to as S48 and S93 further in this report.

To obtain a visual of the differences, SEM micrographs were taken, and BET- and PSD-
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analyses were performed on the powders. Sections 3.2.1, 3.2.2 and 3.2.3 describes the

experimental procedure for these experiments.

3.2.1 Morphology

The morphology of the powders was investigated by SEM using Zeiss-Supra 55VP. The

powders were applied onto a carbon tape, and secondary electrons were used for imaging.

An accelerating voltage of 10 kV was used.

3.2.2 Particle size distribution

The particle size distribution of the powders was measured on a Horiba Partica LA-960.

The powder was added in small amounts until the transmittance had reached approxi-

mately 90%. Isopropanol was used as solvent, and the chosen refractive indexes equal

1.920 - 0.522i (real and imaginary part) and 1.378 for carbon and isopropanol respectively.

To avoid agglomeration of the powder, ultrasound combined with an increased stirring

rate was used for 10 minutes before the measurements.

3.2.3 BET-surface area

The BET-surface area of the two powders given in m2/g were measured by nitrogen

adsorption. The powder was degassed by using a Micromeritics SmartPrep. Nitrogen gas

(N
2
) was used to flush the powder with a temperature ranging from 30 to 250 °C, having

a temperature ramp rate equal 10 °C /min. At 30 °C and 90 °C, the temperature was kept

constant for 10 and 60 minutes respectively. When the temperature had reached 250 °C,

it was held constant for 1000 minutes. The degassing procedure was finalized by lowering

the temperature to 30 °C which was held constant for 100 minutes. Liquid nitrogen was

used to achieve a cryogenic temperature, and nitrogen gas was used as the absorption

gas. A Micromeritics 3-Flex Surface characterization was used for the measurements.

3.3 Slurry production and tape casting

The graphite electrodes were made by tape casting a slurry onto a current collector.

This section gives the experimental procedure of slurry production and manufacturing of

anode laminates.

The graphite electrodes were made by a slurry consisting of carbon black (C45), graphite,

carboxymethylcellulose (CMC-solution) and a 15 wt% styrene- butadiene rubber (SBR)-
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solution. The aimed slurry composition was based on a recommendation from Vianode

which is shown in Table 3.2.

Table 3.2: Aimed slurry composition based on recommendation from Vianode.

Graphite [wt%]
Carbon

black [wt%]
CMC [wt%] SBR [wt%]

Aimed composition 95 2 1.5 1.5

Prior to the slurry mixing, a CMC-solution with aimed concentration of 1.5 wt% was made

by mixing CMC- powder and deionized water to a homogeneous solution. The CMC-

powder was added to a container before the deionized water was supplied. A centrifugal

vacuum mixer was used to mix the components by using the program presented in Table

3.3. To obtain a homogeneous solution, a spatula was used to crush eventual lumps in

the solution after mixing. Accordingly, the procedure was repeated until a clear solution

was formed. Calculations used to find the amount needed of each component are shown

in Appendix B.1.1.

Table 3.3: Mixing program used to mix the CMC-solution. The program was performed by a centrifugal

vacuum mixer.

Mixing program

for CMC-solution

500 rpm in 60 sec. Vacuum: off

2000 rpm in 3300 sec. Vacuum: off

2000 rpm in 180 sec. Vacuum: on

After the CMC-solution was made, the slurry was manufactured. To achieve a homoge-

neous slurry, a centrifugal vacuum mixer with an optimized mixing program was used.

The different programs are shown in Table 3.4.

The slurry was made by adding the CMC-solution to a container before carbon black

was added and mixed with program 1 from Table 3.4. Afterwards, deionized water was

added to the container and mixed with program 2. The amount of water depended on the

targeted loading. The procedure was followed by adding graphite, and then homogenise

it with program 3. Finally, SBR was added, and the slurry was finalised with program

4. Appendix B.1.2 presents the calculations used to find the amount of each component

based on the aimed composition shown in Table 3.2.
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Table 3.4: Mixing program for slurry production preformed by a centrifugal vacuum mixer.

Number Program for slurrymixing

1 500 rpm for 60 sec. Vacuum: off

2000 rpm for 660 sec. Vacuum: off

2 500 rpm for 240 sec. Vacuum: off

2000 rpm for 600 sec. Vacuum: off

2000 rpm for 120 sec. Vacuum: on

3 500 rpm for 240 sec. Vacuum: off

1500 rpm for 120 sec. Vacuum: on

2000 rpm for 300 sec. Vacuum: off

rest : 30 sek

2000 rpm for 300 sec. Vacuum: off

500 rpm for 100 sec. Vacuum: on

4 500 rpm for 60 sec. Vacuum: off

1000 rpm for 60 sec. Vacuum: on

1000 rpm for 60 sec. Vacuum: off

The final slurry was used to make anode laminates having copper-foil as the current

collector. The thickness of the electrodes was controlled by using a rectangular four-

sided fixed gap frame applicator from Zehntner. For the experiments performed in this

project, gap-sizes of 50µm, 100µm, 150µm and 200 µm were used. Section 3.6 provides

detailed explanation of the different gap-sizes and solid/liquid-ratios used. To obtain a

homogeneous anode laminate, ethanol was applied between the Cu-foil and the bottom

of the tape caster before the foil was smoothed out. An image showing the procedure

of tape-casting is presented in Figure 3.1. After tape-casting, the anode laminates were

dried at 60 °C for 12 hours before the electrodes were punched out.

Figure 3.1: Experimental procedure of tape-casting.
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3.4 Cell assembly

During this project, both coin cells and 3-electrode cells were used. Section 3.4.1 and

3.4.2 explains the assembly of coin cell and 3-electrode cell respectively. The assembly of

both cells were performed inside an argon filled glove box.

3.4.1 Coin cell

The coin cells were made with Hohsen 2016 parts, having lithium metal as the counter

electrode and graphite as the working electrode. A single layer microporous polypropylene

Celgard 2400 with thickness equal 25 µm was used as the separator.

By using an electrode cutter (Hoshen), the anode laminate was punched into circular disks

with diameter of 16mm, and dried under vacuum at 120 °C for 12 hours. The separators

were punched into circular disks with diameter of 19 mm, and dried under vacuum at 60

°C for 5 hours. After drying, both electrodes and separators were transported into the

glove box.

One graphite anode was placed in the lower coin cell part with the active material facing

upwards. The separator was applied on top of the graphite electrode, such that both the

anode and separator were centered. Afterwards, a gasket was assembled on top of the

separator. Further, lithium metal was brushed to remove potential oxidised layer, and

punched into a circular disk with diameter of 14 mm, before it was pressed onto a 0.3mm

spacer. The separator was wetted with 50 µL electrolyte (1.2 mol/L LiPF
6

in 3:7 wt %

ethylene carbonate: ethyl methyl carbonate and 2 wt% vinylene carbonate) before the

lithium/spacer- component was placed on top of the separator with the lithium metal

facing downwards. Finally, the upper coin cell part was placed on top of the spacer, and

the cell was sealed by using a crimper. Figure 3.2 shows the components together with

the assembly of a coin cell.

Figure 3.2: Components used in a coin cell and it’s assembly
[19]

.
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3.4.2 3-electrode cell

The 3- electrode experiments were performed in PAT-cells. These cells had graphite as

anode material, LFP as cathode material, and metallic lithium as the reference electrode.

All graphite electrodes were calendered to a given geometrical density. To obtain as

accurate densities as possible, the electrodes were punched out and then calendered.

This was evaluated as a better approach compared to calendering the entire cast, as this

often resulted in local differences. The densities of the graphite electrodes varied for the

different experiments and are specified in the section for each experiment. Appendix B.3

presents the calculations needed to find the correct electrode thickness to achieve the

preferred geometrical density.

As rate-testing in half cells is not possible due to the overpotential from the lithium

electrode, LFP is used as the cathode material for the 3-electrode experiments. To

ensure fully utilization of the anode, an oversized cathode of 3.5 mAh/cm2 provided by

Customcells was used. The height of this cathode equal 208 µm, which required a height

number of 350 for the lower plunger. This ensured that the reference ring was plane with

the separator. The insulating sleeve used for these experiments was provided by EL-cell

and contained a lithium reference ring and FS-5P separator [76], which is a two layered

separator made of polypropylene.

The LFP- and graphite- laminates was punched into circular disks with diameter of 18

mm by using an electrode cutter provided by El-Cell. The electrodes were dried at 120

°C in vacuum for 12 hours before they were transported into the glove box.

One insulating sleeve was taken out from a vacuum-packed bag and placed on the worktop

with the smallest side facing upwards. A LFP electrode was placed on top of the separator

such that the current collector pointed upwards. The lower plunger was applied on top of

the cathode, and the component was placed in the bottom cell base such that the largest

side of the insulating sleeve pointed upwards. Furthermore, the separator was wetted

with 100 µL electrolyte before the graphite anode was placed on top of the separator

with the current collector facing upwards. The upper plunger was inserted, before the

cell was sealed by the upper cell base. The type of electrolyte used in these cells varied,

and are specified in the section for the specific experiment.
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Figure 3.3: The components of a PAT-cell
[19]

.

3.5 Determination of the specific capacity

Although the theoretical capacity of graphite equal 372 mAh/g, the specific capacity

varies for different types of graphite powders. The specific capacity of the two powders

were found by cycling coin cells at low lithiation- and delithiation- rates equal to C/30.

Detailed explanation of the cycling program is presented in Appendix C.1. Because the

specific capacities of the two powders at this point were unknown, the theoretical value of

372 mAh/g was used to calculate the currents. The calculations used to find the cycling

currents are shown in AppendixB.2. This method is general for all currents used in this

project. The specific capacities were used to calculate the cycling currents for the rest of

the project.

3.6 Slurry optimization

To compare the performance of the two powders, it was preferred to have electrodes with

similar capacity. The aimed capacity was 2 mAh/cm2. Because the two powders had

different specific capacity, the loading needed to obtain this value varied. Appendix B.2

shows the calculations used to find the required loading to obtain 2mAh/cm2 based on

the specific capacity of the powder. Table 3.2 show the different solid/liquid-ratios and

gap-sizes tested to reach the target loading. The recipe that gave electrodes with loading

closes to the aimed value were used for the rest of the project.

Table 3.5: Slurry optimization of the S48- and S93- powder. The table shows the different solid/liquid-

ratios as well as the gaps-sizes that were tested.

Type of powder
Solid
Liquid - ratio [%] Gap-size [µm]

S48 70 150, 180, 200

72 100, 120, 150, 200

S93 72 120, 150, 180, 200

75 150, 200
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3.7 Formation of 3-electrode cells

Before any electrochemical tests were performed on the PAT-cells, a formation program

was started to create the SEI- layer. The following paragraph explains this program.

The LFP electrode was set as the working-electrode, while graphite constitutes as the

counter electrode. The formation started with a 5 minutes rest step followed by lithiation

at C/20 until the cell potential had reached 1.5V. This step was applied to avoid corrosion

of the copper current collector. Afterwards, a 12 hours rest step was applied to ensure

good wetting of the electrodes. The graphite electrode was then lithiated at C/30. To

avoid plating of the counter electrode, a lower potential limit was set to 5mV at the counter

electrode. Additionally, a potential limit equal 4.2V was set at the working electrode,

and 4V for the cell potential as safety measures. After lithiation, delithiation at C/30

followed. A safety limit equal 1V was set at the counter electrode, while the upper limit

equal 3V for the working electrode, and 2V for the cell potential. The formation was

followed by two cycles at C/10, having similar potential limits as described for the C/30

cycle. Appendix C.2 provides detailed information about this program.

3.8 Tortuosity measurements

The tortuosity of electrodes made by the S48- and S93- powders was calculated by using

Equation 2.12 which is presented in Section 2.8.2. Here, the electrode surface area (A),

electrode- porosity (✏) and thickness (d) were known, while the ionic resistance (Rion)

and conductivity of the electrolytes (�ion) were found by EIS measurements. The experi-

mental procedure was based on the application note "Determination of the through-plane

tortuosity of battery electrodes by EIS" written by rhd instruments with GmbH and Co.

KGDr. M. Drüschler [77].

This experiment was performed in PAT-cells with two electrolytes having different concen-

tration of tetrabutylammonium hexafluorophosphate Bu
4
NPF

6
. Two concentrations were

used to validate the choice of using the simplified TLM-model to evaluate the impedance

data. Section 3.8.1 3.8.2 and 3.8.3 presents the experimental procedure for making the

electrolytes, cell assembly and EIS-program.
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3.8.1 Electrolytes

To measure the tortuosity of the electrodes, intercalation needs to be avoided. There-

fore, lithium-free electrolytes were made by mixing ethylene carbonate (EC), dimethyl

carbonate (DMC) and Bu
4
NPF

6
.

EC was heated at 30 °C until melting. DMC was added to the container, followed by EC,

in a 1:1(wt) -ratio. A syringe was used to apply both solutions. To avoid crystallisation

of the EC-solution, the syringe was heated to 30 °C. Afterwards, the correct amount of

Bu
4
NPF

6
was added to obtain concentrations of 0.1 mol/L and 0.01 mol/L. Finally, a

magnetic stirrer was used to mix the electrolytes overnight. The calculations used to find

the amount of each component are presented in Appendix B.5.

After making the electrolytes, the conductivity of the two solutions were calculated by

using Equation 2.15. The electrolyte resistance was measured at 25 °C by EIS using the

Nova 2.1.5 software. For these measurements a TSC70 cell [78] together with PGSTAT

204 with a FRA32M module [79] provided by Metrohm Autolab was used. As this is a

complex structure, the cell constant could not be found directly as described in Section

2.9.3. The cell constant was calculated by using Equation 2.15, measuring the electrolyte

resistance by EIS for a 0.1M KCl-solution with known conductivity equal 12.87 mS/cm

at 25 °C.

For all the impedance measurements, the frequency interval ranged from 100 Hz to 500

kHz with the voltage amplitude equal 10mV. The program had 10 measuring points per

decade, and all impedance curves were fitted by the RelaxIS software using the circuit

element shown in Figure 3.4. Here R1 is the electrolyte resistance and Q1 is a constant

phase element.

