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Abstract

Lithium-ion batteries (LiBs) are expected to be one of the main energy storage systems
of the future, as it is able to store and produce energy without producing greenhouse
gases. The overall CO2 footprint of a LiB is however to a large degree determined by
its energy intensive manufacturing process. A large part of the energy is used dur-
ing electrode drying, where the toxic organic solvent N-Methyl-2-pyrrolidone (NMP)
needs to be fully recovered to avoid polluting the environment. NMP is required to
dissolve the state-of-the-art polyvinylidene fluoride (PVDF) binder used in commer-
cial cathodes. This work has focused on replacing the NMP and PVDF with water and
lignin, respectively, with the goal to reduce energy consumption in LiB manufacturing.
Another important task has been to improve the performance of the cathode in LiBs
during operation, where the approach has been to structure the cathodes mechanically.

Cathodes with lithium-nickel-manganese-cobalt-oxide (NMC111) as active material
were produced with an aqueous manufacturing route using lignin as binder. To en-
hance the wetting properties and rate performance of the cathodes, two different
structuring tools were used to make five different structures. Three of these were line
structures, ceramic blade perforations (Perf), small lines (SL) and large lines (LL),
while two were hole structures, small pillars (SP) and large pillars (LP). The struc-
tures were investigated and their dimensions determined using Scanning Electron Mi-
croscopy (SEM). Their effect on diffusion paths in the cathodes were examined using
Potential Step Chronoamperometry (PSCA) and a model for diffusion in planar sheets.
The unstructured and structured cathodes were tested and compared electrochemic-
ally in coin cells with Li-metal anodes, using galvanostatic cycling and Electrochemical
Impedance Spectroscopy (EIS). Chemical degradation as a result of cycling was invest-
igated using Energy Dispersive X-ray Spectroscopy (EDS). Finally, the lignin cathodes
were compared to cathodes with PVDF binder.

The unstructured lignin cathodes performed adequately, with a close correlation between
performance and thickness. Cathodes with low thickness (31 µm) were found to have
close to 60 mAh/g capacity at 5 C, which was reduced quickly with increasing thick-
nesses. Ohmic and SEI layer resistances were found to increase significantly with thick-
ness, indicating an electrolyte degradation during cycling. The cathodes were found
to otherwise be chemically stable, with only some CEI layer formation taking place
and no transition metal leaching during cycling. Structuring of the cathodes improved
their properties, both rate capability and wetting. Perf, SL, LL and SP all had higher
capacity retention up to 5 C than unstructured cathodes, for thicknesses of ≈ 100 µm.
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LP, however, was wound to impair the performance of the cathode, likely due to com-
pressing too much of the active material, reducing the porosity and hindering ionic
transport. The Perf, SL, LL and SP structures resulted in lower ohmic and SEI layer
resistances compared to unstructured cathodes of similar thickness, indicating better
cathode wetting and low electrolyte degradation. The structures were found to con-
tain their dimensions during cycling to a large extent, with only limited degradation
taking place. The Perf line structure yielded the best rate performance for cathodes
with ≈ 100 µm thickness, where a capacity of about 60 mAh/g was found for 2 C
and 20 mAh/g for 5 C, which was over twice as high as the unstructured cathode.
This cathode was compared to line structured cathodes with PVDF binder of twice the
spacing between the structures, in the thickness range 50-150 µm. The PVDF cath-
odes were found to perform equally or better than the cathodes with lignin for all
thicknesses, with the closest performance seen for the thickest cathodes. At ≈ 150 µm
thickness, their capacities were found to be ≈ 20 mAh/g for 2.5 C. Therefore, it is
suggested that PVDF cathodes out-perform lignin cathodes at low thicknesses, where
the ionic transport appears to be adequate regardless of the structures, but with the
use of structuring, their performance becomes equal for thicker cathodes. The use of
lignin as binder in cathodes with NMC111 seems promising, but requires further de-
velopment of structuring techniques to reach the performance of PVDF.

The diffusion model was found to be able to model the behaviour of cathodes, as it
managed to find theoretical time constants that were close to the experimental values,
independent of cathode thickness. The calculated effective diffusion coefficients of the
unstructured and structured cathodes were found to be close in value, in the range
1.34 to 3.73·10−9 m2/s, indicating diffusion in the electrolyte. By calculating the dif-
fusion length from the effective diffusion coefficient and experimental time constant,
it was found to be close to the size of the diffuse layer at particle surfaces (10.1 to
33.9 µm). Thus, the PSCA measurements were found to measure diffusion through
the diffuse layer, and the technique could not be used to detect changes in diffusion
paths as a result of cathode structuring.



Sammendrag

Litium-ionebatterier (LiBer) er forventet å bli en av fremtidens viktigste energilagring-
skilder, da de gir mulighet for å lagre og bruke energi uten å produsere drivhusgasser.
CO2-fotavtrykket til LiBer er derimot i stor grad bestemt av fremstillingsprosessen, som
krever store mengder energi. En betydelig andel av denne energien brukes for å tørke
elektrodene, der det giftige organiske løsemiddelet N-Metyl-2-pyrrolidon (NMP) må
samles opp etter bruk for å unngå utslipp til miljøet. NMP må brukes for å løse det
kommersielt brukte bindemiddelet polyvinyldifluorid (PVDF). Denne oppgaven har
fokusert på å bytte ut NMP og PVDF med vann og lignin, henholdsvis, med formål
om å redusere energiforbruket i LiB produksjon. En annen viktig oppgave har vært å
forbedre ytelsen til katodene i LiBer under bruk, hvor fremgangsmåten her har vært å
strukturere katodene mekanisk.

Katoder med litium-nikkel-mangan-cobolt-oksid (NMC111) som aktivt materiale ble
produsert ved hjelp av en vannbasert produksjonsrute med lignin som bindemiddel.
For å forbedre fukte-egenskapene og utladningskapasiteten til katodene ble to ulike
struktureringsmetoder brukt, og fem ulike strukturer. Tre av disse var linjestrukturer,
keramisk blad-perforering (Perf), små linjer (SL) og store linjer (LL), mens to var
hullstrukturer, små pillarer (SP) og store pillarer (LP). Strukturene ble undersøkt
og dimensjonene målt ved hjep av skanning elektronmikroskop (SEM). Effekten av
strukturene på diffusjonslengdene i katodene ble undersøkt med potensialsteg krono-
amperometri (PSCA) og en modell for diffusjon mellom plane overflater. De ustruk-
turerte og strukturerte katodene ble testet og sammenliknet elektrokjemisk ved gal-
vanostatisk inn- og utladning, i knappeceller med Li-metal som anoder. I tillegg ble
motstanden målt ved å bruke elektrokjemisk impedans spektroskopi (EIS). Kjemisk
dekomponering som et resultat av inn- og utladning ble undersøkt med energidispersiv
røntgendetektor (EDS). Til slutt ble katodene sammenliknet med katoder med PVDF
som bindemiddel.

De ustrukturerte lignin katodene presterte tilstrekkelig, med en nær sammenheng mel-
lom kapasitet og tykkelse. Katodene med lav tykkelse (31 µm) ble målt til å ha en
kapasitet rundt 60 mAh/g ved 5 C, som raskt ble redusert for katodene med høyere
tykkelse. Den ohmske og SEI-lag motstanden ble målt til å øke betydelig med tykkelse,
som indikerer en dekomponering av elektrolytten under testing. Katodene var ellers
kjemisk stabile, med en begrenset formasjon av CEI-lag og ingen lekking av overgangs-
metaller fra det aktive materialet under galvanostatisk inn- og utladning. Strukturer-
ing av katodene forbedret egenskapene, både høyhastighetsutladningen og fuktingen.
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Sammendrag vii

Perf, SL, LL og SP hadde alle høyere kapasitet opp til 5 C enn de ustrukturerte kat-
odene for tykkelser rundt 100 µm. LP viste seg å hemme egenskapene til katoden,
sannsynligvis som følge av at for store mengder av det aktive materialet har blitt sam-
menpresset, som har ført til redusert porøsitet og lavere ionisk ledningsevne. Perf, SL,
LL og SP strukturene ga lavere ohmsk og SEI-lag motstand, sammenliknet med de us-
trukturerte katodene med lik tykkelse, som tyder på økt fukting og lite dekomponering
av elektrolytten. Strukturene endres i liten grad under testing. Linjestrukturen Perf ga
den beste kapasiteten for samtlige strømmer for katodene med ≈ 100 µm tykkelse,
hvor en kapasitet på 60 mAh/g ble målt ved 2 C og 20 mAh/g ble målt ved 5 C, som
var dobbelt så høyt som den ustrukturerte katoden. Denne katodestrukturen ble sam-
menliknet med linjestrukturerte PVDF katoder med dobbelt så stor avstand mellom
linjene, for tykkelser mellom 50 og 150 µm. PVDF katodene presterte like bra eller
bedre enn samtlige av katodene med lignin, hvor de likeste kapasitene ble målt for
katodene på ≈ 150 µm (≈ 20 mAh/g ved 2.5 C). Resultatene indikerer dermed at
PVDF katodene har bedre egenskaper for de laveste tykkelsene, hvor ionetransport
ikke er en begrensende faktor, men ved å strukturere, kan ytelsen deres bli lik for de
tykke katodene. Bruk av lignin i katoder med NMC111 virker dermed lovende, men
krever videreutvikling av struktureringsteknikker for å oppnå samme ytelse som PVDF.

Diffusjonsmodellen klarte å modellere strømresponsen fra PSCA, hvor den beregnet
teoretiske tidskonstanter som var like de eksperimentelle verdiene, uavhengig av kat-
odetykkelse. De beregnede effektive diffusjonskoeffisientene til de ustrukturerte og
strukturerte katodene ble funnet til å være svært like, fra 1.34 til 3.73·10−9 m2/s, som
indikerer at det er diffusjon i elektrolytten som undersøkes. Ved å finne diffusjonsleng-
den fra den effektive diffusjonskoeffisienten og den eksperimentelle tidskonstanten,
ble det fastslått at diffusjon fant sted i diffusjonslaget på NMC partiklene, da verdiene
var mellom 10.1 og 33.9 µm. Dermed måler PSCA diffusjon gjennom diffusjonsla-
get på partikkeloverflatene, og teknikken kan ikke brukes til å undersøke endringer i
diffusjon som følge av strukturering av katodeoverflaten.
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Chapter 1

Background

1.1 Motivation

Our renewable energy supply is to a large extent discontinuous and dependent on ex-
ternal factors, therefore intermediate power storage is required to meet the continuous
need for energy. Rechargeable batteries are the main tool for meeting the demands of
both the present and the future, while offering the opportunity to reduce CO2 emis-
sions in multiple sectors. Batteries can be engineered to fit most applications, and
therefore makes it possible to become more sustainable, without compromising on
performance. Hence, rechargeable batteries are one of our main ways of fighting cli-
mate change, by making the shift from a fossil-fueled to a green society possible [1, 2].

The use of batteries makes it possible to store and use energy without producing CO2,
but the commercial manufacturing process is highly energy intensive. A large frac-
tion of the energy consumption is used to dry-off and recover the toxic organic com-
pound n-methyl-2-pyrrolidone (NMP) which is required to dissolve polyvinylidene flu-
oride (PVDF), the material binding the electrode together. By substituting the organic
solvent with water and finding an alternative to PVDF which gives the battery the
same properties, vast amounts of energy can be saved in the drying process and yield
a more sustainable manufacturing process[3].

To further improve the properties of batteries and to avoid the compromise between
energy density and power density, electrode structuring is a technique that has shown
positive results. Structuring has to a large extent been done using lasers to create in-
dentations in the electrode to improve the ionic transport, but it is an expensive and
subtractive technique, which removes excess material. To be able to scale up structur-
ing to an industrial scale, it has to be cheap, fast, reproducible and additive or gener-
ative, therefore, mechanical structuring of electrodes needs to be explored further[4,
5].

1
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1.2 Aim of work

The goal of this thesis is to replace the commercial PVDF binder with a bio-derived
binder which enables an aqueous cathode manufacturing process. Thereafter, the goal
is to improve lithium transport in porous electrodes by applying mechanical, lateral,
perforations. Two mechanical structuring methods with five different structures will
be tested to optimize diffusion in an electrode by using engineered macro-pores.



Chapter 2

Introduction

For most energy storage applications, the lithium-ion battery (LiB) has been the easy
choice since it was commercialized by Sony Corporation in 1991[1]. This is due the
LiBs well rounded properties in being able to store large amounts of energy and deliver
high power if needed, while operating safely[6]. The reason for Li being an important
part of this energy storage system is two-sided, it is the lightest metal in the periodic
table and has the lowest reduction potential of any element. By using Li-ions, we are
able to take advantage of high-energy electrochemical processes in our batteries[7].

2.1 Lithium-ion battery components

A battery is a type of energy storage system which stores energy chemically and is
able to convert it into electricity through electrochemical reactions. It consists of a
current collector (CC), a separator, an electrolyte and two electrodes. The CC acts as
the external circuitry and leads the produced electrons out of the cell to be used, the
electrolyte acts as an ionic conductor and electrical resistor, to avoid currents from
passing through the cell. The separator acts as a physical layer between the two elec-
trodes to hinder short circuiting the battery, while allowing Li-ion transport to take
place between the electrodes. LiBs utilize electrochemical reactions where these ions
intercalate between the cathode and anode during charge and discharge. The names
of the electrodes are given by at which electrode reduction (cathode) and oxidation
(anode) reactions take place during discharge. The cathode and anode are generally
made of a lithium-metal-oxide and graphite, respectively, where Li-ions are able to
move reversibly through their crystal structures[6–8].