Figure 3.4: Circuit element used to fit the impedance data for the conductivity measurements. The

circuit consists of the electrolyte resistance R1, and a constant phase element Q1.
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3.8.2 Symmetric cell assembly

PAT-cell was used as test-cell, in which the basic assembly were similar as explained

in Section 3.4.2. However, there were two main differences from this assembly. Firstly,

instead of using a 3-electrode cell, a symmetrical two-electrode cell with graphite as both

working- and counter- electrode was used. Both electrodes were calendered to a geomet-

rical density of 1.35 ± 0.02 g/cm3 which corresponded to a porosity of approximately 38.4

± 0.3%. The porosity depended on the slurry composition, and the calculations of this

is shown in Appendix B.4. The electrode area equal 2.545 cm2. The average thickness

of the two graphite electrodes in the same cell (excluding the current collector) was used

for the tortuosity calculations. These values varied between approximately 53 µm and

55.5 µm including the current collector and required a lower plunger with height number

equal 200. Secondly, as these measurements did not use a lithium reference electrode, the

insulating sleeves used for the PAT-cell assembly described in Section 3.4.2 was not used.

Instead, a Celegard 2400 separator with diameter equal 21 mm was placed in a PAT-Core

PEEK sleeve provided by EL-cell [80]. The assembly of the sleeve and the PAT-cell was

performed inside a glove box.

3.8.3 Test program: ionic resistance

The ionic resistance (Rion) in the symmetrical cells was found with EIS, using a frequency

interval from 10 mHz to 100 kHz. The voltage amplitude was set to 1mV and 20 measuring

points per decade were chosen. Based on the application note "Determination of the

through-plane tortuosity of battery electrodes by EIS" written by rhd instruments with

GmbH and Co. KGDr. M. Drüschler [77], a transmission- line open element model (TLM)

was chosen to fit the experimental data. This model is explained in Section 2.9.2, and

the circuit is shown in Figure 3.5.

Figure 3.5: Circuit element used to fit the impedance data for the symmetrical cells for the tortuosity

measurements. The circuit consists of the electrolyte resistance R1, and the simplified

transmission line model Ma.
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3.9 Fast charge ability of S48- and S93-electrodes

The S48- and S93-powder was further investigated by comparing the fast charge ability

of S48- and S93-electrodes in a charge acceptance test. For this experiment PAT-cells

were cycled using a potentiostat and assembled as described in Section 3.4.2. The LFP

electrode was set as the working-electrode, while graphite constitutes as the counter

electrode. The anodes were calendered to a geometrical density equal 1.35 ± 0.02 g/cm3.

The electrolyte used for these experiments was 1.2 mol/L LiPF
6

in 3:7 wt % ethylene

carbonate: ethyl methyl carbonate and 2 wt% vinylene carbonate.

3.9.1 Test program: charge acceptance test

After formation of the PAT- cell, a charge acceptance test was performed. This test had

lithiation rate starting at C/2 and increased with C/2 steps up to 5C. The delithiation

rate was kept constant during the entire test and equal C/2. Each cycle was performed

5 times. In this paragraph, one cycle sequence is described in detailed.

After 1 minute rest, lithiation at C/2 was applied. A safety limit of 4.0 V was set to the

cell potential. To avoid overlithiation and hence plating of the graphite electrode a lower

limit of 5mV was given at the counter electrode. After lithiation, a delithiation rate of

C/2 was applied with an upper potential limit of 2.5V for the cell potential. The upper

potential limit was set to 1V for the counter electrode. To ensure full delithiation of the

graphite electrode, a rest step of 1 minute followed by a delithiation at C/10 was applied.

The same potential limits as for the delithiation at C/2 were used. This sequence was

preformed 5 times before the lithiation rate increased with C/2, while the delithiation

rate was kept constant throughout the test. Detailed explanation of the program is given

in Appendix C.3.

After rate-test, the resistance in the two cells were investigated with EIS-measurements.

As graphite is most stable at potentials close to 75 mV, lithiation at C/20 with potential

limit at 75mV for the graphite electrode was applied after the rate-test, before the EIS-

measurement was started. During the measurements LFP was set as the counter electrode

and graphite as the working electrode. The frequency interval used for the EIS- program

ranged from 1mHz to 200 kHz, having 6 measuring points per decade. The voltage

amplitude was set to 5 mV. The results were fitted to a R-Randles-circuit shown in

Figure3.6, where Wo is the open-warburg element.

43



3 Experimental

Figure 3.6: Circuit element used to fit the impedance result for a 3-electrode cell. The circuit consists

of electrolyte resistance R1, constant phase element Q, charge transfer resistance R2 and

Warburg open element Wo.

3.9.2 Postmortem characterization of cycled electrodes

To investigate whether the electrodes had suffered from lithium plating after the charge

acceptance test, SEM micrographs of the graphite surface were taken. After the EIS-

measurement, the cell was delithiated at C/20 with a potential limit of 1V for the graphite

electrode before the cell was disassembled inside the glove box. The graphite electrode

was washed with DMC and dried for 30 minutes before it was transported to the SEM in-

strument. During this transport the electrode was exposed to air. The electrode surfaces

were imaged by using Zeiss-Supra 55VP with secondary electrons and an accelerating

voltage equal 10 kV. The SEM micrographs of the cycled electrodes were compared to

SEM micrographs of uncycled electrodes, which were taken with the same instrumental

setup.

3.10 Porosity graded electrodes

The following sections describes the manufacturing, characterization, and measurements

performed on porosity graded electrodes.

3.10.1 Manufacturing

Based on the result from the charge acceptance test and the tortuosity measurements, the

powder showing the best performance was used to make double layered electrodes. The

anode laminate had a bottom layer with geometrical density equal 1.45 ± 0.02 g/cm3 and

a top layer with density of 1.25 ± 0.02 g/cm3. The bottom layer was tape casted similar

as described in Section 3.3. After drying the laminate at 60 °C for 3 hours, the geometrical

density of 1.45 ± 0.02 g/cm3 was achieved by calendered the entire cast to the preferred

thickness, which was found by the calculations shown in Appendix B.3. The loading used

to calculate this thickness was found by making an additional anode laminate with the
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same slurry and gap-size. From this cast, electrodes were punched out and the loading

of these were used to calculate the thickness. Unfortunately, the calendering resulted in

an uneven and wavy-like structure of the laminate, which made it challenging to tape

cast the top layer. As an attempt to improve this, Cu-foils with different thicknesses

of 18mm, 13 mm and 12 mm were tested, in which the thinnest foil also had better

mechanical properties. Additionally, the laminate was pressed between two glass plates

for 12 hours, before the top layer was applied. During pressing, the container with slurry

that should be used to cast the top layer was sealed. Before applying the second layer,

mixing at 500 rpm for 5 minutes in addition to an ultrasound bath was used to remove

gas bubbles that had been formed in the slurry during the storage period.

The bottom layer was tape casted by using a fixed gap applicator with a width equal

9 cm, while the top layer was made by using a fixed gap applicator with a width equal

7 cm. This was to ensure a uniform distribution of the slurry. The first attempts of

making the double layered electrode were performed with a gap-size equal 100 µm for

both bottom- and top- layer. To reduce the loading, experiments using 50 µm in gap-size

for both layers were tested.

After the second layer were tape casted, the anode laminate were dried at 60 °C for

12 hours before electrodes were punched out and pressed to the density of 1.25 ± 0.02

g/cm3 for the top layer. As calendering these electrodes resulted in the top layer peeling

off, a uni-axial press was used instead. The same approach as previously described were

used to calculate the thickness needed to achieve a top layer with density of 1.25 ± 0.02

g/cm3. Here, the loading of the specific electrode was used. Because the loading of the

electrode was given for both layers, the average density of 1.35 ± 0.02 g/cm3 were set as

the desired geometrical density. This approach assumed that the loading of the bottom-

and top- layer was equal. Moreover, it was assumed that only the top layer would be

affected by the pressing, and that the thickness of the bottom layer was kept unchanged.

An illustration of the double layered anode laminate is shown in Figure 3.7.

Figure 3.7: Illustration of a doubled layered electrode having a dense bottom layer and a more porous

top layer.
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3.10.2 Fast charge ability of porosity graded electrodes

The fast charge ability of the double layered electrode was compared to a single layer

electrode in a charge acceptance test. To obtain the best basis for comparison, the

loading of the single electrode was optimized such that it became close to the loading of

the double layer electrode. The single layered electrode was made by using a solid/liquid-

ratio of 72 % and gap size equal 200 µm. Additionally, the single electrode was calendered

to a geometrical density of 1.35 ± 0.02 g/cm3, which corresponded to the average density

of the double layer electrode. The electrodes were tested in PAT-cell and assembled

similar as described in Section 3.4.2. The same rate-test program as described in Section

3.9.1 were used, with one change regarding the delithiation conditions.

It was observed that the potential of the LFP electrode dropped faster during delithiation

than what was observed in the previous rate-tests. Consequently, the delithiation of

graphite stopped at potential close to 0.3V instead of 1V. To avoid this, the delithiation

was changed to C/5 with upper limit of 2 V for the cell potential and 1V for the graphite

electrode. This was followed by a 1 minute rest step before delithiation at C/50 was

applied, having the same potential limitations as for the C/5 delithiation.

To obtain an indication of the degradation of the cells, EIS was performed before and after

the charge acceptance test for both cells. The same program as described in Section 2.9.2

was used. The graphite electrode was lithiated at C/20 to a stable potential equal 75mV

before both EIS-measurements. To obtain a fully delithiated graphite electrode when the

charge acceptance test started, the cell was delithiated at C/20 with a potential limit of

1V for the graphite electrode after the first EIS measurement.

3.10.3 Cross section characterization

The densities of the double- and single- layered electrodes were compared by taking SEM

cross-section micrographs. The cross sections were generated by an argon beam mill

at SINTEF Industry. The SEM micrographs taken by using Zeiss-Supra 55VP with

secondary electrons and an accelerating voltage equal 10kV.

46



4 Results

4 Results

4.1 Powder characterization

The morphology of the two powders was characterized with SEM micrographs and by

measuring the BET surface area and PSD. The obtained BET surface area values are

tabulated in Table 4.1 and were quite similar. The S48- powder had a slightly lower value

equal 1.0210 m2/g, compared to 1.2916 m2/g for the S93- powder.

Table 4.1: BET surface area of the S48- and S93- powder.

Powder BET surface area [m2
/g]

S48 1.0210

S93 1.2916

In addition to BET- analysis, the PSD of the powders was measured by laser diffraction.

The fraction as a function of particle diameter is presented in Figure 4.1 for both powders.

As can be seen, the particle size was a bit larger for the S93- powder with d50 equal 11.72

µm, compared to 9.75 µm for the S48- powder. Additionally, the S48- powder had a

more narrow distribution compared to the S93-powder. This can be seen as the highest

fraction equal 15.6 % for the S48- powder, while it was 14.8% for the S93- powder.

Figure 4.1: Particle size distribution of the S48- and S93- powder. The figure shows the fraction in %

as a function of particle diameter, when assuming all particles to be spheres.
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The morphology of the two powders was further investigated by SEM. The resulting

SEM micrographs are presented in Figure 4.2. Here, Figure 4.2a and 4.2c represent

the S48- powder, while Figure 4.2b and 4.2d show the S93-powder. The micrographs

show a relative homogeneous particle size distribution, which is in correlation to the

results obtained from laser diffraction shown in Figure 4.1. However, there are some

differences between the two powders. More agglomerates were observed for the S93-

powder compared to the S48-powder. A visual of this difference is shown in Figure 4.2c

and 4.2d. The agglomerates consist of multiple small particles in which their edges are

oriented in different directions. Additionally, the S48-particles seem to align better to the

surface, compared to the S93-particles in which the edges of the particles seem to stick

more up from the surface.

(a) S48-powder (b) S93-powder

(c) S48-powder (d) S93-powder

Figure 4.2: SEM micrographs of the S48- and S93- powders. Figure a and c represents the S48- powder,

while figure b and d are the S93-powder.
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4.2 Slurry optimization and manufacturing of anode laminates

To obtain the best basis for comparison of the S93- and S48- electrodes, it was preferred

that they had the same capacity equal 2 mAh/cm2. This was achieved by optimizing

the slurry recipes. The results from this process are presented in Section 4.2.1 and 4.2.2.

These results were further used to manufacture the porosity graded electrodes, in which

the results from this process are presented in Section 4.2.3.

4.2.1 Determination of the specific capacity

The specific capacity of the powders was found by cycling coin cells at C/30 having

graphite and lithium metal as working- and counter- electrode respectively. Figure 4.3

shows the cell potential vs. Li/Li+ as a function of capacity for both powders during the

first two cycles. From Figure 4.3a and 4.3b the specific capacity of the S48- and S93-

powder were found to be 352 mAh/g and 325 mAh/g respectively.

(a) (b)

Figure 4.3: Cell potential vs. Li/Li
+

as a function of capacity for the S48- and S93-powder. The

measurements are performed in coin cells having graphite and lithium metal as the working-

and counter- electrode respectively. The theoretical capacity of graphite equal 372 mAh/g

were used to calculate the cycling current of C/30.

4.2.2 Processing parameters

The specific capacities were used to calculate the loading needed to obtain electrodes

with capacities of approximately 2 mAh/cm2. As the powders had different specific ca-

pacities, the targeted loading of the electrodes needed to reach 2 mAh/cm2 also varied.

The resulting targeted loadings equal 5.68 mg/cm2 and 6.15 mg/cm2 for S48- and S93-

electrodes respectively and was calculated as show in Appendix B.2. To obtain electrodes
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with these loadings, different solid/liquid-ratios and gap-sizes were tested. These param-

eters together with the corresponding loading are presented in Table 4.2 and 4.3 for the

S48- and S93- powder respectively. The average loading was based on five electrodes from

each cast and was calculated as described in Appendix B.2. As expected, the loading

increased with increasing gap-size and solid/liquid- ratio. Furthermore, it was observed

that the standard deviation was higher for slurries with lower solid/liquid-ratio, with one

exception for the S48- powder having solid/liquid-ratio equal 72 % and gap size equal

200 µm.

The recipes that gave electrodes with loading close to the targeted loading of 5.68 mg/cm2

and 6.15 mg/cm2 for S48 and S93 respectively were chosen. This resulted in a solid/liquid

ratio of 70 % and gap-size of 150 µm for the S48- powder, while a solid/liquid ratio of 72

% and gap-size of 150 µm were used for the S93- powder. These recipes are highlighted in

Table 4.2 and 4.3. The electrodes used to measure the tortuosity and evaluated the fast

charge ability of the S48- and S93 powders were manufactured by using these recipes.

Table 4.2: Slurry optimization with the S48- powder. The table presents the different solid/liquid-

ratios and gap-sizes tested, with the resulting average electrode loading. The recipe chosen

for further experiments are highlighted in blue.

Solid
Liquid - ratio [%] Gap size [µm]

Average

loading [
mg
cm2 ]

70 150 5.72 ± 0.22

70 200 7.16 ± 0.43

72 100 4.70 ± 0.08

72 150 6.64 ± 0.10

72 200 8.81 ±0.49

Table 4.3: Slurry optimization with the S93- powder. The table presents the different solid/liquid-

ratios and gap-sizes tested, with the resulting average electrode loading.The recipe chosen

for further experiments are highlighted in red.

Solid
Liquid - ratio [%] Gap size [µm]

Average

loading [
mg
cm2 ]

72 50 2.03 ± 0.28

72 100 4.26 ± 0.21

72 150 5.81 ± 0.25

72 200 7.59 ± 0.27

75 150 7.14 ± 0.18

75 200 9.67 ± 0.11
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4.2.3 Manufacturing of porosity graded electrodes

For the manufacturing of double- layer electrodes, the S93-powder was used with the

same solid/liquid-ratio as was found in Section 4.2.2. However different gap-sizes of the

fixed gap applicator were tested for these electrodes. The manufacturing of the double

layer electrodes was challenging, and multiple types of current collectors and calendering

techniques were tested. This section presents the results obtained from the different

manufacturing techniques.

The biggest challenge was to obtain a smooth and even laminate after calendering the

bottom layer to a geometrical density of 1.45 g/cm3. The Cu-foil tend to crease and caused

a wavy structure of the anode laminate. To avoid this, different Cu-foils with thicknesses

of 18 µm, 13 µm and 12 µm were tested. The results can be seen in Figure 4.4, in which

the thickest and the thinnest foil is presented from the left to the right. As the pictures

show, the thickest foil suffered most from deformation which became especially visible at

the interface of the slurry and the Cu-foil. By changing to a thinner Cu-foil, the anode

laminate became easier to handle in the calendar, which gave less deformation of the foil,

hence also a more even anode laminate. This can be seen as the deformation decreases

with decreasing thickness of the Cu-foil. The result became substantially better for the

thinnest Cu-foil, as this foil also had better mechanical properties compared to the two

others. For this reason, the thinnest foil of 12 µm was used for further manufacturing.

Figure 4.4: Bottom layer after calendering with three different Cu-foils. The Cu-foil thicknesses tested

were 18 µm, 13 µm and 12 µm going from the left to right in the figure respectively.
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However, as can be seen from the pictures, smaller waves were observed at the surface of

the anode laminate using the thinnest Cu-foil after calendering. As an attempt to reduce

this, the foil was pressed between two glass plates overnight. Figure 4.5 shows pictures

of the anode laminate before (to the left) and after (to the right) pressing. As can be

seen, the small waves have been smoothed out to a more uniform surface, giving a more

even laminate. Therefore, it was concluded that pressing was needed before applying the

second layer. Unfortunately, there was still some structure observed at the surface which

was impossible to remove. Consequently, the laminate was a bit curved when applying

the top layer.

Figure 4.5: Anode laminate before and after pressing for the left and right image respectively. The

laminate had Cu-foil with thickness equal 12 µm.

Since the anode laminate was uneven, an attempt of smooth it out by sticking it to the

bottom of the tape-caster with ethanol was tried. Although the laminate became even

smoother, it was unavoidable to have some part of the laminate sticking up from the tape-

caster. Consequently, only some parts of the laminate were fully covered with the top

layer. Therefore, another attempt of tape casting the top layer were performed without

sticking the anode laminate to the tape-caster. This enabled the cast to adjust to the

high of the fixed gap applicator during casting. This technique resulted in a fully covered

second layer and was therefore the technique used for further manufacturing. The two

cases can be seen in Figure 4.6, showing the result with- and without- the use of ethanol

for the left and right pictures respectively.

52



4 Results

Figure 4.6: Anode laminate after applying the top layer. The pictures show the difference of using and

not using ethanol to stick the laminate to the bottom of the tape caster. The left picture

shows the case in which ethanol was used, while the right image shows the case in which

the laminate was not sticked to the tape caster.

The double layer cast was first created by using a fixed gap applicator with gap- size equal

100 µm for both layers. This resulted in an average capacity of 4.75 ± 0.25 mAh/cm2. As

an oversized LFP cathode with capacity of 3.5 mAh/cm2 was used for these experiments,

the capacity of these anodes was too high. To reduce the loading, a fixed gap applicator

with gap-size equal 50 µm was used to cast the two layers. This resulted in an average

capacity equal 2.45 ± 0.16 mAh/cm2. Because this gave anodes with lower capacity than

the cathodes, this procedure was used for the further manufacturing of the double layered

electrodes. The average loading and capacity with standard deviation for the two cases

are presented in Table 4.4.

Table 4.4: The loading and theoretical capacity of double layer electrodes made by a fixed gap applicator

with gap-size equal 50 µm and 100 µm.

Gap-size µm Loading [mg/cm2
]

Theoretical

capacity [mAh/cm2
]

50 7.54 ± 0.48 2.45 ± 0.16

100 14.62 ± 0.77 4.75 ± 0.25

It was observed that the standard deviations of the double layer electrodes were higher
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compared to the single layer electrodes made during the slurry optimization for the S93-

powder which can be seen in Table 4.3. Moreover, the loading of the double layer elec-

trodes made by applying two layers of 50µm was higher compared to the loading of a

single layer electrode made with a gap-size of 100µm of the same powder(S93) from Ta-

ble 4.3. This can be seen as the double layered electrode had an average loading equal

7.54 ± 0.48 mg/cm2 while the single layered electrode had 4.26 ± 0.21 mg/cm2. The

same observation was made for the double layer electrodes made with a 100 µm gap-size

compared to a single layer electrode made with a gap-size equal 200 µm.

54



4 Results

4.3 Tortuosity measurement: comparing S48- and S93- electrodes

The results from the tortuosity measurements on S48- and S93- electrodes are presented

in the following sections.

4.3.1 Ionic conductivity measurements

To determine the ionic conductivity of the electrolytes used in the tortuosity measure-

ments, the cell constant was found by measuring the electrolyte resistance by EIS of a

0.1M KCl- solution with a known conductivity of 12.87 mS/cm at 25 °C. The Nyquist plot

together with the obtained values of the circuit parameters are presented in Appendix

D.2.1 and gave a cell constant equal 16.22 ± 0.24 cm�1. Afterwards, the conductivity

of the electrolytes was calculated with EIS- measurements. The results are presented

as Nyquist plots in Figure 4.7 for the two electrolytes. The EIS data were fitted with

RelaxIS to the circuit shown in Figure 3.4. The fitted values are presented in Appendix

D.2.2, Table D.2. The choice of circuit was based on the application note "Fundamen-

tal Calculation of Cell Constants using the Autolab Microcell HCTSC70 and TSC1600"

published by Metrohm Autolab [70]. As can be seen, the experimental data deviated from

a linear trend at low frequencies. Because the goal was to find the resistance of the

electrolytes, only the linear region at high frequency was evaluated. In this region the

impedance of the constant phase element becomes close to zero which can be seen from

the equation presented in Table 2.1. Therefore, the dominating circuit element in the

high frequency region was the electrolyte resistance [81]. It was observed that the KCl-

solution gave a more linear trend compared to the two electrolytes for a wider frequency

interval. Consequently, a larger number of the experimental data points were evaluated

for the KCl- solution.
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(a) Electrolyte: 0.01M Bu4NPF6 in 1:1 wt% EC:DMC. (b) Electrolyte: 0.1M Bu4NPF6 in 1:1 wt% EC:DMC.

Figure 4.7: Nyquist plot for the EIS-measurements of the electrolytes used to calculate the ionic con-

ductivity.

The resistance values (R) for the two electrolytes equal 42.013 ± 0.168 kΩ and 5.460 ±
0.013 kΩ for 0.01M and 0.1M respectively. By using these values together with the cell

constant equal 16.22 ± 0.24cm�1, Equation 2.15 was used to calculate the conductivity of

the electrolytes. This gave 0.386 ± 0.006 mS/cm and 2.971 ± 0.045 mS/cm for the 0.01M

and 0.1M electrolyte respectively as shown in Table 4.5. As expected, the electrolyte

having the lowest concentration of Bu
4
NPF

6
also had the lowest conductivity. The 0.01M

electrolyte had almost ten times lower conductivity compared to the 0.1M electrolyte.

Table 4.5: The conductivity of the two electrolytes used in the tortuosity measurements.

Celectrolyte[mol/L] �dc(25 °C) [mS/cm]

0.01 0.386 ± 0.006

0.1 2.971 ± 0.045

4.3.2 Symmetrical cell impedance

After calculating the ionic conductivity of the electrolytes, the ionic resistance in the sym-

metrical two-electrode cells was found by EIS- measurements. For these measurements

it was desired to have approximately equal loading of the electrodes in the same cell.

The targeted loading presented in Section 4.2 were used. However, because of a large
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deviation in loading, it was evaluated as most important to have electrodes with equal

loading within the same cell more than being close to the targeted loading. The resulting

loading, theoretical capacity, geometrical density, and thickness (excluding the thickness

of the current collector) of the electrodes are presented in Table 4.6. The calculation of

the theoretical capacity was based on the specific capacity of each powder.

Table 4.6: The loading, theoretical capacity, geometrical density and thickness of the electrodes used

in the symmetrical two-electrode cells.

Powder Electrolyte Loading [mg/cm2
]

Theoretical

capacity [ mAh/cm2
]

Geometrical

density [g/cm3
]

Average

thickness [µm]

S48 0.01 5.57 and 5.55 1.96 and 1.95 1.36 and 1.35 41.0350 ± 0.0002

0.1 5.69 and 5.64 2.00 and 1.99 1.36 and 1.35 41.8500 ± 0.0001

S93 0.01 5.90 and 5.92 1.92 and 1.93 1.36 and 1.35 43.5202 ± 0.0005

0.1 5.75 and 5.79 1.88 and 1.88 1.35 and1.36 42.6250 ± 0.0001

The results from the EIS-measurements are presented as Nyquist plots in Figure 4.9, in

which the blue graphs represent the S48-powder, and the red graphs show the S93-powder.

To obtain the exact values for the ionic resistance, the experimental data were fitted to

the simplified transmission line model shown in Section 2.9.2. The fitted parameters are

shown in Appendix D.2.3 Table D.3. For the S48-cells the ionic resistance equal 113.0

± 0.98 Ω and 16.18 ± 0.93Ω for 0.01M and 0.1 M electrolytes respectively. The ionic

resistance of the S93-cells were measured to be 69.54 ± 0.99 Ω and 11.14± 0.99 Ω for the

0.01M and 0.1 M electrolyte respectively.
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(a) S48-electrodes with the 0.01M electrolyte. (b) S48-electrodes with the 0.1M electrolyte.

(c) S93-electrodes with the 0.01M electrolyte. (d) 938-electrodes with the 0.1M electrolyte.

Figure 4.9: Nyquist plot for the EIS-measurements of symmetrical cell having graphite as counter-

and working- electrode with electrolytes having 0.01M and 0.1M of Bu4NPF6 in 1:1 wt%

EC:DMC.

By using the conductivity of the electrolytes and the ionic resistance in the cell, the tor-

tuosity of the electrodes was calculated with Equation 2.12 for both powders with the two

electrolytes. The average thickness of the two graphite electrodes in the same cell was

used for the calculations. These values are presented in Table4.6 for each cell. Based on

the true electrode density which was calculated from the slurry composition as shown in

Appendix B.4, the average porosity of 38.4 ± 0.3% were used for all four cells. Further-

more, the electrode area equal 2.545 cm2. The resulting tortuosity values are presented
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in Table 4.7. It was observed that the S48- electrodes had the highest tortuosity with

5.20 ± 0.1 and 5.61 ±.035 for the 0.01M and 0.1 M electrolytes respectively. Moreover,

the S93- electrodes had tortuosity of 3.01 ±0.07 and 3.79 ± 0.36 for 0.01M and 0.1M

electrolytes respectively. Additionally, it appears that the highest tortuosity was given

for the cells having the electrolyte with the highest conductivity.

Table 4.7: The resulting tortuosity values of S48- and S93- electrodes using two electrolytes with dif-

ferent conductivity.

Powder Celectrolyte [mol/L] ⌧ [-]

s48 0.01 5.20 ± 0.10

0.10 5.61 ± 0.35

s93 0.01 3.01 ± 0.07

0.10 3.79 ± 0.36
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4.4 Evaluation of the fast charge ability of S48- and S93-electrodes

The fast charge capability of the two powders was evaluated in a charge acceptance test

with charging rates from C/2 to 5C. Similar as for the tortuosity measurements, the tar-

geted loading of 5.68 mg/cm2 and 6.15 mg/cm2 for the S48- and S93- powder respectively

were used. The resulting loading, theoretical capacity, thickness, and geometrical density

are presented in Table 4.8. The theoretical capacities are based on the specific capacity of

the powders found in Section 4.2. The table shows a slightly higher theoretical capacity

of the S48-electrode compared to the S93-electrode.

Table 4.8: The loading, theoretical capacity, thickness, and geometrical density of the graphite elec-

trodes used in the charge acceptance test.