2.1.1 Electrodes

The first commercial battery had a lithium-cobalt-oxide (LiCoO2, LCO) cathode and a
graphite anode, and was called a rocking-chair battery, due to the Li-ions intercalating
into the LiCoO2 during discharge and into the graphite during charge[9]. Equation 2.1
and 2.2 shows the reactions at the two electrodes, while Equation 2.3 shows the total
reaction during discharge[8]:

3
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Anode: Lix C −→ C + x Lidis + xe− (2.1)

Cathode: Li(1−x)CoO2 + x Li+dis + e− −→ LiCoO2 (2.2)

Total: Li(1−x)CoO2 + Lix C −→ LiCoO2 (2.3)

LCO is still the most used cathode material commercially, but there is an incentive
in the industry to move towards chemistries with lower cobalt (Co) content, due to
its high price, low abundance, toxicity and human-rights issues regarding the extrac-
tion. Nickel-manganese-cobalt-oxide (NMC) is one of these chemistries, with varying
amounts of nickel (Ni), manganese (Mn) and Co[9].

There are two additional classes of cathodes to the layered oxide structure, the
spinel oxides and the polyanion oxides[10]. These structures can be seen in Figure 2.1.

Figure 2.1: The structures of the three different classes of cathode oxides, layered,
spinel and polyanion[10].

Cathode

The cathode is the positive electrode during discharge and where reduction reactions
takes place. NMC111 is one of the most commonly used materials in cathodes due to
its high safety, low cost and high specific capacity. This particular chemistry has equal
amounts of the three transition metals, Li, Co and Mn, where each yields the cath-
ode a key property. Ni is the electro-active species and gives the cathode material a
theoretical specific capacity of 160 mAh/g. Increasing the amount of Ni yields higher
capacity, and is thus a main area of research today. Mn ensures chemical stability by
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not being susceptible to oxygen depletion of the lattice structure, which would result
in capacity decline and voltage fade. The Co gives the material its mechanical stability
and increases the electrical conductivity, due to having a significant octahedral-site
stabilization energy. This avoids it from migrating through the structure, and becom-
ing metallic during charging[10]. Their overall properties gives the material all the
necessary properties to be a well functioning cathode.

Anode

The anode is the negative electrode during discharge and is most commonly made
out of a graphite based material. The working principle is the same as layered oxides,
where Li-ions intercalate into and deintercalate out of the structure to store and pro-
duce energy. Graphite satisfies most of the requirements of an anode material. Only a
small amount of energy is lost during charge and discharge, as the intercalation and
deintercalation require low potential differences to take place. Graphite also has good
electronic and ionic conductivites, is cheap and environmentally sustainable. Some
of the issues with the material is the high reactivity with many electrolytes, where
unwanted side-reactions, degradation and Li-metal deposition can be promoted. The
formation of the solid electrolyte interphase (SEI) is one of these, where the graph-
ite reacts with the electrolyte during the first few cycles of the cell. The SEI does
however also passivate the surface and hinders further degradation, while being per-
meable to Li-ions[11]. Additionally, graphite has a low theoretical specific capacity of
372 mAh/g, it is however significantly higher than that of NMC111, thus the overall
battery capacity is limited by the cathode[12].

2.1.2 Electrolyte

For the Li-ion batteries to be able to function, an electrolyte containing Li-ions and
that allows them to be transported between the electrodes is necessary. Most electro-
lytes consists of two or more organic solvents and one or more salts containing lith-
ium, e.g. lithium hexafluorophosphate (LiPF6) and lithium tris(pentafluoroethane)-
trifluorophosphate (LiFAP). The mixture of several solvents and salts are often needed
for the electrolyte to have all the required properties for use in batteries, listed in
Table 2.1. To be able to meet all the requirements, other additives may be added to
the electrolyte to e.g. make it non-flammable and hinder it from overcharging[12].

Properties that directly influence the performance of the battery, like high ionic
conductivity, large window of electrochemical stability and low electrical conductivity
are the most important. The high ionic conductivity yields easy transport between and
through the electrodes for the Li-ions, it also avoids polarization and high overpoten-
tials[13]. The large stability window ensures that the electrolyte does not degrade or
otherwise react with components of the electrodes, even if it is cycled at a wide voltage
window. A low electrical conductivity minimizes the self-discharge rate of the battery
and yields a higher capacity[12].
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Table 2.1: The properties of an ideal electrolyte[12].

Nr. Property
1. High ionic conductivity
2. Low electrical conductivity
3. Large window of phase stability
4. Non-flammability
5. Large window of electrochemical stability
6. Non-toxicity
7. Abundant availability
8. Inert with battery components
9. Environmentally friendly

10. Robust against abuse
11. Good wettability with electrodes and separator

Electrolyte degradation

The solid electrolyte interphase (SEI) and the cathode electrolyte interphase (CEI) are
the result of electrolyte degradation, where it reacts with the electrode material and
creates an interface on the anode and cathode, respectively. The formation of the SEI
and CEI consumes parts of the electrolye and results in capacity fade of the battery, as
less Li-ions are available to intercalate into the electrodes[14]. Formation of the SEI is
unavoidable in Li-ion batteries, as it is a result of using voltages outside the stability
window of the electrolyte, but the SEI hinders further degradation[12]. Additionally,
it impedes Li plating formation, which can be harmful for the performance of the
battery. Some of the disadvantages of its formation includes irreversible capacity loss
and increased impedance of the battery over time, as it grows thicker. This results in
power fade and can lead to heat evolution within the cell, which could be a safety
hazard[11].

Transition metals are particularly susceptible to leaching out of the cathode mater-
ial and into the electrolyte to be incorporated into the SEI. This process causes capacity
fading and overall aging of the battery, like the loss of Li-ions presented above. The
three transition metals of NMC cathodes (Mn, Ni and Co) are all susceptible to react-
ing with the electrolyte, which can be seen in a chemical analysis of a cathode post
mortem, as the ratio between the three will have changed. Co is the most stable of the
three elements and can be used as a reference to Mn and Ni[15, 16].

2.1.3 Separator

As previously mentioned, the separator acts as a physical layer between the cathode
and anode and hinders direct contact between them. It must also allow Li-ions to flow
through its porous structure and be electronically insulating to hinder self-discharge of
the battery. Another important property of the separator is chemical and mechanical
stability, in addition to being a safety measure to avoid thermal runaway. Polyethylene
(PE), polypropylene (PP) and a combination of the two are common separator mater-
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ials which have all these properties. Commercial separators are made out of PP-PE-PP
trilayers, where the low melting point of PE makes it fill the electrode pores, which
increases the resistance of the battery and hinders further operation. The PP is stable
at higher temperatures than PE and prevents the battery from short circuiting if the
temperature increases uncontrollably[12].

2.1.4 Current collector

The current collectors (CCs) acts as an external pathway for the current produced
within the cell, to make use of the energy produced by the electrochemical reactions.
Some of the properties that are wanted in a CC is high degree of sustainability, low
cost, high electrical conductivity, high electrochemical stability, high strength and low
density. There are many materials that can be used as CCs, both for the cathode and
anode, like aluminium, titanium, copper, nickel, stainless steel and carbonaceous ma-
terials. To get the required stability and conductivity for each application, the materials
can have varying structures and designs, e.g. foil, mesh, foam, etching or coating[6].

Aluminium

Aluminium (Al) is the most used material for current collectors in cathodes, at its
properties align with the ones explained above. Al almost has as high conductivity as
the noble metals, is of low cost and has high stability due to the passive Al2O3 layer
that forms in air. In addition, it has a high strength and low density[6]. One of its
limitations is the low melting point, which hinders high temperature heat treatments
of the cathode.

Carbon coated aluminium

Carbon coating is an effective method of improving the conductivity of the CC ma-
terial. For Al the carbon coating improves the conductivity of the CC, thus achieving
a better performing electrode. The coating reduces the contact resistance of the Al
and contributes to a larger capacity retention at high currents. It also improves the
corrosion resistance of the Al, as it acts as a physical boundary between the coated
electrode layer when solved in water [6].

2.2 Electrode design

The three main parameters that decides the microstructure of an electrode is the poros-
ity, the tortuosity and the loading. These are key to control and characterize to get a
well functioning electrode with the wanted properties.

The porosity is defined as the ratio between the volume of the pores in the electrode
and the total volume of the electrode, and can be found by using Equation 2.4, where
V is the total volume of the electrode, C is the ratio of each material in the electrode, W
is the weight per area (loading) and ρ is the density of each material[17]. The porosity
of an electrode is controlled during calendaring, where the electrode is pressed to the
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wanted thickness, and influences the ionic transport and the electrical conductivity
within the electrode. High porosity allows for easy Li-ion transport and therefore high
ionic conductivity, but limits the electrical conductivity, as particle-particle contact is
required to get the electrons transported out of the electrode. High porosity yields
low energy density, as there is less active material per volume unit. Low porosity en-
hances the electrical conductivity and reduces the ionic conductivity. The best overall
properties are achieved at 30-40 % porosity for NMC cathodes[5].

ε[%] =
V −W
�

CNMC
ρNMC

+
CBinder
ρBinder

+
CConductive additive
ρConductive additive

�

V
· 100 (2.4)

An electrode’s tortuosity is a measure of the complexity of the ion transport paths
through the electrode. One way of estimating the tortuosity is relating it to the porosity,
the diffusion coefficient of Li-ions in bulk electrolyte (D0) and the effective and diffu-
sion coefficient of Li-ions in the electrode material (Deff), shown in Equation 2.5[18].
High tortuosity inhibits ionic transport and hence the rate capability of the electrode,
thus reducing the tortuosity is necessary for thick, high energy density, electrodes[19].
Since the tortuosity is decided by the electrode structure and how the particles are
ordered, it is an anisotropic property, where in-plane and out-of-plane ion transport
can be different. Particularly for graphite anodes is this apparent, where the in-plane
ionic conductivity is three times larger than the out-of-plane conductivity[20].

τ[%] = ε
D0

Deff
(2.5)

Electrode loading is the ratio between the mass of active material (mNMC) and sur-
face area (A) of the electrode, as seen in Equation 2.6. Electrode loading is closely
related to the overall energy density of the electrode, where higher loading yields a
higher ratio between active material and components that do not contribute electro-
chemically. A high mass loading results in a thick electrode with high energy density.
When the thickness increases, the power density limits the batteries from being used
in applications that need high currents[5].

W[g/cm2] =
mNMC

A
(2.6)

2.3 Electrode manufacturing

The electrode manufacturing process and the precursors used are imperative for the
overall quality of the resulting battery cell. Choosing the correct active material, con-
ductive additive, binder and solvent to meet the requirements of an application can be
challenging. Several considerations regarding capacity, electronic conductivity, mech-
anical integrity, cost and sustainability needs to be made before production is started.
The processing itself is also important, as it is time-consuming and expensive, where
introducing defects into the microstructure of the electrode could be detrimental for
its performance[21].
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2.3.1 Wet-slurry processing

Producing a high performance electrode requires three main classes of materials, as
mentioned previously, an active material, a conductive additive and a binder. Each
gives the electrode a necessary property to function. The active material stores Li re-
versibly and facilitates energy storage, NMC and graphite are two materials that are
used for cathodes and anodes, respectively, as introduced in subsection 2.1.1. The con-
ductive additive facilitates electron transport through the electrode and thus needs to
be a non reactive, high conductivity material, and are typically carbonaceous materi-
als like carbon black (CB). The binder secures adhesion between the current collector
and the active material, while providing cohesion between the components of the
electrode. Polyvinylidene fluoride (PVDF) is currently the state-of-the-art binder. It is
electrochemically stable between 0 and 5 V, shows great stability over time with sev-
eral active materials and has good adhesion to both aluminium and copper current
collectors, making it suitable for use in both cathodes and anodes[22].

The constituents of the electrode are dissolved in a solvent and thoroughly mixed
into a homogeneous electrode slurry before further processing. The choice of solvent
is often decided based on the binder used, where e.g. PVDF requires the use of an
organic solvent, usually N-methyl-2-pyrrolidone (NMP). NMP is however costly and
toxic for both humans and the environment, which complicates the drying process of
the slurry, since all the NMP needs to be recovered after use. This results in a desire
for binders which can use cheap, non-toxic and green solvents, like water[22].

Lignin is one of the options for use as a green binder in LiB electrodes, as it is
soluble in water, a by-product which exists in large amounts from paper and pulp
industry, cheap and non-toxic. It has shown promising results with regards to overall
electrode performance for both anodes and cathodes, with initial capacity, cyclability
and capacity retention being comparable to the non-sustainable PVDF. Aqueous based
processing does however also introduce new challenges to the manufacturing process.
Li-metal leaching, corrosion of Al current collector, reactions with Ni, poor wetting of
hydrophobic carbon and agglomerations[23]. Additionally, in cathodes with NMC as
active material, the NMC will react with water and alkalize the solution, resulting in
corrosion of the Al current collector foil. Regardless of the challenges of the water
based processing, lignin is still a promising alternative as binder to PVDF in LiBs[24,
25].

The electrode slurry is deposited onto the current collector, commercially this is
done with a slot-die coater and in lab scale it is done with a doctor blade. Then, the
electrodes are dried and the solvent evaporated. This is an energy-intensive step in
the manufacturing process and uses up to 20 % of the total energy consumption of
electrode manufacturing. During drying the solvent molecules closest to the surface
evaporates first, then the following molecules needs to diffuse through the thickness of
the coating to get to the surface. During this transport it drags binders and conduct-
ive additives towards the surface, resulting in binder migration and yields reduced
adhesion between electrode and current collector, increased internal resistance and
reduced electronic conductivity near the current collector. Thus, the drying step is im-
portant and is further complicated by the use of toxic solvents, like NMP, as it needs
to be recovered[22, 23].
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After the electrodes have been dried, they are calendared (cold-pressed) to the
wanted thickness, which typically is around 35 µm for commercial use[3]. The cal-
endaring process reduces pore volume, optimizes electron transport by pressing more
particles into physical contact, improves energy density and optimizes the ion trans-
port through the electrolyte-filled pores. It does however also increase the tortuos-
ity of the electrode, as there are fewer pores in a dense electrode, complicating and
elongating the diffusion path of Li-ions in the electrolyte. The optimal properties of an
electrode is found at 30-35 % porosity, but at 20 % for anodes and 25 % for cathodes
the volumetric energy density is higher which is a more important property for use in
e.g. electrical vehicles [22].