Powder Loading [mg/cm2
]

Theoretical

capacity [mAh/cm2
]

Thickness [µm]
Geometrical

density [g/cm3
]

S48 5.57 1.96 41.4 1.35

S93 5.84 1.90 43.4 1.35

The cell potential and the potential of the counter- and working- electrode as a function

of time is presented in Figure 4.11. The figure presents the two first cycles in the charge

acceptance test with charge- and discharge- rate equal C/2. This gives the correlation

between the three potentials, and constitutes the bases for the three-electrode experiments

that is presented in the coming sections. The data was obtained from the S93-cell, and

similar tendency was observed for the S48-cell. The entire voltage profile during the

charge acceptance test is presented in Appendix C.3 Figure C.3 for the S93-cell.
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Figure 4.11: The cell potential and the potential of the working- and counter- electrode as a function

of time. The figure shows the two first cycles at charge- and discharge- rate equal C/2

for the charge acceptance test. The data is obtained from the S93 cell having graphite as

counter electrode, oversized LFP as working electrode and lithium metal as the reference

electrode. The cycling currents is based on the graphite electrode, using the specific

capacity of the S93-powder.

Before the fast charge ability of the S48- and S93- cell was investigated, both cells were

cycled with a formation program as explained in Section 3.7. From this, a maximum

capacity of 342 mAh/g and 347 mAh/g were reached for the S48- and S93- cell respectively

for the first delithiation curve at C/30. The potential of the graphite electrode vs. Li/Li+

as a function of capacity for this cycle is shown in Appendix D.1 Figure D.1 for both

cells. It was observed that the maximum capacity obtained from the first formation cycle

of the S93- cell was higher than the specific capacity of the S93- powder obtained from

coin cell shown in Figure 4.3b. The opposite trend was observed for the S48- cell, as the

specific capacity of the S48- powder was measured to be 352 mAh/g as can be seen in

Figure 4.3a.

The results from the charge acceptance test are presented in Figure 4.12, which shows the

capacity as a function of cycle number for the S48- and S93- cell. The lithiation rates going

from C/2 to 5C are also indicated in the figure. As can be seen, the S93- cell showed better

rate- performance compared to the S48-cell as it reached higher maximum capacity and

had smaller capacity drops when increasing the lithiation rate. The maximum reached

capacity of the S93-cell equal 325 mAh/g while it was 311 mAh/g for S48-cell when

cycling at C/2. Compared to the maximum capacity from the first delithiation curve
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during formation, this corresponds to a SOC equal 93.7 % and 90.9 % for the S93- and

S48- cell respectively. Both cells enabled to reach approximately the same capacity for

the five first- and five last- cycles at C/2.

In terms of obtainable capacity, the S93- cell showed the best results at the three first C-

rates. Afterwards the capacities became almost identical for both cells. When increasing

the lithiation rate from C/2 to 1C, the capacity of the S48-cell decreased with 20.6 %

which was higher compared to 13.9% for the S93-cell. Further increase in lithiation rate

gave an almost equal capacity fade for the two cells. This can be seen as the capacity

fades equal 25.5 % and 26.0 % for the S93- and S48- cell respectively when increasing

from 1C to 1.5C. The increase from 1.5C to 2C gave the largest capacity drop for the

S93- cell equal 33.3 %. The same increase in lithiation rate resulted in a capacity drop

equal 29.1 % for the S48- cell.

Figure 4.12: Capacity as a function of cycle number for the S48- and S93- cells. The figure includes

the different lithiation rates from C/2 to 5C, with a constant delithiation rate equal C/2.

The currents are based on the loading of the graphite electrode and the specific capacity

of the graphite powders. The cells had graphite as counter electrode, oversized LFP as

working electrode and lithium metal as the reference electrode.

Based on the results shown in Figure 4.12 the S93- cell had the best performance. This

was further confirmed by studying Figure 4.13 which presents the potential of the graphite

electrode vs. Li/Li+ as a function of capacity for the five cycles at lithiation rates of C/2

and 1C. To increases the readability, these potential curves were plotted between 0V and

62



4 Results

0.5V, however it has to be noted that the anode end potential upon discharge reached ca

0.9V.

As can be seen from the figure, the S48- cell shows more polarisation which makes the

voltage plateaus less pronounced compared to the S93-cell at lithiation rates of C/2 and

1C.

From Figure 4.12 it was observed that the S93-cell reached a higher SOC compared to

the S48- cell, which indicates that the S93-cell was more lithiated. This can further be

confirmed by studying the potential curves at 1C. Here, the fist plateau in the delithiation

curve is longer for the S93-cell, which indicated a higher lithiation of this cell.

(a) Lithiation- and delithiation- rate equal at C/2. (b) Lithiation rate at 1C and delithiation rate at C/2.

Figure 4.13: The potential of the graphite electrode vs. Li/Li
+

as a function of capacity at lithiation

rates of C/2 and 1C, and a constant delithiation rate equal C/2.

To obtain an understanding of the resistance in the cells, EIS-measurements were pre-

formed after the charge acceptance test for both cells. The experimental data together

with the fitted curves are presented in Figure 4.14. RelaxIS with the Randles circuit

shown in Figure 3.6 was used to evaluate the impedance data. The fitted parameters are

presented in Appendix D.3 Table D.4. As can be seen from Figure 4.14 the fitted data

corresponds well with the experimental data.

The impedance results are in correlation with the results obtained from Figure 4.12 and

4.13 as the S93- cell had lower resistance compared to the S48- cell. From the arti-

cle "Modeling and Applications of Electrochemical Impedance Spectroscopy (EIS) for

Lithium-ion Batteries" written by Woosung Choi et. al. [66], R1 is usually evaluated as

the resistance of the electrolyte, while the charge transfer resistance is given by R2. From

the values presented in Table D.4 the electrolyte resistance of the two cells were simi-
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lar to each other and equals 4.52 ± 0.05Ω and 4.48 ± 0.02Ω for the S48- and S93- cell

respectively. A larger difference was however observed for the charge transfer resistance

in which the S48-cell had 7.39 ± 0.12Ω while it was 5.90 ± 0.09Ω for the S93-cell. This

indicates that more energy was required to transfer charge in the S48-cell, which can

contribute to a lower rate performance for this cell.

For the diffusion, the finite open Warburg element was chosen for this setup. The reason

for this choice was based on article "Electrochemical Impedance and its Applications in

Energy-Storage Systems" written by Deyang Qu et al. [51]. They argue that this element

gives a better description of battery electrodes compared to the infinite Warburg element

as explained in theory Section 2.9.2. However, the Warburg model have assumptions that

is not fulfilled for porous electrodes [67]. To mention some of them, the model assumes

a planar symmetry, and that the diffusion follows Fick’s second law which assumes a

homogeneous diffusion of lithium ions [67]. Therefore, the exact diffusion coefficient can’t

be obtained from the Warburg element. Further discussion of this model and factors

influencing the diffusion of lithium ions is given in Section 5.1.2.

Figure 4.14: Nyquist plot from EIS measurements after the charge acceptance test for two cells having

the S48- and S93- powders as the graphite anodes.
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4.4.1 Postmortem characterisation of cycled electrodes

Post-mortem characterization of the electrode surfaces was performed after the charge ac-

ceptance test by SEM. The goal was to investigate if any degradation in terms of lithium

plating had occurred. As described in Section 2.7.3 lithium is hard to detect. To easier

detect possible degradation, the cycled electrodes were compared to uncycled electrodes.

Figure 4.15a and 4.15b corresponds to uncycled S48- and S93- electrodes respectively,

while Figure 4.15c and 4.15d shows cycled S48- and S93- electrodes respectively. Both

the edges and the center of the electrodes were inspected. The pictures are a representa-

tive micrographs of the four cases.

In the micrographs of the uncycled electrodes, it appears that the S48- particles had a

more flat structures compared to the S93- particles which seems to be a bit rounder. This

can be seen as the S48- particles align better in a layer-by-layer structure compared to

the S93- powder. However, this difference was not substantial.

By comparing the uncycled and cycled electrodes, no changes were observed. The investi-

gation of lithium plating was based on the article "Stable Li Metal Anodes via Regulating

Lithium Plating/Stripping in Vertically Aligned Microchannels" written by S.H. Wang

et.al. [55], which imaged plated lithium metal as a worm-like structure. However, no such

structure was observed for any of the samples. Based on this, none of the electrodes

seemed to have suffered from lithium plating during the charge acceptance test.
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(a) Uncycled S48- electrode (b) Uncycled S93- electrode

(c) Cycled S48- electrode (d) Cycled S48- electrode

Figure 4.15: SEM micrographs of the electrode surface for uncycled and cycled S48- and S93-electrodes.
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4.5 Porosity graded electrodes

In this section, the results of the porosity graded electrode experiments are presented.

Based on the results from the tortuosity measurements and the fast charge ability of

the S48- and S93-powder, the S93-powder was evaluated as the best. Therefore, this

powder was used to manufacture the double layer electrodes, in which the results from

this process are presented in Section 4.2.3.

4.5.1 Cross section characterization of the single- and double- layer electrode

A double layered electrode was compared to a single layered electrode with uniform

porosity, by studying their cross section micrographs. The cross sections of the elec-

trodes were generated by an argon ion beam mill at SINTEF Industry. Figure 4.17a and

4.17b presents the cross section micrographs of the double- and single- layer electrode

respectively. Be aware that the double- layer electrode used for imaging was made with

a gap-size of 100 µm which was higher than what was used for the double layer electrode

in the electrochemical tests equal 50 µm. This resulted in a higher loading for the imaged

double layer electrode equal 13.56 mg/cm2. However, because the same approach was

used to calculate the thickness needed to achieve the geometrical densities, the effect of

porosity was assumed to be the same. The single layered electrode shown in Figure 4.17b

was made with the same gap-size as for the single layer electrode in the electrochemical

test equal 200 µm. However, the loading of the imaged electrode was higher and equal

8.88 mg/cm2.

The loading of the electrodes used for electrochemical testing are presented in Table 4.9.

Because of the large difference in loading for the double- and single-layer electrode the

thickness of the electrodes was also large as can be seen from Figure 4.17a and 4.17b.

The thickness of the double layered electrode was measured with a micrometer screw

and equal 101 µm. The same measuring technique gave 66 µm for the single layered

electrode. By using the loading of the electrodes, this gave a geometrical density of 1.34

g/cm3 and 1.35 g/cm3 for the double- and single- layer electrode respectively. This was

close to the aimed average geometrical density of 1.35 g/cm3. To verify these values, the

geometrical density of the two electrodes can be calculated from the SEM micrographs.

This gave thicknesses of approximately 98 µm for the double layer electrode, while it was

approximately 64µm for the single layer electrode. Based on these values and the given

loading, the average geometrical density of the double- and single- layer electrode was
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1.38 g/cm3 and 1.39 g/cm3 respectively. A small difference in the geometrical density was

therefore observed when measuring the thickness with a micrometer screw and evaluating

the SEM micrographs. Moreover, as the exact loading of the layers in the double layer

electrode was unknown, the geometrical density of these cannot be determined from the

SEM micrographs.

In addition to evaluate the average geometrical densities of the electrodes, a visual con-

sideration of the porosities can be obtained from the SEM micrographs. From Figure

4.17a, a large difference in porosity between the top- and the bottom- layer was observed.

The particles in the bottom layer was pressed closer together compared to the top layer,

resulting in a thinner bottom layer with less pores. The SEM micrographs shows even

layers, in which the density seems to be uniform throughout the layers. Additionally, the

interface between the two layers is tight with good contact between them. Moreover, it

was observed that the electrode material lost contact with the current collector. However,

it cannot be concluded whether this indicates worse adhesion to the current collector or

was caused by the argon milling.

The double layer electrode was compared to a single layered electrode with uniform

porosity. As can be seen, the porosity was uniform throughout the single layer electrode.

Furthermore, the SEM micrographs show that the porosities of the single layer and the

top layer of the double-layer electrode was quite similar. A larger difference in porosity

was however observed between the bottom layer and the single layer. Lastly, for both

electrodes, small porous structures which blocks some of the pores were observed. These

structures can be associated to undissolved binder or carbon black agglomerates.

(a) Double-layer electrode (b) Single-layer electrode

Figure 4.17: Cross section micrographs of a double- and single- layered electrode. The cross sections

were obtained by an argon ion beam mill at SINTEF Industry.
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4.5.2 Evaluation of fast charge ability of single- and double-layer electrode

To evaluate the fast charge capability of porosity graded electrodes, a double- layered

electrode was compared to a single- layered electrode in a charge acceptance test. To

achieve as equal conditions as possible, it was preferred to have approximately equal

loading of the two electrodes. The loading of the single- layer electrode was optimized

to the loading of the double layered electrode. The double layered electrode was made

by casting two layers with a 50 µm gap-size, as explained in Section 4.2.3. This resulted

in a loading equal 7.50 mg/cm2. Based on the slurry optimization of the S93- powder

presented in Section 4.2 Table 4.3, a solid/liquid-ratio equal 72 % and a fixed gap size

applicator with gap-size of 200 µm gave electrodes with loading closest to this value.

Although the two electrodes were made with different gap-sizes, the thickness was almost

identical for the two cases showing 56 µm and 58 µm for the double- and single- layer

electrode respectively. The resulting loading, theoretical capacity, thickness, and geomet-

rical density of the electrodes used in the charge acceptance test are presented in Table

4.9.

Table 4.9: The loading, theoretical capacity, thickness, and geometrical density for the double- and

single- layer electrode used in the charge acceptance test.

Electrode Loading [mg/cm2
]

Theoretical

capacity [mAh/cm2
]

Thickness [µm]
Geometrical

density [g/cm
3
]

Double layer 7.50 2.44 56 1.34

Single layer 7.88 2.56 58 1.36

The basis of the charge acceptance test comparing the fast charge ability of the double-

and single-layer electrodes is similar as shown in Figure 4.11. Here, the cell potential and

the potential of the working- and counter- electrode as a function of time are presented

for the S93-cell.

From the first formation cycle at C/30 of the double- and single-layer electrode cell, a

maximum capacity equal 330 mAh/g and 340 mAh/g respectively was reached during

delithiation. The potential of the graphite electrode as a function of capacity for these

cells are given in Appendix D.1 Figure D.1. These values were both higher than the

specific capacity of the S93-powder from Figure 4.3b. Additionally, the maximum capacity

of the single layer electrode cell was higher than for the double layer electrode cell.

The results from the charge acceptance test are presented in Figure 4.18 and shows the

capacity as a function of cycle number for the single- and double- layer electrode cell.
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The lithiation rates from C/2 to 5C are also presented in the figure. As can be seen,

the double- layered electrode cell had a considerably lower rate performance compared

to the single- layered electrode cell. The single- layered electrode reached a maximum

capacity equal 304 mAh/g which corresponds to a SOC equal 89.4 % at C/2 based on

the maximum obtained capacity from the formation cycle during delithiation. On the

other hand, the double- layer electrode only reached a maximum capacity of 272 mAh/g

at C/2. This corresponds to a SOC equal 82.4 % based on the capacity obtained from the

first formation cycle. Moreover, it was observed that the capacity of the five last cycles

at C/2 was lower than the capacity for the initial five cycles for both cells. As can be

seen from the figure, the double layered electrode reached lower capacity than the single-

layer electrode regardless of the current, however the differences decrease with increasing

C-rate. The figure shows that the capacity drop was higher for the double-layer electrode

specially for the three first lithiation rates. Already at 1C the graded sample showed a

drastic reduction in the reversible capacity. This can be seen as an increase from C/2

to 1C resulted in a capacity drop of 21.7 % for the single- layer electrode, while it was

46.44 % for the double layered electrode. Similar trend was observed when increasing

the intercalation rate from 1C to 1.5C. Here, the capacity of the double layered electrode

decreased with 59.1 % while the capacity drop equal 31.66 % for the single-layer electrode.

Figure 4.18: Capacity as a function of cycle number for cells having double- and single- layer graphite

electrodes. The figure also includes the different lithiation rates from C/2 to 5C. A

constant delithiation rate equal C/2 was used. The cell had oversized LFP as the working

electrode, graphite as counter electrode, and lithium metal as the reference electrode.

The cycling currents were based on the loading of the graphite electrode and the specific

capacity of the S93-powder.
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The potential of the graphite electrode vs. Li/Li+ as a function of capacity for the single-

and double-layered electrode cell at C/2 and 1C are presented in Figure 4.19. Similar as

for Figure 4.13 the upper potential in this figure was sat to 0.5V to obtain a better visual

of the lithiation curves. However, in reality the counter electrode reached 1V during

delithiation.

From Figure 4.18 it was shown that the double layered electrode cell had a lower SOC

and a larger capacity drop going from C/2 to 1C. This was confirmed by studying Figure

4.19. At charging rate equal C/2, the fist plateau in the delithiation curve was longer

for the single layer electrode. This indicates that this electrode was more lithiated than

the double layer electrode. Furthermore, at 1C the first plateau during delithiation was

no longer visible for the double layer electrode cell. This also confirms a lower degree of

lithiation for this cell.

(a) Lithiation and delithiation rate equal at C/2. (b) Lithiation at 1C and delithiation at C/2

Figure 4.19: The potential of the graphite electrode vs. Li/Li
+

as a function of capacity comparing

the single- and double- layer electrode cell.

Figure 4.20 and 4.21 shows the Nyquist plots before and after the charge acceptance test

for the double- and single- layered electrode cell respectively. The experimental data are

fitted to the Randles circuit shown in Figure 3.6, and the parameters are presented in

Appendix D.4 Table D.5 and D.6 for the double- and single- layered electrode cell respec-

tively. As can be seen from these results, the double-layered electrode showed a higher

total resistance as both the electrolyte- and the charge transfer- resistance was highest

for this cell. This can be seen as the resistance in the electrolyte equal 5.13 ± 0.04Ω

and 4.32 ± 0.03Ω for the double- and single- layered electrode cell respectively before

the charge acceptance test. Moreover, the charge transfer resistance equals 6.56 ± 0.10Ω
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and 5.93 ± 0.11Ω for double- and single- layered electrode respectively before the charge

acceptance test. The higher resistance in the double- layered electrode cell indicates that

more energy was required to transport lithium ions into the electrode. Discussion of these

results is given in Section 5.2.2

By comparing the results from the EIS-measurements before and after the charge accep-

tance test, the goal was to study the degradation of the cells. However, by evaluating

the EIS-results this cannot be understood fully. For the double layered electrode, the

resistance in the electrolyte decreased going from before to after the test showing 5.13 ±
0.04Ω and 4.91 ± 0.04Ω respectively. The opposite tendency was observed for the charge

transfer resistance which increased from 6.56 ± 0.1Ω to 6.80 ± 0.17Ω before and after

the charge acceptance test respectively. For the single-layer electrode both the electrolyte

resistance and the charge transfer resistance decreased going from before to after the test.

The charge transfer resistance showed 5.93 ± 0.11Ω before, and 5.79 ± 0.08Ω after, while

the resistance in the electrolyte equal 4.32 ± 0.03Ω before and 4.06 ± 0.02Ω after the

charge acceptance test.

Because the two resistances barely changed during the charge acceptance test for the two

cells, it indicates that no major changes have occurred during this period.

As the same set- up as was used for the impedance measurements of the S48- and S93-

cells was used, the diffusion coefficient could not be extracted from the Warburg data.

However, discussion of parameters affecting the diffusion of lithium ions are presented in

Section 5.2.2.
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Figure 4.20: Nyquist plot before and after the charge acceptance test of the double layered electrode

cell.

Figure 4.21: Nyquist plot before and after the charge acceptance test of the single layered electrode

cell.
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5 Discussion

5.1 Comparison of the S48- and S93- powder

5.1.1 Tortuosity measurement

The tortuosity measurements gave a lower tortuosity for the S93- electrodes compared

to the S48- electrodes. In this section, this result in addition to the ionic conductivity

measurements, and the choice of using the simplified TLM are discussed.

As expected, the electrolyte having the lowest concentration of Bu
4
NPF

6
equal 0.01M,

had the lowest conductivity. This was expected as lower concentration of the salt gives a

lower number of ions which reduces the conductivity of the solution. With conductivity

of 0.386 ± 0.006 mS/cm for the 0.01M electrolyte and 2.971 ± 0.045 mS/cm for the 0.1M

electrolyte, a slope of approximately 1 was observed for the relation of conductivity as a

function of concentration.

Moreover, from the Nyquist plots of the electrolytes shown in Figure 4.7 a nonlinear trend

of the experimental data was observed. Because of the nonlinear trend, only the high

frequency data points were evaluated. The choice of frequency interval affected the values

of the electrolyte resistance, hence also the resulting tortuosity values. However, after

experimenting with different frequency intervals for the two electrolytes, it was observed

that the choice of frequency did not change the tortuosity values substantially. The choice

of interval shown to be most critical for the 0.01M electrolyte as this deviated mostly

from a linear trend. The KCl- solution on the other hand had an almost linear trend,

hence a larger number of experimental data points were evaluated, and a more accurate

value of the electrolyte resistance was obtained.

The highest tortuosity was measured for the S48-electrodes. Depending on the elec-

trolyte, the calculations gave the S48- electrodes a tortuosity between 5.20 ± 0.10 and

5.61 ± 0.35, while it was 3.01 ± 0.07 and 3.79 ± 0.36 for the S93- electrodes. From the

definition of tortuosity presented in Section 2.8.2 this means that the S48-electrodes had

longer pathways through the electrode compared to the S93- electrodes. The main rea-

son for these results was believed to be caused by the different particle shapes of the two

powders. From the SEM micrographs of the uncycled electrodes presented in Figure 4.15,

the S93- particles seemed rounder compared to the S48-particles in which a flake- like

structure was more visible. A more flake-like structure may give better overlapping of the

particles, hence also a higher tortuosity compared to an electrode with rounder particles.
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The particle shape can further be evaluated from the SEM micrographs of the powders in

Figure 4.2. Here, the S93-particles tend to agglomerate more. However, because this was

not observed at the electrode surface or at the cross section of the single layer electrode,

it was assumed that the particles have dispersed properly during the slurry production.

Other parameters that could have affected the tortuosity were geometrical density of the

electrodes, PSD and particle size. However, as the results showed a small difference in

PSD and the geometrical densities, these factors did not contribute to the observed dif-

ference in tortuosity. From the BET- analysis, the S48-particles was smaller than the

S93-particles, which according to the theory causes a higher tortuosity. However, as this

difference was small, it would not affect the results to a large extend.

By evaluating the results presented in Figure 4.9 the simplified TLM seemed to be a

good fit. The validation of using the simplified TLM can be evaluated by considering

the dependency of the electrolyte conductivity. This was done in the article "Tortuosity

of Battery Electrodes: Validation of Impedance-Derived Values and Critical Comparison

with 3D Tomography" written by Johannes Landesfeind et al. [82]. Here they measured the

tortuosity of NMC and graphite electrodes using electrolytes with conductivity of 0.156

mS/cm and 6.97 mS/cm. In the simplified TLM the contribution from the resistance in

the active electrode material was neglected as this was assumed to be considerably lower

compared to the ionic resistance. The article shows how this assumption could be verified

by evaluating the product of the ionic resistance and the electrolyte conductivity.

The same approach was used to determine whether the simplified TLM was valid for this

experiment. If the resistance of the electrodes was to be neglected, the tortuosity should

have been constant when using electrolytes with different conductivity. This would imply

that the contribution from the electrode resistance was very much lower compared to

the electrolyte resistance even when using electrolytes with high conductivity. However,

this was not the case. The S48- electrodes had a tortuosity equal 5.20 ± 0.10 and 5.61

±0.35, while the S93-electrodes had 3.01 ± 0.07 and 3.79 ±0.36 for the 0.01M and 0.1M

electrolytes respectively. By evaluating the product of the electrolyte conductivity and

ionic resistance from the measurements, 0.044 cm�1 and 0.048cm�1 were given for the

0.01M and 0.1M electrolytes respectively for S48. Similar calculations gave 0.027 cm�1

and 0.033 cm�1 for the 0.01M and 0.1M electrolytes respectively for S93. Because the

differences of these products are relatively small considering that the conductivity of the
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electrolytes varied with a factor close to 10, the simplified TLM was evaluated as valid

for this experiment. The fact that graphite has a high conductivity equal 104 S/cm [83]

strengthens the assumption of neglecting the resistance of this material. Moreover, by

using electrolytes with low conductivity this assumption is more likely to be satisfied, as

this gives an electrolyte resistance much higher that the electrode resistance [82].

Lastly, the difference in tortuosity was highest for the S93-electrodes equal 0.78, while it

was 0.41 for the S48-electrodes. Because the same electrolytes were used for the S48- and

S93- electrodes, it was expected that the dependency of the electrolyte conductivity would

be the same for both cases. Therefore, the larger differences in tortuosity for the S93-

electrodes was expected to be caused by natural differences in the cells. From Table 4.6

the differences in loading were small for the electrodes, only varying with 0.01 mAh/cm2

at the most. Also, the geometrical density was almost identical for all electrodes. These

factors are therefore not expected to contribute to the larger differences in tortuosity

obtained for the S93-electrodes.

5.1.2 Fast charge ability

To evaluate the fast charge ability of the two powders, an anode controlled 3-electrode cell

was used with an oversized LFP cathode. This setup allowed for fully utilization of the

anode as the cathode contained more lithium ions than the graphite electrode could store.

In this way the potential limitations were controlled by the anode, which was preferred

when investigating the performance of graphite electrodes. Based on this, the anode

controlled cell was preferred over a cell in which the N/P-ratio had to be considered. For

a N/P-ratio larger than 1, the anode has the highest capacity, which makes the cathode

as the limiting electrode.

However, there might have been a limitation related to the oversized LFP cathode for

the anode controlled cell during the 3-electrode experiments. As this electrode had a

capacity of 3.5 mAh/cm3 the thickness of this cathode was high. This might have limited

the lithiation rate, which was seen as a low discharge rate (lithiation of the LFP cathode)

of C/2 was needed for the charge acceptance test.

From the first formation cycle at C/30, the maximum discharge capacity of the S93-cell

was 6.35 % higher than the specific capacity of the powder found by cycling coin cells

at C/30. However, the opposite trend was observed for the S48-cell. Here, the specific

capacity of the powder obtained from coin cells at C/30 was 2.85 % higher than the
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discharge capacity from the first formation cycle of the 3-electrode cell. These differences

may have been caused by local differences in the cells and unstable cycling temperature

in the cycling room. Also, the fact that the coin cell used lithium metal, while the

3-electrode cell had LFP as the lithium source could have influenced the performance.

Lastly, the formation programs of the coin cells and 3-electrode cells were different, which

also could have affected the obtainable capacities.

The results from the charge acceptance test showed that the S93-cell had the best rate

performance. Based on the discharge capacity obtained from the first formation cycle

at C/30, the S93- cell had the highest SOC equal 93.7 % while the S48-cell achieved

a maximum SOC equal 90.9 %. Moreover, the capacity dropped 20.6 % for the S48-

powder, which was larger compared to 13.9 % for the S93-powder when increasing the

lithiation rate from C/2 to 1C.

There are multiple factors that could have contributed to the better performance of the

S93-cell. As presented in the theory, the particle shape and size, porosity, and tortuosity

affect the rate performance of an electrode. The influence of porosity is in this case

however expected to be neglected, as both electrodes were calendered to a geometrical

density of 1.35 g/cm3. Although there might have been small deviations of density

between the two electrodes, this effect would have been too small to affect the rate-

performance substantially.

In terms of particle size, the PSD- analysis showed a slightly smaller mean particle size for

the S48-powder, with d50 equal 9.75 µm and 11.72 µm for the S48 and S93 respectively.

Because the S48- powder had smaller particles once should expect that this powder also

had the largest surface area. However, this was not the case. The result from the BET-

analysis showed that the surface area equal 1.0210 m2/g for S48 while it was 1.2916 m2/g

for S93. From the theory Section 2.8.3 the compromise of having small particles to quickly

reach a high SOC and the risk of increasing the SEI formation was discussed. As the S48

particles were smaller while the surface area was larger for the S93 powder, this would

imply a better performance of the S48 powder. However, this was not the case. Because

the differences between the particle size and surface area were small, the influence of these

parameters are too small to affect the result to a large extend. Moreover, the unexpected

result of S48 having a smaller surface area while having smaller particles may not be

accurate. As the SEM micrographs of the powders showed more agglomerates of the S93-

powders this could have affected the PSD- analysis. Error in the measurements could
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also have been cause using too small amounts of powder in the BET- analysis.