The final step of electrode manufacturing is shaping the electrodes into the shapes
required by the format of the battery. For prismatic and cylindrical cells long strips
of electrodes are used, for pouch cells the electrode is cut or punched into a fixed
geometry and for coin-cells which are used for experimental purposes, the electrodes
are cut into small circular disks of approximately 15-20 mm diameter[22].

2.3.2 Structuring

Structuring of an electrode alters its morphology and makes it possible to avoid having
to compromise between energy and power density, thus optimizing the properties of
the electrode. The structures can have different shapes and sizes, and can vary in com-
plexity, but they all function as macro-pores which increase the surface area between
the solid electrode and the liquid electrolyte. Three of the most common structures
are grids, lines and holes, as seen in Figure 2.2.

Figure 2.2: Illustrations of the three most common electrode structures, from the left:
grid structure, line structure and hole structure[5].

A 2D schematic overview of the electrode structure and how the macro-pores
changes it can be seen in Figure 2.3, together with a visualization of how the ionic
path is simplified and shortened by structuring the electrode.

Structured electrodes enables new combinations of electrode properties, as intro-
duced in section 2.2, which would be conflicting in unstructured ones. One example
is having both a thick and dense electrode, which results in high electrode loading,
energy density and electrical conductivity. Simultaneously, the electrolyte is able to
wet a larger area of the electrode, yielding a deeper penetration and better wetting of
the solid material. This results in a larger fraction of the NMC particles being electro-
chemically active, as electrolyte contact is necessary for Li-ion transport to and from
the particle. The additional macro-pores creates shorter and simpler transport paths
for the Li-ions during charge and discharge, thus reducing the tortuosity and increas-
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(a) (b)

Figure 2.3: Schematic illustration of ionic conduction in a) an unstructured and b) a
structured cathode.

ing the ionic conductivity, which facilitates the use of high C-rates and gives a high
power density[5].

The majority of research on electrode structuring up until now has been focused on
using lasers to structure electrodes of LiBs, whereas some have investigates the use of
mechanical methods [26, 27]. Lasers enables the use of precisely engineered structures
with limited thermal effects, which have been found to enhance the rate capability of
electrodes[5, 19, 28]. Laser structuring does however have some disadvantages, as
it is a subtractive technique where material is removed, resulting in excessive waste
material. This, in combination with a high price, would make laser-structuring prob-
lematic for large-scale production. Hence, exploring alternative methods of creating
engineered electrodes, which are additive or generative, would make upscaling sim-
pler[5]. Promising results have been found for introducing structures into electrodes
mechanically, but there is some uncertainty to whether or not it is possible to get the
desired effects through mechanical methods. If material is displaced and densified dur-
ing the structuring process, and not removed, it might fill the Li-ion transport routes,
and thus no change to the tortuosity is made[5, 26].

Parameters of structuring

The parameters of the structures are another aspect of the structuring of electrodes,
where indentation width, indentation depth and spacing between each indentation
needs to be optimized for each use. There is a theoretical limitation of the spacing
between each structure, as the engineered macro-pores are required to be closer to-
gether than the thickness of the electrode for the ion transport to be improved for
every active material particle. This is shown in Figure 2.4, where the indentations are
too far apart for the ionic transport to be improved for the inner particles. The overall
ionic transport for the particles close to the structure is however improved in the scen-
ario seen in Figure 2.4, compared to an unstructured reference. The optimal depth and
size of the indentations is dependent on the structuring method and intended use.
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Figure 2.4: Schematic illustration of the theoretical maximum distance between in-
dentations needed to improve ionic conduction to all NMC particles.

For a subtractive technique (like laser structuring) material is removed, thus the
width and depth of the indentation can be chosen based on a compromise between
enhancing the ionic transport and removing active material. Generally, the ionic trans-
port of Li-ions is greatly improved, even though the spacing between structures is
larger than the theoretical limitation and the indentations do not reach the current
collector. This can be seen in Figure 2.5, where the Li-ion concentration is greatly im-
proved for all the structured electrodes, independent of spacing between indentations
and their depth[19].

Figure 2.5: Shows the effect on Li-ion diffusion by the depth of indentations and spa-
cing between them[19].

For mechanical structuring, however, the displacement of material causes a change
in density for the surrounding areas. If the indentation depth equals half the electrode
thickness, the mass of the area under the indentation doubles, resulting in an equal
increase of density, illustrated in Figure 2.6. This results in a local tortuosity increase,
where the ionic transport is impaired, while it improves in the areas around the in-
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dentation. Thus, the spacing, width and depth needs to be considered carefully, to
avoid increasing the density in excessive amounts of electrode material, but as shown
in Figure 2.5, large spacing and limited indentation depths also have a positive effect
on Li-ion transport[5, 19].

Figure 2.6: Illustration of the increased density of electrode material compressed by
mechanical structuring.

2.4 Characterization techniques

Characterizing the quality of an electrode is important for understanding how the
precursors, manufacturing processe and structuring influence the performance of the
battery cell. Some standard characterization techniques are scanning electron mi-
croscopy (SEM), energy dispersive X-ray spectroscopy (EDS), galvanostatic cycling,
electrochemical impedance spectroscopy (EIS) and potential step chronoamperometry
(PSCA).

2.4.1 Scanning Electron Microscopy

SEM acquires various information from a sample by using a focused electron beam.
The electron beam produced several products which contain information about the
material being analyzed. Some of these are secondary electrons (SE), Auger electrons
(AE), backscattered electrons (BSE) and characteristic X-rays. SE are a result of in-
elastic interactions between the incident electrons and the sample. These are primar-
ily used to take images of the surface and topography of the sample[29]. All samples
that are imaged in SEM need to be conductive, but a thin conductive coating of gold
or carbon can be applied to non-conductive species[30].

EDS is a technique which is done in combination with SEM to gain information
about the chemical composition of the sample. The characteristic X-rays are used to get
a quantitative and qualitative analysis of the material, through software processing of
the energy spectrum and the measured intensities. As with SEM, there is little sample
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preparation needed, where the only requirements are that it is electrically conductive
and dry[30].

2.4.2 Galvanostatic cycling

Electrochemical testing is essential to analyze how a battery performs, particularly
when a new electrode active material is introduced, the electrolyte is changed or some
other aspect of the cell is modified. The most used electrochemical testing technique
is galvanostatic cycling, where one cycle represents one full charge and discharge of
the electrode, with a constant current (C-rate). The charge and discharge process is
terminated when a certain charge has been passed, or a given voltage is reached. A
typical cycle starts at 3 V, where the battery is charged to 4.3 V, then discharged back
down to 3 V. These limitations are used to avoid overcharging and over-discharging
the battery, where other components of the cell than the active material breaks down
to provide or absorb electrons, thus degrading the battery[31].

(a) (b)

Figure 2.7: Shows two ways of presenting the results of galvanostatic cycling: a)
Charge-discharge curve of a battery with a NMC cathode, with C-rates from C/20 to
1 C[32]. b) Rate-performance plot of an NMC cathode, which shows how the capacity
fades with increasing C-rates[4].

Galvanostatic cycling measures how much charge the electrode is able to store
and deliver at varying currents, which is labeled the charge and discharge capacity of
the battery, respectively. Such measurements are often presented in charge-discharge
profiles, where the potential is plotted vs. the capacity per mass of active material,
the specific capacity. It can also be presented in plots where the specific capacity is
plotted against the cycle number, to illustrate how the capacity depends on the C-
rates. Examples of the two can be seen in Figure 2.7.
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2.4.3 Electrochemical Impedance Spectroscopy

EIS is a technique which measures the impedance in an electrochemical system by
applying a chosen potential at a range of frequencies, while recording the resulting
current. Voltages from 1 to 10 mV are applied with frequencies ranging from the mil-
lihertz scale to several hundred kilohertz. EIS can be used to investigate three main
processes at these frequencies, the ohmic loss is measurened in the kilohertz range,
activation polarization in the hertz range and mass concentration polarization is meas-
ured in the millihertz range. A schematic impedance spectrum of a battery, called a
Nyquist diagram (plot), can be seen in Figure 2.8a[33].

(a) (b)

Figure 2.8: Nyquist diagram with its corresponding equivalent circuit. a) Overview of
the electrochemical processes which are dominating at the different frequency ranges.
b) Equivalent circuit for the Nyquist diagram in (a)[33].

By applying an AC voltage at different frequencies and measuring the resulting
current response, EIS can be used to find the impedance of the electrochemical pro-
cesses taking place within the system. The impedance measurements yields Nyquist
diagrams that are paired with an equivalent circuit to correlate each electrochemical
process with a contribution to the voltage drop in the cell. One standard equivalent cir-
cuit, which fits the Nyquist diagram shown in Figure 2.8a, can be seen in Figure 2.8b.
This circuit contains the ohmic resistance (RS), the charge transfer resistance, (RC T ),
a double-layer capacitance of charge transfer (CL) and a Warburg element (Zw)[31].
Most electrochemical cells does however require more complicated equivalent circuits,
as the processes taking place and the geometry of the electrodes are deviating from
the theoretical assumptions. More resistances might be needed if there are more than
one semi-circle, and there might not be an apparent Warburg element, indicating the
absence of a purely diffusion controlled process in the frequency range used. In addi-
tion, the double-layer capacitance is often changed to a constant phase element (CPE,
indicated by Q in an equivalent circuit), if the semi-circles appear more like the arc
of a circle. The CPE originates in a distribution of the current density along the sur-
face of the electrode as a result of an inhomogeneous surface, which porous electrodes
have[34]. Thus, an alternative equivalent circuit can be seen in Figure 2.9, where con-
tributions from both cathode and anode are taken into account, as in addition to the
ohmic resistance (here R1), there are two CPEs (Q2 and Q3) and two other resistances
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(R2 and R3).

Figure 2.9: An equivalent circuit which models the behavior of a realistic cathode and
anode, with constant phase elements (Q) and resistances (R)[35].

2.4.4 Potential Step Chronoamperometry

PSCA is an electrochemical characterization technique used to study thermodynamic
and transport properties of materials used in electrochemical processes. In PSCA a
single potential step is applied to an electrochemical system and the current response
is used to determine the diffusion coefficient of solutes in a host material. This tech-
nique is quite similar to the potentiostatic intermittent titration technique (PITT), with
the only difference being that PITT uses several potential steps to examine diffusion be-
havior in a range of voltages, whereas PSCA investigates diffusion in a certain voltage
area of the system. The voltage step is most often held until the measured current
has fallen below some threshold, corresponding to a low C-rate. It has seen particular
use in the characterization of diffusion of Li-ions in graphite electrodes and transition-
metal oxide electrodes[36, 37].

The theory behind PSCA is the same as for PITT, and it has several assumptions
about the electrochemical system the technique is conducted on. These need to be met
for the measurements to be valid for the process being investigated. Thus, for use in
LiBs, the experiment has to be designed to comply with the assumptions of the theory
behind the technique:

• There is only one diffusing species in the system, and its diffusion coefficient is
constant in the applied voltage range
• Diffusion only occurs over the thinnest dimension of a dense electrode
• There is no interfacial reaction resistance between the electrode and the elec-

trolyte
• There are no kinetics related to phase transformations

To meet these assumptions, the use of small steps in voltage ensures diffusion
in a single phase region and a constant diffusion coefficient. Using dense and thin
electrodes avoids diffusion from occurring in several directions, thus satisfying the
second assumption. Finally, a voltage-range where no phase transformations occur
needs to be used to meet the final assumptions. PSCA can be used to find the time
constant, τ, of a system. The time constant corresponds to the required time for 63.2 %
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of the total charge to be passed for a system which is subjected to a potential step. It
is found by measuring the current resulting from such a potential step and finding
the time needed for the current to be reduced to 36.8 % of its initial value. The time
constant is a measure of the diffusion coefficient in the system, their correlation is
given in Equation 2.7. Here l is the diffusion length of the species and D is the diffusion
coefficient[37].

τ=
l2

D
(2.7)

2.5 Modelling diffusion behavior

Within the electrodes of a battery, Li-ions diffuse through the porous structure and into
the NMC particles, so that the electrochemical reactions described in subsection 2.1.1
can take place. Parts of this process can be modelled by diffusion in a plane sheet and
could be used to investigate changes in diffusion behavior as a result of structuring
cathodes. The two sheets are in a LiB represented by the intersection between the NMC
film and the current collector, and the intersection between the film and the separator.
The concentration (C) of the charged species, here Li-ions, can thus be described by
Equation 2.8[38].

C = C1 + (C2 − C1)
x
l
+

2
π

inf∑
n=1

C2cos(nπ) − C1

n
sin
�nπx

l

�

ex p
�

−Dn2π2 t
l2

�

+
2
l

inf∑
n=1

sin
�nπx

l

�

ex p
�

−Dπ2n2 t
l2

�
∫ l

0
f (x)sin
�nπx

l

�

d x

(2.8)

Here, C1 and C2 are the surface concentrations of the two sheets, and are assumed
to be constants that are equal to another in a fully soaked electrode, thus C1 = C2. Fur-
thermore, f(x) is the concentration profile of the charged species between the sheets
at t = 0, which usually is assumed to be zero or some constant. With f(x) = 0, C1 = C2

and normalizing the charge-concentration profile Equation 2.8 becomes:
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Equation 2.9 can then be used to find how the charge-profile changes with time,
by integrating over the thickness of the cathode, l.
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If Equation 2.10 is fitted with an experimental charge vs. time curve, an effective
diffusion coefficient, Deff, of the system can be found. By comparing the effective dif-
fusion coefficient with tabulated values for ions in the battery, the species and process
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which limits the ionic transport can be identified. The diffusion coefficients of a typical
Li-containing salt and its ions are listed in Table 2.2.

Table 2.2: Diffusion coefficients of the Li-containing salt LiPF6 and its ions, in the liquid
electrolyte (Dliq) and in the solid NMC particles (DSS)[39–41].

Species Li+ PF−
6 LiPF6

Dliq [m2/s] 2.46·10−10 3.84·10−10 1.48·10−10

DSS [m2/s] 4·10−15 - -

The effective diffusion coefficient and the experimental time constant can be used
to calculate the diffusion length of the charged species, by using Equation 2.11. Find-
ing the diffusion length can then be used to further identify the limiting transport
process in the electrochemical system.

l =
p

Deffτ (2.11)
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Experimental Work

The chapter contains an overview of the chemicals, apparatuses and procedures used
in the experimental work. Manufacturing of cathodes and battery cells will be the
focus, with characterization and testing of these.

3.1 Chemicals and apparatus

The four precursors used to make the NMC cathodes are lithium-nickel-manganese-
cobalt-oxide (NMC111), with equal amounts of the three transition metals (Ni, Mn and
Co), carbon black (CB), lignin and distilled water. These species are listed in Table 3.1
with information regarding their function, state and manufacturer.

Table 3.1: The four precursors used to make the cathode slurry.

Material NMC111 CB Kraft Lignin Distilled water
State Powder Powder Powder Liquid
Function Active material Conductive additive Binder Solvent
Manufacturer Targray Imerys Sigma Aldrich -

The apparatuses needed in the experimental procedure, from making cathodes to
assembling coin-cells, are listed in Table 3.2 with the steps they are used in.

Table 3.2: The apparatuses used in the manufacturing of NMC cathodes and coin-cell
assembly.

Name Function
Mettler AE 260 DeltaRange Analytical balance
Thinkymixer ARE-250 CE Mixing of precursors
Mini Tape Casting Coater MSK-AFA-HC100 Casting of slurry
Heraeus VT 5042 EK Vacuum Oven Drying of cathodes
Mbraun LABMASTER Pro SP Assembling of cells
TMAX-Pneumatic1 Coin cell crimping machine

19
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3.2 Battery production

The battery production route can be divided into two main sections, the cathode man-
ufacturing and the cell assembly, which again can be divided into several substeps, as
seen in Figure 3.1.

Figure 3.1: Schematic of the different steps in the production of a lithium-ion coin
cell, from precursors to finished cell.

3.2.1 Cathode manufacturing

The cathode manufacturing started with making a 1:10 wt% solution of lignin and
distilled water (containing 5 % ethanol) by mixing with a magnet stirrer over night at
50 ◦C. The ethanol evaporates over night. CB was mixed with the lignin solution in a 30
minute mixing program, which was separated into three 10 minute steps with speeds
of 1500, 2000 and 1500 rpm. Additional water was added to get the wanted dry-to-
wet ratio, typically 1 to 1.2. Subsequently, the NMC was added and the same mixing
program was used to make the slurry. A 90:5:5 weight ratio was used for the NMC, CB
and lignin, respectively. The slurry is then tape-casted onto a 16 µm thick aluminium
foil coated with a 2 µm thick carbon coating. A doctor blade with an adjustable gap
was used to get the intended film thickness. The film was dried for 30 minutes at 50 ◦C,
during which it was perforated with a structuring tool. It was subsequently dried at
60 ◦C over night in vacuum. To create individual cathodes with 15 mm diameters, the
film is cut into circular disks, then the thickness and weight of each is measured to
calculate the amount of active material, electrode loading and average porosity. All
cathodes were finally dried at 120 ◦C for 4 hours in vacuum to remove all moisture
before being moved to a Glovebox for assembly into coin-cells.

3.2.2 Perforation

The structuring was done during drying of the cathode film, as the solvent evaporates
from the slurry. Either the ceramic blades or the silica wafer were used as the struc-
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turing tool and placed manually into the slurry after 90-120 seconds, depending on
the doctor blade thickness, and pressed down for 5 minutes until it had fully dried.

Structuring tools

One of the structuring tools used was a set of 200 µm thick ceramic blades, and can
be seen in Figure 3.2. The tool consists of 100 ceramic knives which were mounted
together. The tool yields indents of variable with, depending on the depth of the struc-
ture, with 200 µm spacing between each.

Figure 3.2: Ceramic blades used to create line structures with 200 µm spacing in
cathodes.

The other structuring tool was a silica wafer with four different structures. Silica
was selectively removed from the wafer with the ICP-RIE (inductively coupled plasma
reactive ion etching) technique to create the structures, where a 250 nm chromium
mask was used to protect the structures. Two of these structures were line structures
with different spacing between the indentations. The large lines (LL) had 200 µm
spacing and the small lines (SL) had 100 µm spacing, both with an indentation width
of 30 µm. The other two were pillars which created wells in the cathodes, these had a
spacing between the pillars of 150 µm, but different pillar size. The small pillars (SP)
had a 30 µm radius and the large pillars (LP) had a 50 µm radius. All the structures
had a depth of 100 µm and can be seen in Figure 3.3.
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Figure 3.3: Silica wafer used to create four different structures in cathodes.

3.2.3 Cell assembly

The coin cells were assembled in a Glovebox with controlled Ar atmosphere containing
up to 1.0 ppm water and oxygen gas. The parts used in the assembly process are
described in Table 3.3.

Table 3.3: The parts of the battery pack.

Name Type Material Measurements (diam. x height)
Coin cell can CR2032 Stainless steel (SUS216L) 20mm x 3.2mm
Coin cell cap Cr2032 Stainless steel (SUS216L) 19.3mm x 3.2mm
Separator Celgard 2320 PP/PE/PP 17mm x 20µm
Spacer CR2032 Stainless steel (SUS216L) 16mm x 0.30mm
Wave spring CR2032 Stainless steel (SUS216L) 15.4mm x 1.2mm

The ordering of the parts in the coin-cell can be seen in Figure 3.4. Firstly, the
cathode was placed into the coin cell cap (positive case) with its active material facing
up. Electrolyte (1 M LiPF6 in EC/DMC/DEC = 1:1:1) is deposited on the cathode with
a pipette, 20 µL before and 20 µL after the separator is placed onto the cathode, while
ensuring that the separator completely covers the cathode. Brushed pre-cut lithium
metal (anode) was then placed onto the separator, aligned with the cathode to avoid
any of the active material being inactive. The lithium metal was brushed to remove
any oxide layer, which could impede the performance of the cell by increasing its
resistance. Then, the spacer was placed onto the anode with a wave spring directly
on top. Finally, the coin-cell was sealed by the cap (negative case) and crimped at
120 psi in the crimping machine. The spring and spacer were used to avoid damaging
the electrodes, as they relieve and distribute the pressure evenly during crimping. The
coin cells rested for 1 week before electrochemical cycling to ensure that the electrolyte
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Figure 3.4: Schematic illustration of the ordering and configuration of the CR2032
coin cell[42].

had wetted the cathode completely.

3.3 Characterization Techniques

3.3.1 Scanning Electron Microscopy

SEM was used to characterize the cathodes structurally directly after manufacturing
and after finished electrochemical testing. This was done to investigate the initial struc-
tures, to see how they changed when exposed to the crimping pressure and the elec-
trochemical reactions that take place during cycling. The dimensions of the cathodes
and the structures were measured from the SEM images. A Zeiss Ultra 55 apparatus
was used for imaging, with an Everhart-Thornley secondary electron detector. Work-
ing distances between 10 and 20 mm were used together with an accelerating voltage
of 10 kV for all samples.

EDS was used to chemically analyze the cathodes before and after cycling, to in-
vestigate if it changed chemically during testing. The analysis was done in SEM with
a Bruker XFlash EDS detector at a working distance of approximately 10 mm and an
accelerating voltage of 15 kV. Additionally, Bruker software was used to analyze the
energy spectrum and identify the elements.

3.3.2 Galvanostatic cycling

The coin-cells were tested electrochemically through galvanostatic cycling, where they
are charged from 3.0 V to 4.3 V and discharged down to 3.0 V, at varying C-rates.
Since the anode is Li-metal, all measured potentials are relative to Li/Li+. Cycling
was done with a computer controlled Lanhe CT2001A potentiostat at 25 ◦C. Three
different programs were used to test the batteries, these are presented in Table 3.4.
The programs are combined into a full cycling program, where Form is run first, then
Soak and lastly Rate. Form contains the three first formation cycles at 0.1 C (16 mAh/g)
and ensures an effective SEI formation. Soak has a final cycle at 0.1 C and then 15
at 0.2 C to investigate the wetting of the cathode. Rate tests how the cell performs at
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normal to high C-rates and checks if the cell was harmed during the high rate-testing
by concluding with 5 cycles at 0.1 C. For C-rates up to 0.5 C, the cells were charged
and discharged at the same currents, but for C-rates above this, all were charged at
0.5 C, while the discharge rate was increased.

Table 3.4: The three programs the cells were subsequently cycled through, Formation
(Form), Soaking (Soak) and Rate-testing (Rate), ending at a total of 54 cycles. EIS
measurements was measured after each program.

Program name 0.1C 0.2C 0.5C 1C 2C 2.5C 3C 5C Cycles
Form 3 - - - - - - - 3
Soak 1 15 - - - - - - 16
Rate 5 - 5 5 5 5 5 5 35

3.3.3 Electrochemical Impedance Spectroscopy

EIS was done with a Biologic VMP3 instrument. The cells were charged to 3.6 V at
0.1 C and held at this voltage until the current was lower than 0.01 C (1.6 mAh/g)
and a quasi equilibrium state is reached. The frequency range used was from 500 kHz
to 10 mHz with a sinus amplitude of 10 mV. EIS was done after each of the three
galvanostatic cycling programs shown in Table 3.4.

3.3.4 Potential Step Chronoamperometry

PSCA was done with a Biologic BCS-805 device at a voltage of 3.0 V with a 50 mV
potential step. The step was held for 60 seconds. The technique was used to measure
the current response of the potential step on cells that had finished cycling. The ex-
perimental data was fitted with the diffusion model described in section 2.5 by using
the Levenberg-Marquardt method. The effective diffusion coefficient and theoretical
time constant of the system were found from the model.
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Results and Discussion

This chapter revolves around the results of the experimental work and will be dis-
cussed in the following order:

• Structural analysis of structured lignin binder cathodes
• Chemical analysis of lignin binder cathodes
• Electrochemical analysis of lignin binder cathodes
• Performance comparison of lignin and PVDF cathodes

4.1 Structural analysis of structured lignin binder cath-
odes

Lignin has in previous works [23–25] been shown to work well as a binder in LFP
cathodes, comparably to the unsustainable state-of-the-art alternatives like PVDF. To
further investigate the performance of lignin based cathodes, NMC is used as active
material and several structures have been used to perforate the cathode surface with
the goal to enhance its properties, such as rate performance and wettability. Two struc-
turing tools were used to make five different structures in the cathodes, an overview
of these can be seen in Table 4.1. Structured cathodes have been analysed in pristine
(uncycled) condition and post mortem, after 54 charge-discharge cycles with C-rates
described in Table 3.4.

Table 4.1: The different structures which were made in the cathodes with the expected
dimensions from the structuring tool.

Name Abbreviation Structure type Indentation [µm] Spacing [µm]
Blade perforated perf Line ≈ 10 200
Small Lines SL Line 20 100
Large Lines LL Line 20 200
Small Pillars SP Hole 60 150
Large Pillars LP Hole 100 150

The measured dimensions of the structured cathodes before and after cycling are
summarized in Table 4.2. The average of the dimensions are found from measurements

25
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of at least two cathodes with each structure, where some of the SEM images used can
be seen in Appendix A Figure A.1-A.5. Here it is shown that the size of the structures
varies from the dimensions listed in Table 4.1, due to imperfect structuring during
manufacturing. The structures change from pristine cathodes (N) to post mortem (PM)
analyzed ones, but not to a significant degree. The width of the structures increase for
all cathodes, except large pillars (LP), which likely is due to parts of the material at
the edges of the structures being weakened by the structuring and becoming dislodged
during cycling, due to stresses induced by the electrochemical reactions. The spacing
between the structures should decrease if the width of the structures grow during
testing, but this is only seen for the blade perforated and small line (SL) structures.
This indicates that the variations in dimensions could be due to local variations in
the measured cathodes, as the structuring technique is imperfect. It should also be
mentioned that the structures could have been damaged during the opening of the
cells, as the performance of the cathodes during testing does not indicate significant
deterioration during use. This will be further discussed in section 4.3.

Table 4.2: Measured dimensions of the structured cathodes in pristine condition (N)
and post mortem (PM).

Name Perf SL LL SP LP
Width (N) [µm] 16.7 ± 7.4 39.8 ± 3.9 48.2 ± 3.2 43.2 ± 1.5 56.3 ± 0.7
Spacing (N) [µm] 195.3 ± 11.7 81.0 ± 3.1 168.7 ± 2.3 142.6 ± 9.4 124.9 ± 2.5
Depth (N) [%] 48 ± 8 30.4 ± 7.2 32.5 ± 4.7 38.9 ± 2.2 49.9 ± 3.9
Width (PM) [µm] 34.3 ± 11.2 49.4 ± 13.0 61.8 ± 5.1 45.5 ± 4.4 54.3 ± 2.1
Spacing (PM) [µm] 187.4 ± 2.5 100.0 ± 11.5 196.8 ± 8.2 126.7 ± 11.9 155.5 ± 4.8

4.1.1 Perforated with ceramic blades

The ceramic blades, shown in Figure 3.2, creates line structures in the cathode sur-
face and can for a pristine cathode be seen in Figure 4.1. The tool structures the cath-
ode with an uneven spacing, as some of the knives have not made contact with the
electrode during the structuring step of the manufacturing. The size of the perfora-
tions have been found to be 16.7 ± 7.4 µm and the size of the spacing between them
195.3 ± 11.7 µm, when only considering the ones where the knives have structured
the cathode. The variations in perforation size and spacing is due to each ceramic knife
not being of the exact same thickness and not all being aligned perfectly.

Another aspect of the perforations is the depth of the indentations. The Cross-
sections of two perforated cathodes can be seen in Figure 4.2. The perforations were
found to get through 48 ± 8 % of the cathode thickness, yielding an increased density
of material beneath this area with lower porosity than the bulk. Some of the excess
material could also have been displaced to the sides, increasing the density of small
regions in between the perforations.

The variable quality of the perforation structures shown in Figure 4.1 could yield
cathodes with varying performances, as a structures of higher quality in a thick elec-
trode could outperform a poorly structured and thin electrode. If the spacing-to-thickness
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(a) (b)

Figure 4.1: Two cathodes perforated with the ceramic blades. a) Overview of several
indentations made. b) Measurements of two indentations and the channel between
them.