In contrast, the effect of particle shape seems to be important for the performance of

the electrodes. Evaluation of the results from the powder characterization indicates more

edge planes of the S93- powder. However, as the accessibility of the edge planes was

not measured in this work, this is only based on a qualitative evaluation of the SEM

micrographs. More accessible edge planes for the S93-powder improves the intercalation

rate of lithium ions as explained in Section 2.6. This contributes to a better fast charge

ability of the S93-powder.

As previously discussed, the particle shape also affects the tortuosity of the electrodes.

This was evaluated as the main reason for the improved rate-performance of the S93-cell.

From the theory Section 2.8.2, it was explained that electrodes having a high tortuosity

often have lower intercalation rate, uneven current distribution and hence also more

rapid degradation of the electrodes. This is in line with the observations of the rate

performance. Because the S93-electrode had the lowest tortuosity, the lithium ions had a

shorter pathway from the electrode surface towards the current collector which resulted

in a faster transport of solvated lithium ions into the porous electrode. For the S48-

electrode on the other hand, the pathway was longer and more tortuous. This inhibits

the solvated lithium ions’ ability to quickly diffuse into the porous electrode which further

decreases the intercalation rate. As the difference in capacity was largest at C/2 and 1C,

the effect of tortuosity seemed to be most important at these currents. At higher currents

the diffusion of lithium ions in the porous structure is not fast enough. Consequently,

only the graphite particles close to the surface are being almost fully lithiated, while

the particles closer to the current collector have a lower SOC. This further contributes

to polarization of the electrode such that the potential limitations of the electrodes are

reached. Therefore, at high currents none of the electrodes enabled to obtain a high

transportation rate of lithium ions into the porous electrode, hence the capacity of the

two cells became almost identical.

This theory was strengthened by studying the potential curves at C/2 and 1C in Figure

4.13. As the SOC of the S93-cell was higher than for the S48- cell at C/2, it indicated

that this cell was more lithiated. The higher lithiation of the S93-electrode is in addition

to be affected by tortuosity, also affected by the concentration of the solvated lithium

ions in the porous structure.

As explained in the theory Section 2.7.2, the concentration of lithium in the electrolyte
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is likely to be reduced as the distance to the current collector decreases. For an electrode

with low tortuosity, the pathway for solvated lithium ions is shorter which enable they to

faster diffuse into the electrode. This ensures higher concentration closer to the current

collector, compared to electrodes with higher tortuosity. As a result, a higher fraction of

the active electrode material is being utilized for an electrode with low tortuosity.

In terms of degradation, both the particles size, and tortuosity are important parameters.

As explained in theory, an electrode with high tortuosity tends to have higher probability

of degradation, as uneven current densities are expected at the surface. However, from

the SEM micrographs of the cycled electrode surfaces presented in Figure 4.15 there were

no signs of degradation. This was expected as the lower potential limit was set to 5

mV for the graphite electrode, which ensured a potential outside the region that favours

lithium plating.

Furthermore, the resistance in the cells was evaluated with EIS-measurements. The

electrolyte resistances were almost identical for the two cells showing 4.52 ± 0.05 Ω and

4.48 ± 0.02 Ω for the S48-cell and S93-cell respectively. This was expected as the same

electrolyte was used in both cases. By comparing the charge transfer resistance, a larger

difference was observed as the S48-cell had 7.39 ± 0.12 Ω while it was 5.90 ± 0.09 Ω

for the S93-cell. The observed difference in charge transfer resistance is in line with

the observation from the charge acceptance test. The higher resistance for the S48-cell

indicates that the process of converting the solvated lithium ion to lithium metal in this

cell was slower, which reduces the rate performance. The main theory for these results

is believed to be caused by the larger fraction of edge-planes in the S93-electrode, which

improves the charge transfer process in this cell.

In contrast to the charge transfer- and electrolyte- resistance, the diffusion of lithium

ions was more challenging to evaluate from the EIS-results. The choice of using the

finite open Warburg element in this project was based on the paper "Electrochemical

Impedance and its Applications in Energy-Storage Systems" written by Deyang Qu et

al. [51]. In this article, they showed how the diffusion coefficient could be calculated from

both the infinite and the finite Warburg element. For the finite open Warburg element

the diffusion length in the graphite particles had to be known. The article suggested that

the effective diffusion length could be found by calculating the length of the basal planes.

Although the diffusion coefficient have been calculated by using the Warburg element for

porous battery electrodes in some studies [84] [85], other papers have argued that the as-
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sumptions in the Warburg impedance is not fulfilled for a porous electrode [67] [51]. Firstly,

the Warburg element assumes a planar geometry which is not the case for the graphite

electrodes. Secondly, the model assumes pure diffusion without any contributions from

migration and convection. As the infinite Warburg model is based in Fick’s second law [51]

it assumes an homogeneous diffusion of charge carriers. However, this is not the case for

porous electrodes. The diffusion of lithium ions depends on solid state diffusion in the

graphite particles, as well as diffusion in the electrolyte which are present in the pores

of the electrode [51]. The solid stat diffusion, is according the article "Electrochemical

Impedance and its Applications in Energy-Storage Systems" written by Deyang Qu et

al. [51] homogeneous. However due to the anisotropic properties of graphite described

in Section 2.6, the diffusion is only homogeneous in the basal plane. Moreover, as the

electrode have pores with different sizes, the diffusion inside the pores is expected to be

hetrogeneous [51]. Consequently, Fick’s second law is not suitable for a porous electrode.

An alternative model to evaluate an porous electrode is described in "Diffusion impedance

of electroactive materials, electrolytic solutions and porous electrodes: Warburg impedance

and beyond" by Jun Huang [67], which present a model for spherical and cyclidrical ge-

ometries. Furthermore, the use of transmission line model have also been presented as a

model to evaluated porous electrodes [51]. Although the diffusion coefficient could not be

obtained from the impedance data, a qualitative analysis can be done. Firstly, as syn-

thetic graphite powders were use for both anodes, the solid-state diffusion was assumed

to be quite similar for the two cases. The biggest difference in diffusion of lithium ions

in the S48- and S93-electrodes was believed to be in the porous structure. As discussed,

this was among others affected by the tortuosity and the particle shape.

5.2 Porosity graded electrodes

5.2.1 Manufacturing

The manufacturing of the doubled layer electrodes was challenging. This was mostly

related to the calendering of the bottom layer which creased the anode laminate. Con-

sequently, an uneven top layer was applied. This resulted in a large deviation of loading

for these electrodes compared to the deviation observed for the single layered electrodes.

This can be seen in Table 4.4 having a deviation of 6.4 % and 5.3 % for the double

layer electrodes made by a 50 µm and 100 µm gap-size respectively. In comparison,

the standard deviation equal 3.4 % for single layer electrodes made with gap-size of 150
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µm which can be seen in Table 4.3. The wavy structure seemed to be due to plastic

deformation of the current collector [86]. This deformation was probably caused by the

high demand of energy that was needed for the calendering. The results showed best

performance when choosing the thinnest Cu-foil, however none of the attempts gave an

optimal result. One way to improve the manufacturing of the double layer electrodes

is by heating the laminate during calendering such that the deformation of the current

collector is reduced. This method was used in the article "Experimental and Simulation

Investigations of Porosity Graded Cathodes in Mitigating Battery Degradation of High

Voltage Lithium-Ion Batteries" written by Lin Liu et al [13]. Here a double layered LNMO

cathode laminate was made by hot rolling the laminates at 100 °C to the preferred thick-

ness. By using this method, no observation of a wavy bottom layer was reported. Worth

noting, aluminium foil was used in their experiments, hence some differences from the

Cu-foil would be expected.

From the SEM cross section micrographs, the average geometrical density was calculated

to be 1.38 g/cm3 and 1.39 g/cm3 for the double- and single-layer electrode respectively.

This was higher than the geometrical density found from measuring the thickness with

a micrometer screw which gave 1.34 g/cm3 and 1.35 g/cm3 for the double- and single-

layer respectively. The difference in the measured densities was probably caused by errors

during measuring with the micrometer screw. Therefore, the geometrical density obtained

from the SEM micrographs was evaluated as more accurate, hence these densities are used

for the further discussions.

The single layer electrode had a uniform porosity and showed a more porous structure

compared to the bottom layer of the double layer electrode. This was expected as the

aimed geometrical densities were 1.45 g/cm3 and 1.35 g/cm3 for the bottom- and single-

layer respectively. In contrast, the difference in porosity of the single layer and the top

layer was not as clear. This was unexpected as the aimed geometrical densities were

1.25 g/cm3 and 1.35 g/cm3 for the top-and single-layer respectively. However, one can

not necessarily observe the difference between 1.25 g/cm3 and 1.35g/cm3 visually. To

evaluate the exact porosities, analysis techniques such as FIB-SEM tomography could

have been used.

The average geometrical density of the double layer equal 1.38 g/cm3 was denser than

expected. This could have been caused by three reasons: the bottom layer was denser

than the aimed value of 1.45 g/cm3, the top layer was denser than the aimed value of
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1.25 g/cm3, or that both layers were denser than the aimed values.

To detect the geometrical densities of the two layers, the loading had to be known for

both layers. As the standard deviation of the loading for the double-layer electrodes was

high equal 5.3%, the loading of the two layers could not be determined. Consequently,

the geometrical densities could not be found from the SEM micrographs. To estimate the

loading of the two layers, the experiments must have been reproducible such that more

statistics could have been obtained.

However a qualitative analysis of the porosity of the two layers can be given. Theoretically,

once should expect that the double layer electrode made by two layers of 100 µm gap-

size had a loading corresponding to twice the loading of an electrode made by a single

layer of 100µm gap-size. However, this was not the case. The average loading of the

double layer electrode equal 14.62 ± 0.77, which was more than three times higher than

the loading of a single layer electrode made with 100 µm gap size which equal 4.25±
0.21 mg/cm2. This can be seen from Table 4.3 and 4.4 for the single- and double- layer

electrodes respectively. This large difference was expected to mainly be caused by the

top layer, as an uneven distribution of slurry was observed. For the calculation of the

thickness needed to calender the top-layer to 1.25 g/cm3, it was assumed that the loading

of the bottom- and top-layer was identical. As this was not the case, this assumption

may have caused a higher density than preferred for the top layer. Additionally, it was

assumed that the density of the bottom layer remained unchanged during calendering of

the top layer. However as the loading of the top layer probably was higher than expected,

this may have caused a too high pressure on the laminate, such that the density of the

bottom layer also changed. Be aware that this analysis only is qualitative, and that

proper measuring techniques are needed to obtain the correct evaluation of the densities

of the two layers.

5.2.2 Fast charge ability of porosity graded electrodes

The results from the charge acceptance test showed that the single layered electrode had

better rate performance compared to the double layered electrode. Firstly, the single

layer electrode cell reached a higher capacity during the first formation cycle at C/30

equal 340 mAh/g. In comparison the double layer electrode cell reached 330 mAh/g for

the same C-rate. Based on these capacities, the double layer electrode obtained a SOC

equal 82.4 % while it was 89.4 % for the single layer electrode at C/2 during the charge

acceptance test.
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As the single layer electrode were made by the same powder and solid/liquid-ratio as

the graphite electrode in the S93-cell, it was expected that these cells obtained similar

SOC. However, this was not the case, as the S93-cell reached a SOC equal 93.7% at C/2

during the charge acceptance test. This tendency was most likely caused by the different

loadings, as the S93-cell had graphite with loading equal 5.84 mg/cm2 while it equal

7.88 mg/cm2 for the single layer electrode. Consequently, the single-layer electrode was

thicker, which gave a longer diffusion length for the solvated lithium ions. As a result, a

lower utilization of the active material was obtained for the single-layer electrode.

Moreover, the capacity drop was considerably larger for the double layered electrode equal

46.4 % going from C/2 to 1C, while i was 21.7 % for the single electrode. The capacity

drop going from 1C to 1.5 C equal 59.1 % and 31.4% for the double- and single- layer

electrode respectively. Compared to the literature, these results were unexpected. In the

article "Gradient Porosity Electrode for Fast Charging Lithium-Ion Batteries" written by

Jian Yang et. al [12], a three layered graphite electrode with porosity of 15 %, 25 % and

35 % for the bottom-, middle- and top- layered respectively was studied. This electrode

was compared to single layered graphite electrode with uniform porosity of 25 % with

corresponded to the average porosity of the three layer electrode. Their results showed

that the specific capacity was almost identical for both electrodes. Moreover, the three

layer electrode reached higher capacities than the single layered electrode at higher C-

rates. Although this article used a three layer electrode, similar trend was expected by

using a double layered electrode.

There are multiple reasons for this unexpected result. Firstly, as the manufacturing of

the double layer electrodes was challenging and time consuming, lack of statistics affects

these results. The reproducibility of these experiments has to be improved to determine

the fast charge ability of graded graphite electrodes.

Furthermore, the results may have been affected by poor electrical contact between the

current collector and the bottom layer in the double layer electrode. From the cross

section micrographs, the bottom layer had lost contact to the current collector. As this

was not observed for the single-layer electrode, this may indicate worse adhesion to the

current collector, which affects the fast charge ability. However, it can be determined

whether this was only caused by the argon milling.

Another reason for the reduced performance of the double layer electrode may have been

cause by the different porosities. As the density of the top layer in theory should have been
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lower than for the single layer electrode, the transport of solvated lithium was expected

to be fastest in the top layer. However, as discussed in Section 5.2.1, the density of the

top layer could have been higher than expected due to the unexpected higher loading.