(a) (b)

Figure 4.2: Shows the cross-section of two perforated cathodes. a) 60µm thick cathode
with ≈ 30 µm indentations. b) 75 µm thick cathode with ≈ 35 µm indentations.

ratio is too low, the structures will not have a significant effect on the overall electro-
lyte/electrode surface area, thus hardly improving the ion transport in the electrode,
as explained in subsection 2.3.2. In addition, the depth of the indent decides how
much better the electrolyte wets the electrode, but an indent of ≈ 50 % of the total
cathode thickness should increase the surface roughness and porosity sufficiently to
increase the wettability, as found in previous work[19].

Post mortem analysis

Investigating cathodes post mortem showed that some had gone through microstruc-
tural changes. Figure 4.3a shows one cathode where the structures have endured be-
ing exposed to crimping pressure and electrochemical testing, which was found for the
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majority of analysed cells. This is however not the case for all cathodes, as can be seen
in Figure 4.3b, where the material from the cathode has been dislodged and left in
the indentations. This could affect the cyclability of the cathodes, as lose material will
not be active, and reduce the available capacity of the battery cell. For cathodes with
structures that was able to withstand testing, the size of the perforations was meas-
ured to 34.3 ± 11.2 µm with a spacing of 187.4 ± 2.5 µm between the indentations.
Hence, the overall spacing between the indentations have been reduced (percentage
reduction), while the size of the indentations have increased (percentage increase),
indicating an overall deterioration of the structures during cycling.

(a) (b)

Figure 4.3: Post mortem analysis of blade perforated (perf) cathodes after 54 cycles.
a) Surface view of structures that have not changed by cycling. b) Surface view of
damaged structures

4.1.2 Small line structures

The small line structures (SL) are similarly to the perforated cathodes structured with
lines, with the main difference being half the spacing between the lines and a slightly
wider indentation, as listed in Table 4.1. A structured cathode can be seen in Figure 4.4
at two different magnifications, where the average spacing between the indentations
was found to be 81.0 ± 3.1 µm with an indentation size of 39.8 ± 3.9 µm. Figure 4.4a
shows a successful structuring of a cathode with parallel lines of width close to the
expected value. Some agglomerations/pile-ups of NMC particles can be seen in some
of the indentations, which most likely is due to a displacement of excess active mater-
ial when the silica wafer was removed from the cathode. The right side of Figure 4.4b
does show some imperfections in the structure, where the electrode between two in-
dentations have been damaged, seemingly by the structuring tool.

Examination of the cross-sections of SL structured cathodes showed that structures
reach 30.4 ± 7.2 % into the cathodes, shown in Figure 4.5. This structuring method
thus creates finer structures compared to the perforations of the ceramic blade, but
the structures are less deep. As discussed previously, the ionic transport would have
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(a) (b)

Figure 4.4: Small line (SL) structure in a pristine, uncycled cathode. a) At 200 mag-
nification and b) at 1k magnification.

been improved more by deeper structures, but it should still aid the wetting of the
electrode and allow for the electrolyte to fill more pores. The limited depth is most
likely due to a form of restructuring after the wafer is removed, as the structuring tool
is able to reach 100 µm into the cathode.

(a) (b)

Figure 4.5: Cross-section of two cathodes with small line (SL) structures, the depth of
the indentations was found to be one third of the total thickness.

Post mortem analysis

Figure 4.6 shows that the SL structures have been able to withstand the crimping pres-
sure of the crimping machine and the electrochemical testing. The spacing between
the structures was found to be 100 ± 11.5 µm, and the width of the indentations
49.4 ± 13.0 µm. The spacing found for the cathodes from the tested cells are larger
than for the pristine cathodes, and highlights the variation in quality of the produced
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structures, as the structuring tool is placed into the electrode slurry by hand. The width
of the indentations have generally increased during cycling, and has a large variation,
showing that some of the material has come lose from the electrode, similarly to the
perforated sample.

Figure 4.6: Post mortem analysis of a cathode with small line (SL) structures after 54
cycles.

4.1.3 Large line structures

The LL structure also creates lines in the surface of the cathode, with an expected
200 µm spacing. Pristine cathodes with LL can be seen in Figure 4.7, where 4.7a shows
a top-side view of high quality structures with a structuring width of 48.2 ± 3.2 µm
and a spacing between them of 168.7 ± 2.3 µm. Thus, the structures do not have the
same geometry as the structuring tool, which likely is due to the tool not being held still
during perforation. If the tool is moved slightly, the width of the indentations increases
and the spacing between is reduced as more material is pushed down and to the sides.
In addition, some excess material can be seen in some of the lines, where material have
been displaced during removal of the silica wafer. Figure 4.7b shows the cross-section
of a cathode, where an indentation depth can be found to be 32.5 ± 4.7 % of the
total cathode thickness. This is similar to the cathodes structured with SL, indicating a
maximal perforation depth of this tool. The structuring does however in great extent
appear to be successful.



Chapter 4: Results and Discussion 31

(a) (b)

Figure 4.7: Two pristine cathodes with LL structures. a) Surface view and b) Cross-
section.

Post mortem analysis

Post-mortem analysis of LL structured cathodes showed the same result as the SL struc-
tures, where no significant change has been made to the geometry, since the indenta-
tion width was found to be 61.8 ± 5.3 µm and the spacing 196.8 ± 8.2 µm. Figure 4.8
shows one cathode where the structures have remained rigid, with agglomerations of
particles in some of the lines, but also shows a form of impurity at the bottom of the
lines which has been left from the silica wafer. It was found to be chromium (Cr) in
EDS (see section 4.2), which was used as a mask when making the structures in the
wafer. These Cr lines are only found for the first few batches of cathodes structured
with the wafer, but it could affect the overall performance of the coin-cell, as it hinders
direct contact with electrolyte and the cathode material underneath.
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Figure 4.8: Post mortem analysis of large line (LL) structured cathodes after 54 cycles.
The structures seem unharmed, but the figure shows chromium impurities in the in-
dentations.

4.1.4 Small pillar structures

The cathodes structured with small pillars will have a hole structure with circular
indentations of 30 µm radius and a spacing of 150 µm between each. Figure 4.9a
shows four of the hole structures in a pristine cathode. The average radius was found
to be 43.2 ± 1.5 µm with a spacing of 142.6 ± 9.4 µm, which is relatively close to
the expected values, but does indicate that the structuring have not been ideal. This
can be confirmed by Figure 4.9a, as there are cracks forming close to the SPs and one
of the holes is much larger than the others, where material has come loose from the
sides. The overall quality of the structures does however appear good, as can be seen
in Figure 4.9b, where several evenly spaced holes can be observed, with a depth of
38.9 ± 2.2 % of the total cathode thickness.

Post mortem analysis

After cycling the structures does not appear to change in a significant degree, as seen
in Figure 4.10, but some deterioration has occurred. The hole radius has increased to
45.5 ± 4.4 µm and the spacing between decreased to 126.7 ± 11.9 µm. The overall
variation in sizes has also increased, indicating that some structures are less tough
than others, likely due to the structuring technique, where there are variations from
batch-to-batch. This could affect the performance of the cathodes, where the ones with
less tough structures will suffer from a larger degree of degradation than cathodes that
were structured better.
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(a) (b)

Figure 4.9: Shows pristine cathodes with small pillar (SP) structures from a) Surface
and b) Cross-sectional view.

Figure 4.10: Post mortem analysis of a cathode with small pillars (SP) after 54 cycles.

4.1.5 Large pillar structures

LP structured cathodes can be seen in Figure 4.11, where Figure 4.11a shows one of the
holes created by the wafer and Figure 4.11b shows the cross-section of a cathode. The
radius of the holes was found to be 56.3 ± 0.7 µm with a spacing of 124.9 ± 2.5 µm,
and depth 49.9 ± 3.9 % of the total thickness. Thus the dimensions are relatively
similar to the structuring tool, listed in Table 4.1, with the main difference being the
spacing being smaller, indicating a non-ideal perforation, where some extra material
has been displaced in the LPs. The LP have the highest indentation depth of all the
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structures, yielding cathodes with areas with the highest density, which could yield a
reduced electrochemical performance.

(a) (b)

Figure 4.11: Shows two pristine cathodes structured with large pillars (LP). a) Surface
view and (b) Cross-section view.

Post mortem analysis

The post mortem analysis of LP structured cathodes showed that inconsistent struc-
turing could be the main cause of a coin-cell failing during testing. Figure 4.12 shows
a cathode that has been structured twice, where the structuring tool has shifted dur-
ing perforation and made a new set of holes in the structure. The radius of the LPs
was found to be 54.3 ± 2.1 µm and the spacing 155.5 ± 4.8 µm. Pristine cathodes
had a spacing over 25 µm smaller than the cycled ones, highlighting the variation in
structuring quality within a structuring type.
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Figure 4.12: Post mortem analysis of a large pillar (LP) structured cathode, showing
twice the amount of structures as wanted.
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4.2 Chemical analysis of lignin binder cathodes

The chemical analysis is used to search for changes in the electrode material as a result
of the electrochemical testing, by comparing pristine with post mortem cathodes. CEI
formation on the NMC particles and transition metal leaching are two of the processes
investigated in this section by the use of EDS mapping data. The chemical composition
of the unstructured pristine and post mortem cathodes are listed in Table 4.3 and the
compositions of the structured post mortem cathodes can be found in Table 4.4. The
tables also contain the ratios between Ni, Mn and Co, which is used to investigate
transition metal leaching.

4.2.1 Transition metal leaching

From Table 4.3 the Ni/Co- and Mn/Co-ratio can be found to be 0.86 ± 0.029 and
0.75± 0.025, respectively, indicating transition metal (TM) leaching during the aqueous
manufacturing of cathode slurry. As the cathode material used is NMC111, the ratios
should stoichiometrically be unity. Since this is not seen, some of the transition metals
have reacted with the water during slurry mixing, resulting in a lowered initial capa-
city of the cathode, as less active material is present. The leached metals could result
in battery degradation over time, if it is deposited on the anode and yields further SEI
growth. The ratios are however much higher compared to other sources that have in-
vestigated TM leaching as a result of NMC being exposed to water. A relative change of
less than one weight percent is expected for Ni, Co and Mn when exposed to water less
than 6 hours[43, 44]. The low weight percentages of the transition metals listed in 4.3
could also, in part, be a result of inaccuracies in the quantitative EDS measurement,
since the electrode material is complex and contains many different elements. To con-
firm transition metal leaching, a more accurate chemical analysis technique should
have been used, e.g. inductively coupled plasma mass spectrometry (ICP-MS).

Table 4.3: Composition of two unstructured cathodes, pristine and post mortem.
Shows the Co, Ni, Mn and P content.

Name Pristine unstructured Post mortem unstructured
Co [wt%] 30.81 ± 0.73 28.00 ± 0.63
Ni [wt%] 26.50 ± 0.65 24.11 ± 0.56
Mn [wt%] 23.09 ± 0.54 21.00 ± 0.47
P [wt%] 0 2.25 ± 0.09
Ni/Co [-] 0.86 ± 0.029 0.86 ± 0.028
Mn/Co [-] 0.75 ± 0.025 0.75 ± 0.024

There is no indication of TM leaching during cycling, as the ratio between Ni/Mn
and Co is within the standard variation for all cathodes post mortem, as can be seen
in Table 4.3 and 4.4. This could be a result of the relative change being too small for
EDS to detect, and a more accurate technique (ICP-MS) being necessary to observe
transition metal leaching. The measured results does however indicate that the water
from the cathode slurry is fully removed during drying, as no further degradation
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takes place after the initial change in composition. It also shows that the lignin does
not have a negative effect on the overall stability of the cathode during use, with the
regard to the active material.

Table 4.4: Chemical analysis post mortem of the structured cathodes, showing the
composition of Co, Ni, Mn and P.

Name perf SL LL SP LP
Co [wt%] 26.79 ± 0.61 29.52 ± 0.67 23.29 ± 0.56 28.76 ± 0.66 26.62 ± 0.64
Ni [wt%] 22.56 ± 0.53 25.36 ± 0.59 19.60 ± 0.49 24.42 ± 0.58 22.85 ± 0.57
Mn [wt%] 20.94 ± 0.47 22.22 ± 0.50 18.26 ± 0.43 22.07 ± 0.50 20.68 ± 0.49
P [wt%] 2.07 ± 0.08 1.93 ± 0.08 3.13 ± 0.12 1.98 ± 0.08 2.40 ± 0.10
Ni/Co [-] 0.84 ± 0.027 0.86 ± 0.028 0.84 ± 0.029 0.85 ± 0.028 0.86 ± 0.030
Mn/Co [-] 0.78 ± 0.025 0.75 ± 0.024 0.78 ± 0.026 0.77 ± 0.025 0.78 ± 0.026

4.2.2 Cathode electrolyte interphase formation

The change in phosphorus (P) content from the pristine condition to post mortem
shown in Table 4.3 and 4.4 reveals that a cathode electrolyte interphase (CEI) have
formed during electrochemical testing. The pristine cathode has 0 wt% P, as none
of the precursors contain this element, thus the change must come from irreversible
reactions between the active material and the electrolyte. The electrolyte consists of
the P containing salt LiPF6, and the CEI can therefore be discovered by observing a
change in P content. The electrolyte degradation results in capacity fade during cycling
and will result in lower specific capacity for the battery after the cycling program
described in subsection 3.3.2.

4.2.3 Contamination from structuring

The contamination seen in Figure 4.7a was further investigated using EDS, and was
found to be chromium (Cr). This can be seen in the EDS scans shown in Figure 4.13.
The LL structured cathode shown in Figure 4.13a has Cr within the areas that have
been pressed in by the silica wafer, and the LP structured cathode in Figure 4.13b
have two holes with Cr. This contamination is a result of the mask used to make the
structures in the silica wafer, as the lines and pillars are laced with Cr to avoid it
being removed by etching. The LP structured cathode in Figure 4.13b was made in
the batch after the LL cathode in 4.13a, indicating that the Cr quickly was removed
and few cathodes were contaminated, as seen in the other SEM images in section 4.1.
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(a) (b)

Figure 4.13: Post mortem EDS mapping of two cathodes, a) with LL structures and b)
with LP structures.
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4.3 Electrochemical analysis of cathodes with lignin
binder

The electrochemical analysis is split into three separate techniques which have been
used to characterize different properties of the cathodes, both unstructured and struc-
tured. These are galvanostatic cycling, used to investigate the performance of the cath-
odes at varying C-rates, electrochemical impedance spectroscopy, used to see how the
impedance of the cathodes change during cycling, and potential step chronoampero-
metry, used to examine the transport properties of the cathodes. The cathodes used
are divided into four groups based on their thickness, these are listed in Table 4.5.

Table 4.5: Explanations of the four thicknesses the cathodes have been grouped into.

Abbreviation Meaning Thickness [µm]
LT Low thickness ≈ 50
MT Medium thickness ≈ 100
HT High thickness ≈ 150
UT Ultra thickness ≈ 200

An overview of the cathodes presented in this section, with corresponding thick-
ness, porosity and initial specific capacity (initial speCap) are shown in Table 4.6. Only
the best functioning cathodes will be presented, to show how optimal structuring and
manufacturing have affected the performance of lignin based cathodes. Every group
listed in Table 4.5 are not represented for every structure, due to difficulty controlling
the thickness of the cathodes without calendaring them, and only well-working cath-
odes being used. In addition, the number of cathodes for each structure varies, show-
ing that some of the structures are more reproducible and easier to get of high quality
than others. SL was the easiest to make and has the highest number of well working
cathodes, particularly SL-MT with 5. Following SL, the other line structured cathodes,
LL and Perf, were the second and third easiest to make of high quality. SP and LP res-
ulted in the fewest well-working cathodes, thus indicating that the hole structures are
more difficult to make accurately.
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Table 4.6: Overview of the tested cathodes, with the number of cathodes in each group,
and the ranges in thickness, porosity and intial specific capacity.

Structure Name # Thickness [µm] Porosity [%] Inital speCap [mAh/g]
Unstructured Un-LT 2 31-56 42.6-46.7 124.8-130.5

Un-MT 1 78 29.5 140.4
Un-HT 3 151-158 44.3-55.0 148.0-154.7
Un-UT 2 181-209 51.7-57.2 156.7-157.9

Blade perforated perf-LT 3 62-71 23.6-51.6 126.5-140.8
perf-MT 2 85-100 39.2-49.7 138.9-151.7
perf-HT 2 147-157 57.1-68.4 152.5-153.4

Small lines SL-LT 1 68 47.1 139.6
SL-MT 5 100-115 35.9-51.1 128.9-141.7
SL-HT 3 160-165 34.1-41.6 152.3-157.3
SL-UT 2 177-226 38.6-40.7 149.2-155.3

Large lines LL-T 2 60-72 28.0-42.4 133.9-136.7
LL-MT 2 103-103 36.7-45.5 139.3-142.0
LL-HT 2 123-163 53.4-59.8 129.6-134.5
LL-UT 2 197-210 33.2-36.2 157.0-157.5

Small pillars SP-MT 2 98-117 45.4-50.6 136.9-152.1
SP-HT 2 136-142 46.2-57.5 138.1-143.7
SP-UT 2 181-202 36.6-41.0 152.5-157.3

Large pillars LP-MT 2 99-104 37.5-40.5 131.7-135.7
LP-HT 1 146 30.3 149.8
LP-UT 1 210 41.0 157.1

4.3.1 Cycling performance

The galvanostatic cycling shows that cathodes with lignin binder behaves as expec-
ted, with a clear correlation between the specific capacity achieved at higher C-rates,
the thickness of the cathode and its porosity. Figure 4.14 shows the potential plotted
vs. specific capacity of discharge for two cathodes cycled with the program listed in
Table 3.4, where both have specific capacities relatively close to the theoretical value
of NMC (160 mAh/g) at 0.1 C. Figure 4.14a shows excellent cycling abilities, where
the lines only shift slightly to the left as the C-rate increases, with a specific capacity of
over 90 mAh/g at 5 C. This cathode has a thickness of 28 µm and porosity of 44.4 %.
The cycling plot shown in Figure 4.14b shows a worse performance, where the specific
capacity decreases significantly as the C-rate increases from 1 C, visualized as the red
line. This is due to the cathode having a thickness of 100 µm and porosity of 41.3 %.
Hence, the properties of the lignin cathode is determined by the thickness and porosity
of the cathode, as explained in section 2.2.

The potential vs. specific capacity plots shown in Figure 4.14 highlights an im-
portant property of a well functioning cathode, that the initial capacity is recovered
after a rate-test when the current is reduced to 0.1 C again. If the capacity is reduced
after being cycled at high C-rates, it indicates overall degradation of the battery cell,
which could be due to irreversible loss of active material due to cracking or parasitic
reactions, like the growth of SEI and CEI[45]. When the initial capacity is recovered,
it indicates a cathode with mechanical and chemical stability, which the lignin based
cathode appears to be from Figure 4.14.
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(a) (b)

Figure 4.14: Potential vs. specific capacity plot for two cathodes with thickness and
porosity: a) 28 µm and 44.4 %, b) 100 µm and 41.3 %.

4.3.2 Rate performance

To highlight how the thickness, porosity and structures influence the rate performance
of the cathodes, the specific capacity of discharge is plotted versus the cycle number.
By using the last cycle at 0.1 C as a reference for all the following cycles, the rate
capability can also be plotted versus the cycle number, to get the relative change in
capacity for each C-rate. For all the following rate performance plots, the three first
formation cycles at 0.1 C are not shown, and the fourth cycle is used as a reference due
to the cathodes having the most similar performance for this cycle (140-150 mAh/g).
The three first cycles vary up to 20 mAh/g due to the formation of the SEI layer, so it
is excluded in the rate plots.

The lignin cathodes have similar behavior during cycling as the standard PVDF
based NMC cathode shown in Figure 2.7b, where an increase in current results in
reduced rate capability. Additionally, the rate capability is highly influenced by the
thickness and porosity. This can be seen for four unstructured cathodes of varying
thickness and porosity in Figure 4.15. The thin unstructured cathode (Un-LT2) can be
seen to have excellent rate performance, with high rate capabilities for all currents,
and above 50 % capacity retention at 5 C. The thicker cathodes has much lower rate
capability, but only the thickest cathode, Un-UT1, reaches 0 % at 5 C, which is higher
compared to other lignin-based cathodes[4]. Un-UT1 does however not recover its
capacity after the cycles at high C, indicating that some degradation has taken place.
This could be structural degradation due to the stresses induced by the high currents
used, a chemical degradation where loose active material reacts with the electrolyte,
or a combination of both[46]. The low coulombic efficiency does show that a form of
chemical degradation takes place, as a large part of the energy supplied during charge
is lost to irreversible processes. The performance of Un-HT2 is better than that of Un-
MT1 at all C-rates, even though it has double its thickness, which is due to the very
low porosity of Un-MT1 of 29.5 %.
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Figure 4.15: Rate performance of four unstructured cathodes, Un-LT2, Un-MT1, Un-
HT2 and Un-UT1, which thicknesses of 31, 78, 155 and 209 µm, respectively.

Line structures

All three types of line structures have the expected response to increased C-rates,
where the capacity drops step-wise with increasing current. The rate plots of perf,
SL and LL can be seen in Figure 4.16, where perf has cathodes represented of low
thickness, medium thickness and high thickness, and SL and LL additionally has ultra
thickness. Common for SL and LL is that the ultra thick SL-UT2 and LL-UT2 both fail
to recover after the rate test, as for Un-UT1 shown in Figure 4.15. This indicates that
thicknesses close to 200 µm results in an unstable structure, which is susceptible to
degradation at high C-rates.

The rate performance of the medium (Perf-MT2) and high thickness (Perf-HT2)
cathodes are very similar, as seen in Figure 4.16a, even though there is a 57 µm dif-
ference in thickness between the two, which could be the result of the structures. Perf-
HT2 does have a 18.7 % higher porosity than Perf-MT2, but their similar performance
does indicate that the structures have an effect on the rate performance for the thickest
cathode. The theoretical limitation of the relation between the structure spacing and
cathode thickness described in subsection 2.3.2 could be the reason for the structures
not having an effect for Perf-MT2 and Perf-LT1. With a spacing of 200 µm between
the perforations, the minimum cathode thickness where the structures have maximal
effect is 100 µm, which is the thickness of Perf-MT2. Hence, the effect in increased
rate capability can be seen for the 157 µm thick Perf-HT2 cathode.

Figure 4.16b does not show a clear effect of the line structures, even though the line
spacing of 100 µm implies that the ionic transport should be improved for cathodes
thicker than 50 µm. SL-LT1 shows a rate capability of ≈ 80 % up to 2 C, before it
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(c)

Figure 4.16: Rate performance of the line structured cathodes, each with 3-4 different
thicknesses. a) Blade perforated (Perf), b) Small lines (SL) and c) Large lines (LL).

drops to ≈ 40 %. The significant drop in rate capability is moved to lower C-rates as
the thickness increases. For the medium thickness cathode, SL-MT1, it decreases from
60 % at 1 C to ≈ 20 % at 2 C and for the ultra thick SL-UT2 the deterioration starts
during the 15 cycles at 0.2 C, where it goes from having 90 % rate capability for the
first few cycles, to below 30 % at 0.5 C. This behaviour shows that a ≈ 50 µm increase
in thickness shifts the deterioration of rate capability to a lower C-rate, hence the
thick electrodes does not appear to have a significant improvement in rate capability
by the small lines. This could be due to a too large amount of the electrode material
being compressed during the structuring, where too high a percentage of the cathode
material is of low porosity for the cathode to perform well at high currents. In addition,
the post mortem analysis indicated a degradation of the structures, as the width of the
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indentations grew during cycling, which could explain why the rate capability is not
enhanced.

The rate-plot of the LL structured cathodes shows similar behaviour to the SL cath-
odes, which can be seen in Figure 4.16c. The step-wise reduction in rate capability with
increased thickness is expected here as well, but the rapid decrease at a particular C-
rate is not as severe for the LL cathodes. For LL-LT1 the decrease form 2 C to 2.5 C
is less than 30 %, and the same is seen for LL-MT1 and LL-HT1. The cathodes gener-
ally have less severe reductions in rate capability with increased C-rate, which could
indicate that the LL structures are having a positive effect on the ionic transport. As
less material is compressed during structuring, the large lines could results in a better
compromise between enhanced ionic transport in the bulk material and reduction of
porosity in the pressed material, compared to the SL cathodes.

Hole structures

The hole structured cathodes also show the expected behaviour where the rate capab-
ility is decreased with increasing cathode thickness, but for the LP cathodes the struc-
tures appear to have had a detrimental effect on the cathode, as seen in Figure 4.17.
SP and LP are much more dissimilar than the line structured cathodes, where SP has
the step-wise drop in rate capability when the C-rate increases. The performance of
SP is generally quite good, with a relatively low decrease in rate capability from the
medium thickness cathode to those of higher thickness, as can be seen in Figure 4.17a.
The rate capability of the SP cathode with high thickness, SP-HT2, is however lower
than for comparable cathodes with SL and LL, where SP-HT2 has a rate capability of
≈ 20 % at 1 C, whereas LL-HT1 and SL-HT3 has 30 % and 25 %, respectively. For
LP, on the other hand, LP-MT2, LP-HT1 and LP-UT1 all have severe reductions in rate
capability from 0.2 C to 0.5 C, and they also have less than 20 % rate capability at
1 C, which is seen in Figure 4.17b. In addition, neither LP-HT1 or LP-UT1 recover
their rate capability after 5 C, and it continuously decreases during the last cycles at
0.1 C, indicating that the structure is unstable and degradation has occurred in the
battery cells. This can also be seen by the low coulombic efficiency of these cathodes,
particularly for LP-UT1 with efficiencies below 75 % at 0.1 C. The reason for the poor
performance of the LP structured cathodes could be poor structuring, as discussed in
subsection 4.1.5.



Chapter 4: Results and Discussion 45
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Figure 4.17: Rate performance of the hole structured cathodes with thicknesses from
100 to 200 µm. a) Small pillar (SP) and b) Large pillar LP.

4.3.3 Comparison of the rate performance of the structures

To compare the different structures with each other and the unstructured reference,
the average of the rate performance plots of the medium thickness cathodes listed in
Table 4.6 have been plotted with standard deviations, and shown in Figure 4.18-4.20.

First of all, the structured cathodes perform better than the unstructured cathodes
(Un-MT) at all C-rates, except LP-MT, which indicates that the structuring has had a
positive effect on the rate capability of the lignin based cathodes. The low porosity of
Un-MT could impede its rate capability compared to the structured cathodes, but its
relatively low thickness should partially balance its overall performance. Un-MT has
a specific capacity of ≈ 15 mAh/g at 2 C which is reduced to below 10 mAh/g at 5 C.
Perf-MT, SL-MT, LL-MT and SP-MT have capacities in the same range at 5 C, of 18, 15,
5 and 7 mAh/g, respectively. This indicates that the ionic transport is not improved
substantially for the highest currents, or that another process is rate limiting at this
C-rate. A significant difference is however seen for C-rates between 0.2 and 3 C.

Perf-MT has the best rate performance of all the cathodes, as can be seen in Fig-
ure 4.18b. It has the highest specific capacity for all the measured C-rates, with close
to 120 mAh/g at 1 C, which is over 20 mAh/g better than the second best cathode,
which is SL-MT. It also has 40 mAh/g capacity at 2.5 C, which is 15 mAh/g higher
than the others. Perf-MT has the lowest decline in capacity for each C-rate, indicat-
ing that the spacing, indentation depth and width of this structure results in the best
performing cathode, at thicknesses around 100 µm. This could be a result of it having
the least intrusive structuring technique, with the smallest and deepest indentations.
Some of the performance could be a result of it having a slightly lower thickness than
the other structured cathodes, but its porosity is about average.