Consequently, the electrolyte’s ability to penetrate into the porous electrode was reduced

in the top layer. The transportation rate of solvated lithium would therefore be quite

similar for the single- and top-layer. Moreover, because the bottom layer was denser

than the single layered electrode, the available pathways would be less and more tortuous

in the bottom layer. Consequently, the electrolyte enabled to penetrate deeper into the

single layer electrode, giving this electrode a higher total transportation rate of lithium

ions. As a result, a lager degree of graphite particles was being lithiated in the single layer

electrode, which improves it’s rate performance. This is in line with Figure 2.8 shown in

theory Section 2.7.3, which shows how the particles closer to the electrode surface would

be lithiated faster compared to particles closer to the current collector.

The fact that the single layered electrode was more lithiated than the double layered

electrode was confirmed by evaluating the potential curves presented in Figure 4.19. The

first plateau during delithiation at C/2 was longer for the single layer electrode, which

indicates that a larger fraction of the active material was being utilized in this electrode.

This theory was strengthened as the first plateau in the delithiation curve at 1C for the

double layer electrode was not visible.

Moreover, because the thickness of the electrodes was almost identical equal 56 µm and

58 µm for the double- and single- layered electrode respectively, the diffusion length was

almost identical for the two electrodes and should therefore not affected the result to a

large extend. The thickness of the single layered electrode was slightly higher as this

electrode had a higher loading equal 7.88 mg/cm2 compared to 7.50 mg/cm2 for the

double layered electrode. This difference in loading was however evaluated as too small

to contribute to the large difference in rate performance.

Furthermore, the resistance in the cells having the single- and double- layered electrodes

was evaluated with EIS- measurements. Be aware that the difference in loading of the

two graphite electrodes can have affected these results.

The results showed that the double-layered electrode cell had the highest electrolyte- and

charge transfer- resistance, which gave the cell a higher total resistance. The biggest

contribution to the higher resistance for the double- layered electrode was believed to be

caused by the dense bottom layer. This was based on the previously presented theory

that the electrolytes ability to penetrate into the bottom layer was lower compared to
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the single- layered electrode. In addition, if the contact between the bottom layer and

current collector was sub-optimal, this would also contribute to increase the resistance

in the double layer electrode cell. Additionally, as the density of the two electrodes was

different the tortuosity would probably also be different which also affects the resistance

in the cell. The particle shape and size did not affect the impedance results as the same

powder was used for the two electrodes.

Furthermore, the electrolyte resistance before and after the charge acceptance decreased

for both cells. This may indicate poor wetting of the electrodes. This indicates that the

electrolyte had not enabled to wet the electrode properly before the charge acceptance

test. However, after the charge acceptance test, more time had passed, which may have

given better wetting of the electrodes.

In contrast, the charge transfer resistance increased going from before to after the charge

acceptance test for the double-layered electrode, while it was reduced for the single-

layered electrode. In both cases this difference was not substantial, and the difference

can only be caused by small differences such as temperature in the cycling room. Because

of the small changes in the electrolyte- and charge transfer- resistances before and after

the charge acceptance test for the two cells, no major degradation was believed to have

occurred at the electrodes.
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From this work, the effect of tortuosity and porosity have shown to be important for

the battery performance. Further, the morphology affected the tortuosity, and hence

constitutes an important parameter for the electrode performance.

From the EIS-measurements on symmetrical graphite-graphite cells employing non in-

tercalating salts, the simplified transition line model gave tortuosity values for the S93-

electrodes of 3.01 ± 0.07 and 3.79 ± 0.36 for the 0.01M and 0.1M electrolyte respectively.

The S48-electrodes had a higher tortuosity equal 5.20 ± 0.10 and 5.61 ± 0.35 for the

0.01M and 0.1M electrolyte respectively. The higher tortuosity of the S48-electrodes was

caused by the different morphology of the two powders. Here, the particle shape was

evaluated as an important parameter. The SEM micrographs showed a more flake-like

structure of the S48-particles compared to the S93-powder which had rounder particles.

Consequently, the S48-particles tend to overlap more causing a higher tortuosity. Fur-

thermore, the fast charge ability of the S48- and S93-cell was investigated in a charge

acceptance test.

The results showed a higher SOC for the S93-cell with 93.7% compared to 90.9% for

the S48- cell at C/2 in constant current mode. Additionally, the capacity drop when

increasing the rate from C/2 to 1C was highest for the S48-cell equal 20.6%, compared to

13.9% for the S93-cell. The main reason for these results was believed to be cause by the

tortuosity. High tortuosity electrodes have long and complex pathways for the solvated

lithium ions through the porous electrode. This decreases the intercalation rate hence

also the rate performance of the cell. From this it was concluded that lower tortuosity

improves the rate performance, and is therefore an important parameter to consider when

making electrodes with high loading and low porosity.

Furthermore, the resistance of the S93- was found to be lower than the S48-cell. This

result was believed to be cause by a larger fraction of edge-planes for the S93-powder,

which increases the intercalation rate in the electrode.

Therefore, after studying the performance of the S48-and S93-cells, it was concluded that

the tortuosity of graphite electrode constitutes an important parameter when optimiz-

ing the electrode performance. This factor was further affected by the morphology of

the synthetic graphite powders, in which the particle shape and fraction of edge planes

shown to be important.

Additionally, the effect of porosity graded electrodes was investigated. The manufac-
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turing of these electrodes was proven to be challenging. After calendering the bottom

layer to a density of 1.45 g/cm3, the anode laminate obtained an unwanted wavy struc-

ture. Consequentially, an uneven distribution of the top layer was observed, giving the

top layer a loading more than three times higher than expected. By comparing the fast

charge ability of the double-and single-layer electrode having a loading of 7.50 mg/cm2

and 7.88 mg/cm2 respectively, the single layered electrode reached the highest SOC equal

89.4% while it was 82.4 % for the double layer electrode cell. Moreover, the capacity drop

was largest for the double layered electrode with the 59.1%, while it was 31.66% for the

single-layer electrode going from C/2 to 1C. Two main theories were presented for these

results. Firstly, the cross section micrographs showed poor adhesion between the bottom

layer and the current collector, which worsening the electrical contact hence also the fast

charge ability of the double-layer electrode cell. Secondly, the effect of porosity highly

affected the results. As the top layer had a higher loading than expected, it was believed

that the density of this layer also became higher than the aimed value of 1.25 g/cm3.

Consequently, the transport of solvated lithium ions in the porous electrode was assumed

to be almost identical for the top-layer and single layer electrode. As the bottom layer

was denser than the single-layer electrode, the electrolyte’s ability to penetrate this re-

gion was reduced in the bottom layer. As a result, the overall transport of lithium ions

in the single-layer electrode was believed to be highest which contributed to the better

rate-performance.

From the impedance measurements, the total resistance was highest for the double lay-

ered electrode. This was also expected to be caused by the dense bottom layer and a

sub-optimal contact between the bottom layer and the current collector.

To summarize, the results from the porosity graded electrode experiments was highly

effected by the challenging manufacturing of these electrodes. To be able to fully under-

stand the effect of these electrodes during fast charging, more statistics are needed, hence

the manufacturing technique must be improved, and more parallels need to be tested.
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7 Further work

The results showed an improved rate performance for electrodes with the lowest tortuosity.

To meet the demand of high loading electrodes from the industry without sacrificing

the rate-performance, the tortuosity is therefore an important parameter to consider

for further optimization of graphite electrodes. Moreover, as the morphology of the

graphite powders shown to be important for the performance of the electrodes, further

optimization of this is needed. Here, factors such as particle size and shape, and fraction

of edge-planes must be optimized to improve the rate-performance, while limiting the

irreversible capacity loss from the SEI-formation.

In terms of the double layer electrodes, the manufacturing technique must be improved.

The main challenge was related to the calendering of the bottom layer. One alternative

to reduce this deformation might be to use heat when calendering, such that the plastic

deformation of the Cu-foil is reduced. By obtaining an even bottom layer, the loading

of the two layers would be close to identical. This makes it possible to achieve a more

accurate geometrical density of the two layers.

In addition to improve the manufacturing of the double layer electrodes, further opti-

misation of these electrodes is desired. For instance, the geometrical densities used for

the different layers can be optimized, to obtain the perfect combination of high loading,

and porous structure to improve the transport of lithium ions. Moreover, experimenting

with different numbers of layers and hence the densities of them would also contribute

to optimize these electrodes. Lastly, the thickness of the layers could vary. Instead of

casting the top and bottom layer with the same gap-size, once could vary the thicknesses,

to improve the transport of lithium ions.

As an alternative to porosity graded electrodes, a porosity gradient could also be achieved

by using graphite powders with different particle sizes. On option is to use a powder with

small particle size for the bottom layer, while the top layer consists of a powder with larger

particles. The entire laminate can then be calendered to a specific geometrical density.

This eliminates the challenges related to calendering the bottom layer. Furthermore, a

higher density is expected for the bottom layer as the small particles enables to be stacked

closer together. The top layer on the other hand would have a more porous structure, as

these particles are larger. In this way, some of the theoretical advantages of the graded

electrodes should be maintained, while the challenge of calendering the bottom layer is

avoided.
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Lastly, as have been shown in this work, the effect of the tortuosity and porosity of the

graphite electrode constitutes important factors when optimizing battery performance.

Therefore, to achieve the best performance, it is important to evaluate these factors

together. By finding the perfect compromise between tortuosity, porosity, and particle

size and shape, the performance of the graphite electrode would be improved.
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A Acronyms

A Acronyms

Table A.1 presents the constants and variables used in the calculations for this project.

Table A.1: Constants and variables used in the calculations.

Symbol Description Unit Value

Ccarbon black Aimed concentration of carbon black wt% 2

CCMC Aimed concentration of CMC wt% 1.5

Cgraphite Aimed concentration of graphite wt% 95

CSBR Aimed concentration of SBR wt% 1.5

Aelectrode Area of an electrode cm2 -

CCMC Concentration of CMC- solution % -

Cgraphite Concentration of graphite in the electrode %

CSBR Concentration of SBR- solution % 15

Csol Concentration of solution mol/L -

� Conductivity mS/cm -

⇢DMC Density of DMC g/cm3 1.07 [87]

⇢EC Density of EC g/cm3 1.32 [88]

⇢i Density of a component i g/cm3 -

mactive graphite Mass of active graphite on an electrode mg -

mA Mass of active material g -

mcarbon black Mass of carbon black g -

mCMC Mass of CMC-powder g -

mCMC-solution Mass of CMC-solution g -

mi Mass of component i g -

mCu Mass of Cu-foil g -

mwater Mass of deionized water g -

mgraphite Mass of graphite powder g -

melectrode Mass of electrode g -

mliquid Mass of liquid in the slurry g -

mSBR-solution Mass of SBR-solution g -

msolid Mass of solid active materials in the slurry g -

mBu4NPF6
Mass of Bu

4
NPF

6
g 387.43 [89]

MBu4NPF6
Molar mass of Bu

4
NPF

6
g/mol 387.43 [89]

Cspecific cap. Specific capacity of powder mAh/g -

R Resistance Ω -

TCu Thickness of Cu-foil cm -

Telectrode Thickness of electrode cm -

TD True density g/cm3 -

Vi Volume of a component i mL -

wt% Weight percentage % -
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B Calculations for experimental procedure

B.1 Slurry production

B.1.1 CMC-solution

The CMC-solution was made by mixing CMC-powder and deionized water. Batches of

50 mL solution was made by assuming a density of 1 g/cm3 with a target concentration

of 1.5 %. The amount needed of each component is given by

mCMC = 50g · 15%

100%
= 7.5g

mwater = 50g · 85%

100%
= 42.5g

were mCMC and mwater is the mass needed of CMC-powder and deionized water respec-

tively.

B.1.2 Calculations of slurry components

Multiple slurries were made during this project in which the amount of active material

varied. The amount of active material for each slurry depended on the amount of anode

laminates made and the used gap-size. Therefore, in the following, a general explanation

is given, in which mA is used as the variable for active material.

The amount of graphite is given by following equation

mgraphite[g] = mA · Cgraphite

100%

were Cgraphite is the aimed wt % of graphite. Similar calculation was used to calculate

the amount of carbon black, and is given by

mcarbon black[g] = mA · Ccarbon black

100%
.

were Ccarbon black is the aimed wt % of carbon black.

The amount of CMC- and SBR- solution needed were based on the aimed wt % of CMC

(CCMC) and SBR (CSBR), and the concentration of the specific CMC-solution (CCMC)
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and SBR-solution (CSBR) respectively. The calculations are given below.

mCMC-solution[g] = mA · CCMC

CCMC

mSBR-solution[g] = mA · CSBR

CSBR

The amount of water added depended on the desired loading, and was calculated based

on the solid/ liquid-ratio. This ratio is given by

solid/liquid-ratio =
msolid[g]

mliquid[g]

in which msolid is the mass of solid active materials in the slurry, and mliquid is the mass

of liquid in the slurry. This parameters can be calculated based on the following two

equations

msolid[g] = mgraphite +mcarbon black +mSBR-solution ·
CSBR

100
+mCMC-solution ·

CCMC

100

mliquid[g] = mwater +mSBR-solution ·
⇣
1� CSBR

100

⌘
+mCMC-solution ·

⇣
1� CCMC

100

⌘

B.2 Loading and C-rates

The loading of an electrode is defined by the amount of active material per area. This is

given by Equation B.1.

Loading[mg/cm
2] =

mactive graphite

Aelectrode

(B.1)

Here, Aelectrode is the surface area of the electrode, and mactive graphite is the mass of active

graphite in the electrode. This can be found by

mactive graphite =
⇥
melectrode �mCu

⇤
·
�Cgraphite

100

�
(B.2)

in which melectrode is the mass of the electrode, mCu is the mass of Cu-foil and Cgraphite is
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the percentage of graphite in the electrode.

Based on the mass of active graphite mactive graphite on the electrode, the C-rate can be

calculated. Equation B.3 shows the calculation for 1C. Other C-rates can be found based

on the 1C value.

1C = mactivegraphite · Cspecific cap. (B.3)

To find the aimed loading needed to obtain a capacity of 2 mAh/cm2 for both powders

during the slurry optimization, the specific capacities were used. The calculation are

shown in Equation B.4

Aimed Loading [mg/cm
2] =

desired capacity[mAh/cm
2]

specific capacity[mAh/g]
(B.4)

B.3 Calendering

All graphite electrodes used in the 3-electrode experiments were calendered to a preferred

geometrical density. The total thickness of the electrode including the Cu-foil needed to

obtain a specific geometrical density is given by Equation B.5

Telectrode =
loading of the electrode[g/cm2]

geometric density of the electrode[g/cm3]
+ TCu (B.5)

where TCu is the thickness of the copper-foil.