SL-MT has the second highest specific capacity at 5 C, but performs worse than
Perf-MT, LL-MT and SP-MT at the C-rates up to 5 C. It has a significant drop from 1 C
to 2 C where it appears to almost reach a minimum rate capability, as it only drops
≈ 20 mAh/g up to 5 C. This could be a result of the SL structures having the smallest
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Figure 4.18: Average rate performance of the medium thickness a) unstructured (Un)
and b) blade perforated (Perf) cathodes.

(a) (b)

Figure 4.19: Average rate performance of the medium thickness a) small lines (SL)
and b) large lines (LL) cathodes.

indentation depth, as listed in Table 4.2, which improves the ionic transport to some
extent, but it does not appear to improve the transport adequately to make a difference
at the highest C-rates[19].

The LL and SP structure have very similar specific capacities at the tested C-rates,
as both follow the stair-like decrease of capacity for each increase in current, while
ending below 10 mAh/g at 5 C. This can be seen in Figure 4.19b and 4.20a. Both have
improved performance compared to Un-MT in Figure 4.18a, thus the structures appear
to improve the ionic transport in the cathode, but not as well as the blade perforations.
This could be due to the indentation width of these structures being significantly lar-
ger than that of Perf-MT, while having a lower indentation depth. Hence, it appears
that a deep and slim indentation improves the ionic transport the most, since the min-
imal amount of material is compressed, while introducing a deep macro-pore which
increases the wetting and ionic transport of the cathode.
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Figure 4.20: Average rate performance of the medium thickness a) small pillar (SP)
and b) large pillar (LP) cathodes.

The large pillar structure does appear to be detrimental for the rate capability of
the cathode, as the specific capacity of LP-MT is low from 0.5 C (40 mAh/g) and zero
for all C-rates higher than 2 C, as can be seen from both Figure 4.17b and 4.20b. This
could partially be explained by poor structuring, but since several cathodes all have
the same poor performance, it indicates that there is a problem with the structure
itself. It is probable that the large pillars reduce the porosity of the material under the
indentations to such a degree that the ionic transport is impaired by the structuring.
The structure has an indentation depth of almost 50 %, shown in Table 4.2, which
yields an area underneath with half of the initial porosity. Additionally, LP has the
largest indentations with diameters of 108.6 ± 4.2 µm, resulting in large compressed
areas with low porosity and poor ionic transport, detrimental to the rate performance
of the cathode.

4.3.4 EIS analysis

The impedance measurements does not indicate high resistances in battery cells with
lignin cathodes, which would impede the performance of the cell, which is in agree-
ment with the rate performance discussed previously. All Nyquist diagrams are fitted
to the equivalence circuit shown in Figure 2.9 to find the values of the resistance and
capacitance elements. Figure 4.21 shows the Nyquist diagram of two unstructured
cathodes of low and high thickness, Un-LT and Un-HT, with the fitting values listed in
Table 4.7. The first semicircle represents the anode, while the second, larger, semicircle
represents the cathode. R1 is the ohmic resistance of the cell and is closely related to
the separator and electrolyte. R2 and C2 are correlated to the SEI layer of the anode,
while R3 and C3 represents the charge-transfer of the cathode[47, 48]. This can be
confirmed by the capacitance values of the cathodes, listed in Table 4.7, where C2 has
a value on the scale of 10−6 F, which is similar to that of Li2CO3 surface films on Li
metal electrodes, one typical species in a SEI layer. C3 is larger than C2, indicating
that it represents charge transfer on the cathode, as the porous cathode has a much
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higher surface area than the anode[49]. The resistances of Un-LT and Un-HT are gen-
erally quite low, showing that the increase in thickness of the cathode does not have
a detrimental effect on the impedance in the cell, but the thicker cathode does have
higher values for ohmic and SEI layer resistance. Since the same amount of electro-
lyte is added to all the coin-cells and the same separator is used, R1 should be similar,
but as Un-HT is almost three times as thick as Un-LT, and has more active material,
there is less electrolyte per NMC particle. This results in a higher ohmic resistance,
but could also be due to consumption of electrolyte during cycling. The significantly
higher value of R2 does indicate that electrolyte has been consumed, as the electrolyte
appears to have degraded and reacted with active material and yielded an increased
SEI layer thickness. R3 is similar for the two cathodes, indicating that an increase in
thickness does not effect the charge transfer and does not result in an increased CEI
formation[49, 50].

Figure 4.21: Nyquist diagram of two unstructured cathodes of low (Un-LT) and high
(Un-HT) thickness, with experimental values and curves fitted to the equivalent circuit
seen in Figure 2.9.

Figure 4.22 illustrates how the cathode impedance changes during cycling, for
a LL structured high thickness cathode, LL-HT, with the fitted parameters listed in
Table 4.8. Generally, all the resistances are low, which indicates a stable cathode with
limited degradation during cycling. The ohmic resistance (R1) is a function of the
degree of wetting of the cathode, thus, the 15 cycles at 0.2 C (Soak) reduces the ohmic
resistance, as the electrolyte is introduced further into the cathode during this cycling
program[51]. R1 is increased after Rate, either indicating that some of the electrolyte
could have been consumed, or that the separator degrades. From Form to Soak to Rate
the SEI resistance (R2) increases step-wise, likely due to the layer growing during



Chapter 4: Results and Discussion 49

Table 4.7: Fitting parameters from the equivalent circuit seen in Figure 2.9 for two
unstructured cathodes of low (Un-LT) and high (Un-HT) thickness.

Parameter Un-LT Un-HT
R1 [Ω] 4.69 20.84
R2 [Ω] 0.83 22.05
R3 [Ω] 13.46 12.71
C2 [10−6F] 5.24 0.061
C3 [10−6F] 16.95 19.16

cycling. The charge transfer resistance (R3) decreases as more of the active material
comes in contact with electrolyte, as with R1. It does however increase after rate,
which could be due to several forms of degradation of the cathode. From the EDS
results, it was found that a CEI layer is formed on the NMC particles during cycling,
and the layer could be the reason for an increase in charge transfer resistance[52].

Figure 4.22: Nyquist diagram of a high thickness large line cathode (LL-HT), with
experimental values and curves fitted to the equivalent circuit seen in Figure 2.9 after
each cycling program, Formation (Form), Soaking (Soak) and Rate-testing (Rate).



Chapter 4: Results and Discussion 50

Table 4.8: Fitting parameters of the Nyquist diagram of LL-HT, seen in Figure 4.22,
after each cycling program.

Parameter Form Soak Rate
R1 [Ω] 5.09 2.90 10.12
R2 [Ω] 2.45 11.08 14.73
R3 [Ω] 18.42 10.37 12.48
C2 [10−6F] 0.432 30.43 0.194
C3 [10−6F] 8.76 0.158 65.09

Effect of structuring

The effect the structures has on the impedance of the battery cell is investigated by
comparing the Nyquist diagram of five cathodes with similar thicknesses. The imped-
ance measurements for Perf-HT, SL-MT and LL-HT can be seen in Figure 4.23a and the
measurements for SP-HT and LP-UT are shown in Figure 4.23b. Their resulting fitting
parameters are listed in Table 4.9.

(a) (b)

Figure 4.23: Nyquist diagram and the fitted curves of five structured cathodes with
medium thickness after rate testing. a) Perf, SL and LL, b) SP and LP.

Generally, the structured cathodes appear to have resistances that are in between
the values found for the unstructured cathodes with low and high thickness. For the
line structured cathodes, SL-MT and LL-HT are very similar for all the resistance val-
ues, even though they have a difference in thickness of 63 µm. Both have lower ohmic
resistances than Un-HT, indicating that the structures have improved the wetting prop-
erties of the cathodes. The SEI layer resistance is also lower than that of Un-HT, but
higher than Un-LT, indicating that the structures have made a difference regarding the
SEI growth. This suggests that the structures do not deteriorate the stability of the
cathode for medium and high thicknesses, as the SEI layer appears to be thicker for
the unstructured cathode. The charge transfer resistances are also similar to the un-
structured cathodes, which shows that the structures have not affected the structural
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strength of the cathodes, as a decomposition of the cathode during rate testing would
yield increased charge transfer resistance[46]. Perf-HT stands out from the other two
line structures, as R1, R2 and R3 have lower values, closer to Un-LT. The ohmic res-
istance was found to be 5.23 Ω for Perf-HT, which is very close to 4.69 Ω of Un-LT.
This shows that the wetting of the two electrodes are very similar, even though there
is a difference of 103 µm in thickness, indicating that the perforations have had a
positive effect on wetting. In addition, the SEI layer resistance is over 7 times smal-
ler than that of the other structured cathodes, showing that not much degradation
in the form of SEI growth is occurring in the cathode during rate testing. Finally, the
charge transfer resistance is very low at a value of 9.23 Ω, which is lower than that of
Un-LT. This indicates a chemically and structurally stable cathode with the indented
structures[51].

Table 4.9: Fitting parameters from the equivalent circuit seen in Figure 2.9 for five
structured cathodes with varying thicknesses.

Parameter Perf-HT SL-MT LL-HT SP-HT LP-UT
R1 [Ω] 5.23 8.69 10.12 14.91 28.06
R2 [Ω] 1.98 15.42 14.73 14.33 38.93
R3 [Ω] 9.23 14.52 12.48 16.85 15.19
C2 [10−6F] 0.636 0.184 0.194 0.071 0.081
C3 [10−6F] 26.49 62.44 65.09 30.78 57.95

SP-HT and LP-UT are the structures that deviate the most from the unstructured
reference and the line structures, as shown in Figure 4.23b, with LP-UT having the
highest ohmic and SEI layer resistances. The small pillar structured cathode, SP-HT,
has an ohmic resistance of 14.91 Ω, which is almost 50 % higher than the highest
value of the line structured cathodes. It indicates that either the structure impairs the
wetting of the cathode or that more of the electrolyte has been consumed during cyc-
ling[51]. The SEI layer resistance is however similar to that of SL-MT and LL-HT, thus,
the SEI layer has not grown more in SP-HT, and the wetting properties are worse for
this type of structure. As mentioned, LP-UT has the highest ohmic resistance, 28.06 Ω,
of all the tested cathodes, which partially is due to its high thickness of 210 µm, hence
there is less electrolyte available per NMC particle. The SEI layer resistance is how-
ever also very high at 38.93 Ω, nearly three times as large as SL-MT, with the second
highest value. This indicates an increased degradation of the battery, where electro-
lyte is consumed when reacting with the active material. The high resistance reveals
the formation of a thick SEI layer and could indicate that the large pillars have a det-
rimental effect on the stability of the cathode. LP-UT has a charge transfer resistance
similar to the other structured cathodes, indicating that there is no significant change
in the electron-transfer reaction as a result of the structure[46]. From the EDS meas-
urement, the CEI formation appears independent of structuring technique, hence the
charge transfer should be unaffected.

The EIS measurements agree well with the results from the galvanostatic cycling,
where the blade perforated cathodes performed the best and the cathodes with large
pillar structures were the poorest. Perf-HT showed the lowest ohmic, SEI layer and
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charge transfer resistance, comparable to that of Un-LT, thus resulting in the best rate
performance. SL-MT, LL-HT and SP-HT have similar resistance values, which SP-HT
having a higher ohmic resistance, yielding similar rate performances of the small line
and large line structured cathodes, while being slightly better than that of SP-HT. Fi-
nally, the poor rate performance of the LP cathodes seen in the rate plots were further
explored with EIS, where its high ohmic and SEI layer resistance show that the cathode
is unstable and degrades during electrochemical testing.

4.3.5 Diffusion behaviour

To investigate the diffusion characteristics of the cathodes, potential step chronoampero-
metry (PSCA) was used together with the model for diffusion in plane sheets, as de-
scribed in section 2.5. The experimental charge vs. time curve found from PSCA was
fitted with Equation 2.10 by using the Levenberg–Marquardt algorithm with sum of
least squares. The fitting was done to find an effective diffusion coefficient (Deff) of
the system and a theoretical time constant. The theoretical time constant is used to
verify the model, to see if it has the same charge vs. time response as a real cathode.
Lastly, the effective diffusion coefficient and experimental time constant can be used
to find the diffusion length of ions in the cathode structure, with Equation 2.11, and
to see if it changes with structuring.

Since the PSCA is measured on NMC/Li-metal half cells, the current response could
be a result of either the NMC cathode or the Li-metal anode. To ensure that the meas-
ured current is a result of cathodic processes, the current vs. time plot of NMC/Li-metal
coin cell was compared to a NMC/NMC and a Li-/Li-metal cell. The three plots can
be seen in Figure 4.24, where the behaviour of the NMC/Li-metal cell and NMC/NMC
cell are nearly identical, in Figure 4.24a and 4.24b, respectively. Their experimental
time constants where found to be≈ 0.1 s. The Li/Li-cell has a time constant of over 60
seconds, and the current response drops very slowly compared to the NMC/Li-metal
cell, as seen in Figure 4.24c, showing that PSCA measures the current responses in the
cathode.

The model appears to be working as intended, as the charge vs. time plots are
similar and the experimental and theoretical time constants found for the different
cathodes generally are very similar in value, this can be seen in Figure 4.25 for un-
structured cathodes. Figure 4.25a shows the experimental and modelled charge vs.
time curves of an unstructured cathode with 149 µm thickness and 62.4 % porosity,
where the modelled behaviour seems to fit the experimental values well. This is seen
for all the unstructured cathodes tested, which is shown in Figure 4.25b. The largest
deviation in experimental and theoretical time constants is seen for the cathode with
78 µm thickness, which most likely is due to it having a very low porosity of 29.5 %,
whereas the others have between 40 and 65 %.