B.4 Porosity

The porosity of an electrode was calculated based on the geometrical density of the

electrode and the true electrode density as shown in Equation B.6

Porosity [%] =

1� Geometrical density of the electrode [g/cm3]

True electrode density [g/cm3]

�
· 100 (B.6)

The geometrical density of electrode is based on the thickness and loading of the electrode

as described in Equation B.5, while the true electrode density is based on the density

of the slurry as shown in Equation B.7. Here TD is the true density and wt% is the
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exact weight percentage of each component in the slurry. The wt% is unique for each

slurry as the exact aimed concentration varies due to unaccuracy during weighting. The

theoretical density of each component is presented in Table B.1.

True electrode density =
�
TD·wt%

�
graphite

+
�
TD·wt%

�
carbon black

+
�
TD·wt%

�
CMC

+
�
TD·wt%

�
SBR

(B.7)

Table B.1: The theoretical density of the slurry components.

Component True density[g/cm3
]

Carbon (s48) 2.24 [90]

Carbon black (C45) 2.00 [91]

CMC 1.60 [92]

SBR 0.98 [93]

B.5 Electrolyte

The electrolyte was made by mixing ethylene carbonate (EC) and dimethyl carbonate

(DMC) in a 1:1 (wt%) ratio. Two solutions were made having a concentration of 0.01

mol/L and 0.1 mol/L of Bu
4
NPF

6
. The aimed volume of each electrolyte was 6 mL.

Based on the density of EC and DMC which are 1.32 g/mL and 1.07 m/mL respectively,

a targeted weight equal 3.5g was set for each component. TableB.2gives an overview of

the target and actual mass of EC, DMC and Bu
4
NPF

6
for each solution.

Table B.2: The composition of the two electrolytes used for the tortuosity measurements.

Concentration [mol/L] 0.1 0.01

Mass [g] EC 3.5065 3.5027

DMC 3.4993 3.5129

Volume [mL] EC 2.6564 2.6536

DMC 3.2704 3.2831

Total 5.9268 5.9366

Mass of Bu
4
NPF

6
[g] Target 0.22960 0.02300

Actual 0.22987 0.02333
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The volume of each compound was calculated based on the mass and density of EC and

DMC, according to Equation B.8. The density of EC and DMC is presented in the list

of Acronyms in Table A.1.

Vi =
mi

⇢i
(B.8)

Based on the total volume of EC and DMC, the amount of Bu
4
NPF

6
to achieve the two

solution of 0.01 mol/L and 0.1 mol/L was calculated based on Equation B.9.

mBu4NPF6
= Csol · Vtot ·MBu4NPF6

(B.9)
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C Cycling programs

To obtain a better visual of the different cycling programs used in this work, this section

presents detailed explanation of the charge- and discharge- current with corresponding

potential limitations. Additionally, for each program the potential as a function of time

is presented.

C.1 Determination of the specific capacity

The specific capacity of the S48- and S93- powder was found by cycling coin cells with

charge- and discharge- rate equal C/30. The cells had graphite and lithium metal as

the working- and counter- electrode respectively. Figure C.1 shows the cell potential

vs.Li/Li+ as a function of time for this cycling program. Table C.1 presents the cycling

program with corresponding potential limitations. Because coin cells were used, the only

controllable potential was the cell potential.

Figure C.1: The cell potential vs.Li/Li
+

as a function of time for determination of the specific capacity

of the S49- and S93-powder. Coin cells having graphite and lithium metal as working- and

counter- electrode respectively were used for the measurements. The cycling currents were

based on the graphite electrode with the theoretical capacity equal 372 mAh/g.
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Table C.1: Cycle program for the determination of the specific capacity of the S48- and S93-powder.

The C-rates were based on the loading of the graphite electrode.

Number of repetitions Cycling Potential imitations

Rest: 24 hours

2 Lithiation at C
30 Ecell  5mV.

Constant voltage down to C
50

Delithiation at C
30 Ecell � 1V.

C.2 Formation of 3-electrode cells

A visual of the formation program for 3-electrode cells is shown in Figure C.2. Here the

cell potential, as well as the potential vs.Li/Li+ of the working- and counter-electrode are

plotted as a function of time. These data was obtained from the S93-cell.

Figure C.2: The cell potential, as well as the potential of the working- and counter- electrode vs.Li/Li
+

as a function of time during formation of 3-electrode cell. The cycling current were based

on the graphite electrode using the specific capacity of the powder.

Table C.2 presents the program used for formation of 3-electrode cell. Here, the cycling

current with corresponding potential limitation is shown as well as number of repetitions.
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Table C.2: Cycle program for formation of 3-electrode cells. The C-rates were based on the loading of

the graphite electrode.

Number of repetitions Cycling Potential limitations

1 Rest: 30 minutes

1 Lithiation at C/20 EWE-ECE > 1.500V

EWE > 4.000V

ECE < 0.005 V

1 Rest: 12 hours

1 Lithiation at C
30 EWE-ECE > 4.000V

EWE > 4.200V

ECE < 0.005 V

Delithiation at C
30 EWE-ECE > 2.000V

EWE > 3.000V

ECE < 1.000V

2 Lithiation at C
10 EWE-ECE > 4.000V

EWE > 4.200V

ECE < 0.005 V

Delithiation at C
30 EWE-ECE < 2.000V

EWE > 3.000V

ECE < 1.000V
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C.3 Charge acceptance test for 3-electrode cell

The cell potential and the potential of the working-, counter- electrode vs. Li/Li+ as a

function of time during the charge acceptance test are shown in Figure C.3. These data

is obtained from the S93-cell.

Figure C.3: The cell potential, as well as the potential of the working- and counter- electrode vs.Li/Li
+

as a function of time during the charge acceptance test. The cycling current were based

on the graphite electrode using the specific capacity of the powder.

The cycling program used for the charge acceptance test on 3-electrode cells are shown in

Table C.3. The table show the charge- and discharge- rats with corresponding potential

limitations.
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Table C.3: Cycle program for charge acceptance test on 3-electrode cells. The C-rates are based on

the specific loading of the graphite electrode. The C-rates were based on the loading of the

graphite electrode.

Number of repetitions Cycling program Potential limitations

5 Rest: 1 minutes

Lithiation at C
2 ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at 1C ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at 3C
2 . ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at 2C ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at C
2 ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at 5C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at 3C ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at 3.5C ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at C
2 ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at 4C ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: 1 minutes

Lithiation at 4.5C ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V

5 Rest: Lithiation at 1 minutes

Lithiation at 5C ECE < 0.005V or EWE-ECE > 4.000 V

Delithiation at C
2 ECE > 1.000 V or EWE-ECE < 2.500 V

Rest: 1 minute

Delithiation at C
10 ECE > 1.000 V or EWE-ECE < 2.500 V
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D Results

This section presents the addition result obtained in this work. Here, the obtainable

capacity of the 3-electrode cells are presented, as well as the results from the impedance

measurements.

D.1 Obtainable capacity from first formation cycle

The obtainable capacity during formation at C/30 are presented in Figure D.1. The

figure shows the discharge capacities for the two cells tested for the S48- and S93-cells,

and for the cells having double- and single- layer graphite electrode.

(a) S48 electrode (b) S93 electrode

(c) Single layer electrode (S93) (d) Double layer electrode (S93)

Figure D.1: Potential of the graphite electrode vs. Li/Li
+

as a function of capacity. The figures show

the maximum capacity reached at C/30 for the first formation cycle. Figure a and b

represents the S48- and S93- cell, while c and d are the single- and double-layer electrodes

respectively. The cycling current were based on the graphite electrode using the specific

capacity of the powder.
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D.2 Ionic conductivity measurements

D.2.1 Cell constant

The cell constant was found by EIS -measurements of a 0.1M KCl-solution. The Nyquist

plot from this measurement is shown in Figure D.3.

Figure D.3: Nyquist plot for a 0.1M KCl-solution.

By using RelaxIS, the experimental parameters were fitted to the circuit shown in Figure

3.4. The parameters with corresponding fitted value are presented in Table D.1.

Table D.1: Parameters for 0.1M KCl-solution. The parameters are fitted to the circuit shown in Figure

3.4. RelaxIS were used to evaluate the impedance data.

Parameters Values

R 1260.4 ± 18.3 Ω

Q 2.500 · 10�7 ± 3.600 · 10�9
Fs

↵�1

↵ 0.713 ± 0.002

Based on the resistance (R) and the known conductivity equal 12.87 mS/cm at 25 °C, the

cell constant was found to be 16.22 ± 0.24 cm�1. The calculation is shown in Equation
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D.1

Kcell = � ·R = 12.87 · 10�3S/cm · 1260.4Ω = 16.22cm�1 (D.1)

D.2.2 Conductivity of electrolytes

The experimental data obtained from EIS-measurements for the two electrolytes were fit-

ted to the circuit shown in Figure 3.4 by using RelaxIS. The resulting values are presented

in Table D.2.

Table D.2: The parameters for the circuit shown in Figure 3.4 with corresponding fitted value and

standard deviation. RelaxIS was used to evaluate the experimental data. The results was

obtained from the two electrolytes used in the tortuosity measurements.

Electrolyte concentration Parameters Values

0.01 M R 42013 ± 168 Ω

Q 1.162 · 10�8 ± 3.11 · 10�10
Fs

↵�1

↵ 0.797 ± 0.003

0.1 M R 5460.2 ± 13.8 Ω

Q 1.656 · 10�8 ± 2.26 · 10�10
Fs

↵�1

↵ 0.928 ± 0.001

D.2.3 Ionic resistance

The ionic resistance was found by evaluating the EIS-results from the symmetrical cell us-

ing the simplified transmission line model. Biologic was used to evaluate the experimental

data. The resulting values are presented in Table D.3.

Table D.3: The parameter for the circuit shown in Figure 2.10 with corresponding fitted values and

standard deviations. Biologic was used to evaluate the experimental data. The results were

obtained from symmetrical cells.

Powder Celectrolyte [mol/L] Rion [Ω] Q [ Fs↵�1] ↵ [-]

s48 0.01 113.00 ± 0.98 0.00055 ± 0.00001 0.94 ± 0.02

0.10 16.18 ± 0.93 0.00052 ± 0.00002 0.95 ± 0.02

s93 0.01 69.54 ± 0.99 0.00053 ± 0.00001 0.95 ± 0.02

0.10 11.14 ± 0.99 0.00067 ±0.00002 0.94 ± 0.01
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D.3 Electrochemical impedance data for S48- and S93- cells

The impedance data for the EIS- measurements performed on the S48- and S93- cell

after the charge acceptance test were fitted with RelaxIS. The obtained values for the

parameters corresponding to Figure 4.14 are presented in Table D.4. The circuit used for

this experiment are shown in Figure 4.7 .

Table D.4: The parameter for the circuit shown in Figure4.7 with corresponding fitted values and

standard deviations. RelaxIS was used to evaluate the experimental data. The data is

fitted to the experimental values of the S48- and S93- cell.

Powders Parameters Impedance

S48 R0 4.52 ± 0.05 Ω

R1 7.39 ± 0.12 Ω

Q0 0.0120 ± 0.0050 Fs
↵�1

↵Q 0.405 ± 0.008

Zw 381.04 ± 25.10 Ωs
�1/2

⌧W 1966.6 ± 187 s

↵W 0.744 ± 0.005

S93 R0 4.48 ± 0.02 Ω

R1 5.90 ± 0.09 Ω

Q0 0.0132± 0.0008 Fs
↵�1

↵Q 0.471 ± 0.009

Zw 734.34 ± 82.50 Ωs
�1/2

⌧W 2907.1 ± 378.0 s

↵W 0.809 ± 0.004
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D.4 Electrochemical impedance data for the double- and single-

layer electrode cells

The fitted parameters from the impedance measurements before and after the charge

acceptance test of the double - and single layered electrodes are presented in Table D.5

and D.6 respectively.

Table D.5: The parameter for the circuit shown in Figure3.6 with corresponding fitted values and

standard deviations. RelaxIS was used to evaluate the experimental data. The data is

fitted to the experimental values of the double layer electrode from the impedance results

before and after the charge acceptance test.

Double layered Parameters Impedance

Before R0 5.13 ± 0.04 Ω

R1 6.56 ± 0.10 Ω

Q0 0.0071 ± 0.0005 Fs
↵�1

↵Q 0.57 ± 0.01

Zw 168.06 ± 3.48 Ωs
�1/2

⌧W 630.0 ± 16.5 s

↵W 0.726 ± 0.004

After R0 4.91 ± 0.04 Ω

R1 6.80 ± 0.17 Ω

Q0 0.0129 ± 0.0060 Fs
↵�1

↵Q 0.48 ± 0.02

Zw 493.52 ± 25.80 Ωs
�1/2

⌧W 1840.7 ± 99.9 s

↵W 0.808 ± 0.006
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Table D.6: The parameter for the circuit shown in Figure3.6 with corresponding fitted values and

standard deviations. RelaxIS was used to evaluate the experimental data. The data is

fitted to the experimental values of the single layer electrode for the impedance results

taken before and after thee charge acceptance test.

Single layered Parameters Impedance

Before R0 4.32 ± 0.03 Ω

R1 5.93 ± 0.11 Ω

Q0 0.0131 ± 0.00105 Fs
↵�1

↵Q 0.45 ± 0.011

Zw 622.75 ± 55.40 Ωs
�1/2

⌧W 2649.0 ± 290.0 s

↵W 0.814 ± 0.005

After R0 4.06 ± 0.02 Ω

R1 5.79 ± 0.08 Ω

Q0 0.0148 ± 0.0008 Fs
↵�1

↵Q 0.439 ± 0.008

Zw 368.59 ± 7.62 Ωs
�1/2

⌧W 1684.0 ± 45.0 s

↵W 0.801 ± 0.004
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