PSCA measurements and fitting of the charge vs. time curve to the diffusion model
for the structured cathodes yields higher experimental and theoretical time constants
than the unstructured ones. Figure 4.26a and 4.26b shows the time constants of the
blade perforated, SL, LL and SP structured cathodes, here categorised based on their
porosity, where Figure 4.26a has above and 4.26b below 45 %. Both figures show
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(a) (b)

(c)

Figure 4.24: Current vs. time graphs from potential step chronoamperometry meas-
urements. Shows the current response of a) NMC/Li-metal coin cell (LL-LT1), b) NM-
C/NMC coin cell and c) Li-metal/Li-metal coin cell.

that the structured cathodes generally have higher time constants, independent of
thickness. Since the time constant has increased for the structured cathodes, it seems
that the technique is not able to detect the enhancement in performance observed for
the structured cathodes, discussed in subsection 4.3.3.

By using the effective diffusion coefficient found from the model and calculating
the diffusion lengths for the cathodes, it is found that the diffusion measured likely
takes place within the diffusion layer at the surface of the NMC particles. The effective
diffusion coefficients found for Un-MT, Perf-MT, SL-MT, LL-MT and SP-MT by fitting of
the PSCA data to the diffusion model are listed in Table 4.10. The experimental time
constants found for the cells are also listed in 4.10 with the diffusion length, which
was found using Equation 2.11. The diffusion coefficients range from 1.34 to 3.73·10−9

m2/s, which is similar to the values of LiPF6 and its ions, listed in Table 2.2, which are
in the range of 1.48 to 3.84·10−10 m2/s. Indicating that the measurement is a result
of diffusion in the electrolyte, as the solid state diffusion coefficient is 4·10−15 m2/s.
The diffusion length is calculated to be between 10.1 and 33.9 µm, which is one tenth
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(a) (b)

Figure 4.25: a) Shows the theoretical and experimental charge vs. time curve resulting
from the diffusion model of and a PSCA measurement of an unstructured cathode. b)
Shows a time constant vs. thickness plot of unstructured cathodes.

(a) (b)

Figure 4.26: Shows the experimental and theoretical time constants of blade Perf,
SL, LL and SP structured cathodes with corresponding thicknesses, divided into two
categories based on porosity. a) Over 45 % and b) Below 45 % porosity.

to one third of the thickness of the electrode, hence the diffusion through the cathode
does not appear to be measured. The diffusion layer thickness of spherical particles
with radius of above 1 µm can be found to be in the range of 10 to 30 µm, with
a diffusion coefficient of ≈ 10−9 m2/s[53]. Thus, PSCA can be used to measure the
diffusion of particles through the diffusion layer of the NMC particles. The structuring
of the cathodes does not change the diffusion layer of the particles, as it only introduces
macro-pores and does not change the particle morphology. Therefore, it is not able to
quantify a change in ionic transport as a result of introducing structures to the cathode
structure.
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Table 4.10: The experimentally determined time constant (τexp), modelled effective
diffusion coefficient (Deff) and calculated diffusion length (l) of cathodes with medium
thickness.

Cathode τexp [s] Deff [10−9m2/s] l [µm]
Un-MT 0.115 1.62 13.6
Perf-MT 0.076 1.34 10.1
SL-MT 0.308 3.73 33.9
LL-MT 0.380 1.50 23.9
SP-MT 0.303 2.08 25.1
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4.4 Comparison between cathodes with polyvinylidene
fluoride and lignin binder

To interpret the overall quality of the cathodes with lignin binder that have been man-
ufactured with water as solvent, their performance needs to be compared to cathodes
of similar thickness with polyvinylidene fluoride (PVDF). The blade perforated lignin
cathodes were found to be the best performing and will be compared to PVDF cath-
odes with line structures with 490 µm spacing and 18.5 µm indentation width, called
very large lines (VLL). These cathodes have titanium (Ti) as current collector and were
only rate-tested up to 2.5 C, instead of 5 C, as the lignin cathodes were, but their rate
performance can still be compared up to this current. Three thickness ranges will be
compared, low, medium and high thickness, and the PVDF cathodes used are listed in
Table 4.11.

Table 4.11: Overview of the cathodes with PVDF, with the number of cathodes in each
group and the range in thickness, porosity and initial specific capacity.

Structure Name # Thickness [µm] Porosity [%] Initial speCap [mAh/g]
VLL VLL-LT 3 48-61 38.7-54.81 137.8-147.1

VLL-MT 3 90-100 37.2-68.3 144.8-146.8
VLL-HT 3 140-151 35.0-42.2 150.8-160.8

The low thickness cathodes with PVDF and lignin binder perform comparably, as
can be seen in Figure 4.27. At low currents (0.1-0.2 C) the cathodes are very similar,
but as the C-rate increases, the specific capacity of Perf-LT decreases faster than that
of VLL-LT. The largest difference is found at 2.5 C, where Perf-LT has a capacity of
about 80 mAh/g and VLL-LT has a capacity of close to 120 mAh/g. The discrepancy
can partially be explained by VLL-LT having a 10 % higher porosity and slightly lower
thickness, which gives it a better rate performance. The efficiency of Perf-LT is gen-
erally lower than that of VLL-LT, while the deviation is only of ≈3 %, it could show
that more energy is lost to irreversible processes and general degradation in the lignin
cathode, compared to the ones with PVDF.

Medium thickness cathodes, Perf-MT and VLL-MT, show significant deviations in
rate capability, with values of ≈ 40 mAh/g and ≈ 110 mAh/g at 2.5 C, respectively.
The rate performance plots shown in Figure 4.28 displays that the rate capability of
VLL-MT is much better from currents as low as 0.5 C, compared to Perf-MT. The lignin
cathodes have a substantial drop in capacity from 1 to 2 C, from 115 to 60 mAh/g,
which is not seen for the ones with PVDF. As for the low thickness cathodes, there is
a slight deviation in coulombic efficiency, where VLL-MT has close to 100 % at every
C-rate and Perf-MT has an average of about 96 % above 0.5 C. The deviation is not
large, but could be a part of the reason that the PVDF cathodes perform better than
the lignin cathodes. It could indicate that there is larger degree of degradation during
testing for cathodes with lignin binder, which impairs their performance.

For the highest thickness cathodes, the rate capability of lignin and PVDF are much
more similar, with Perf-HT and VLL-HT both having a capacity of 20 mAh/g at 2.5 C, as
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(a) (b)

Figure 4.27: Average rate performance plots of low thickness line structured cathodes
with a) lignin (Perf-LT) and b) PVDF binder (VLL-LT).

(a) (b)

Figure 4.28: Average rate performance plots of medium thickness line structured cath-
odes with a) lignin (Perf-MT) and b) PVDF (VLL-MT) binder.

seen in Figure 4.29. At thicknesses close to 150µm, the effect of having smaller spacing
between the structures could be the reason for the lignin cathodes performing equally
to the PVDF at the highest currents. From 0.5 to 2 C, VLL-HT has much higher average
capacity than Perf-HT and the lignin based cathode has large standard deviations. This
comes as a result of the rate performance of the cathodes that are taken the average
of, deviate significantly. As a result it is difficult to conclude with which binder is the
best for high thickness cathodes, but they seem to perform similarly. It does however
seem like both types of cathodes have a form of degradation at this thickness, since
neither fully recover after rate-testing. Perf-HT experiences twice as high C-rates as
VLL-HT, but has a higher capacity, which could be due to VLL-HT having 20 % lower
porosity, but could indicate some instability in the PVDF cathode.

To summarize the comparison of cathodes with lignin and PVDF binder, the cath-
odes with PVDF have better or equal rate performance for all thicknesses. The reasons
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(a) (b)

Figure 4.29: Average rate performance plots of high thickness line structured cathodes
with a) lignin (Perf-HT) and b) PVDF binder (VLL-HT).

for the PVDF cathodes performing better than the lignin ones would need further in-
vestigation to be able to conclude with any certainty, but there are some probable
causes. The different current collectors (CC) used (Ti and carbon coated Al) could
have an influence on the bonding strength of the cathode material to the CC, where
a stronger bond causes less degradation as the cathode is more structurally stable. In
addition, the higher strength of the Ti CC used for PVDF could make it more resistant
to being damaged by the structuring process, whereas the Al foil could be harmed by
the ceramic blades, decreasing the adhesion between cathode material and CC. PVDF
is the state-of-the-art binder used in commercial cells and has excellent properties for
use in NMC cathodes, like wetting and bonding strength, which could be the decisive
factor to why the cathodes perform better, even though lignin is a promising and more
sustainable option[3, 4].



Chapter 5

Conclusion

Lignin was tested as a binder in cathodes with NMC111 as active material to examine
its influence on the performance of the cathode in a LiB. Cathodes with thicknesses
over 200 µm were manufactured with an aqueous based process. Cathodes with low
thickness showed adequate rate capability (≈ 60 % at 5 C), which decreased quickly
with increasing thickness. Only cathodes over 200 µm had 0 % rate capability at 5 C
and showed degradation during cycling. EIS revealed a strong correlation between
thickness and impedance, where the ohmic and SEI layer resistances were found to
increase 4 and 26 times, respectively, with a 100 µm increase in thickness.

Mechanical structuring of the lignin based cathodes was performed to improve the rate
capability through improving wetting and ionic transport. Two structuring tools were
tested with three line structures (Perf, SL and LL) of varying indentation width, depth
and spacing, and two hole structures (SP and LP), with equal spacing and different in-
dentation width. The structures were investigated using SEM in pristine condition and
post mortem, where some degradation was observed, but the structures were mainly
intact. All structures, except LP (large pillars), were shown to improve the rate cap-
ability and wetting of cathodes with thicknesses close to 100 µm. EIS found that both
ohmic and SEI layer resistance were lower for the structured cathodes, and that the
charge transfer resistance was unchanged. The Perf line structure resulted in the best
performing cathodes with a capacity of over 40 mAh/g at 2.5 C, 20 mAh/g at 5 C and
the lowest measured resistances of a cathode with ≈ 100 µm thickness. This structure
had the deepest and smallest indentation, with the second largest spacing (48 ±8 % of
total thickness, 34.3 ±11.3 µm and 187.4 ±2.5 µm, respectively), resulting in the best
compromise between compression of cathode material and improved ionic transport.

To further investigate the performance of cathodes with lignin binder, the Perf line
structure was compared with PVDF cathodes structured with a line structure with
twice as large spacing. The cathodes with PVDF were found to perform equally or
better than the lignin cathodes at thicknesses from 50 to 150 µm. The most similar
performance was found for the cathodes with ≈ 150 µm thickness, where both lignin
and PVDF cathodes had a specific capacity of ≈ 20 mAh/g at 2.5 C. Therefore, it ap-
pears that the PVDF binder results in cathodes with better rate performance at lower
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thicknesses than lignin, independent of structuring. At high thicknesses, however, ap-
propriate structuring can make up for differences due to binder. Therefore, it was
concluded that lignin based cathodes are promising for the use in LiBs, with the use
of pore engineering in the form of structuring.

A model for diffusion of ions between plane sheets was paired with PSCA to invest-
igate the effect the structures had on diffusion in cathodes. Experimental data from
potential step measurements were used to find the effective diffusion coefficient and
a theoretical time constant of the system by using the Levenberg-Marquardt method.
The model predicted theoretical time constants close in value to experimental time
constants, and was confirmed to model diffusion within the cathode. The effective dif-
fusion coefficients of unstructured and structured cathodes were found to generally
be of similar value, which contradicted the results found during galvanostatic cycling.
By calculating the diffusion length of the ions and comparing the values found for the
effective diffusion coefficients with tabulated values, it was found that PSCA meas-
ures transport of ions within the diffuse layer at the NMC particle surface. Thus, it
was concluded that PSCA can not be used to investigate a change in diffusion paths
for a porous electrode.



Chapter 6

Further Work

Imperfect structuring of a cathode could to a large extent impair its properties and
result in a worse performing cathode than an unstructured one. To be able to fully in-
vestigate the potential of the structures used in this report, the structuring should be
automated to remove the human element. Identical pressure, timing and placement
of the structuring tool from batch-to-batch would remove all variations that have been
a consequence of structure quality. This would make it possible to investigate the full
effect of a structuring technique.

The mechanical and chemical stability of the structured cathodes should be investig-
ated further, by using longer cycling programs. Even though the structures have been
able to endure crimping and rate-testing, the indentations could grow over time, res-
ulting in dislodged active material, filled indentations, increased impedance and capa-
city fade. If structured cathodes are to be implemented in a large scale, the degradation
mechanisms that occur both during high C-rate cycling and longer use, needs to be
investigated.

Ionic transport is to a large extent determined by the porosity for an unstructured cath-
ode, but its influence on structured cathodes should be investigated. Determining how
the porosity influences the effect of the structures would give valuable information re-
garding the optimal structuring parameters needed to acquire the needed cathode
properties for a given application.

Further work should also aim to find a technique to quantify the effect structuring
has on the ionic transport and the diffusion paths in the cathode, e.g. by measuring
the change in ionic conductivity due to structuring. By directly analyzing the effect
each structure has on diffusion, at a given thickness and porosity, the properties of the
cathode could be engineered to any application. It would also be able to determine
if subtractive and non-subtractive structuring techniques result in the same improved
ionic transport, or if material needs to be removed to observe a significant improve-
ment.
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Appendix A

Appendices

A.1 SEM structuring dimensions

Figure A.1-A.4 shows SEM images of the surface and cross-section of cathodes used
to find the width, depth and spacing of the different structures.

(a) (b)

Figure A.1: Measurements of the dimensions for two of the blade perforated (Perf)
cathodes. a) Surface view and b) Cross-section.

Figure A.5a shows the cross-section of a large pillar indentation in a well structured
cathode. Figure A.5b shows how damaged the cathode film could be as a result of poor
structuring.

VII
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(a) (b)

Figure A.2: Measurements of the dimensions for two of the small line (SL) cathodes.
a) Surface view and b) Cross-section.

(a) (b)

Figure A.3: Measurements of the dimensions for two of the large line (LL) cathodes.
a) Surface view and b) Cross-section.
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(a) (b)

Figure A.4: Measurements of the dimensions of two of the small pillar (SP) cathodes.
a) Surface view and b) Cross-section.

(a) (b)

Figure A.5: SEM images of a cathode with large pillar (LP) structures. a) Cross sec-
tion with measurements of the depth of the structure. b) Example of the effect poor
structuring has on the cathode film.
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