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Abstract
Electric vehicles have become the focal point to reduce GHG in the quest for cleaner and more efficient
means of transportation. At the core of this transition lies the key component of energy storage, the
battery pack. The battery pack has electrodes manufactured with the binder PVDF. Using fluorine-
rich compounds makes processing and recycling a more difficult process and it is also harmful for
the environment. Therefore, alternative binders should be explored to adhere to the principles of
sustainability. In this thesis, a comparative study is presented between electrodes fabricated with
fluorine free polymeric binders and PVDF. Moreover, a battery cell solely constituted of fluorine free
components is fabricated and tested. By using the analysis techniques electrochemical performance
testing, electrochemical impedance spectroscopy and scanning electron microscopy the effect of the
binders and electrolytes on the electrode performance is explored. The findings reveal that during rate
performance cycling, graphite half cells based on the binder PAA demonstrated the highest discharge
capacities at C-rates up to 4C with a capacity retention of 39%. NMC811 half cells based on a composite
binder CMC/SBR achieved the highest capacity retention after 100 cycles, being 24%. All the fabricated
full cells suffered from a 30-40% initial capacity depletion after the first charge, presumably originating
from oxidative degradation of the electrolyte. Consequently, the highest capacity retention after 150
cycles was 14% for a PVDF based full cell. Fluorine free cells using a PAA anode and CMC/SBR
cathode exhibited expected capacities with a higher overpotential.
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1
Introduction
Environmental concerns for fossil fueled cars where answered with the introduction of Electric vehicles
(EVs). EVs have become the focal point to reduce greenhouse gas emissions in the quest for cleaner
and more efficient means of transportation [23]. At the core of this transition lies the key component
of energy storage, the battery pack [46, 64]. However, the accelerating shift towards sustainable tech
brings new environmental challenges [53]. Traditional battery tech does not come without a drawback.
The battery pack has electrodes manufactured with fluorine rich components. A Commonly used binder
material is PVDF which also contains a lot of fluorine. Working with fluorine-rich compounds makes
processing and recycling a more difficult process [74, 47]. On top of this, it is also harmful for the
environment [8]. As the demand for EVs continues to rise [6], alternative binders should be explored
to adhere to the principles of sustainability [103]. The full scale incorporation of alternative binder is
difficult. The reason for this is that currently used binders, for example PVDF, have a positive influence
on the electrochemical and structural characteristics of the battery electrode[74, 47]. Hence, a simple
swap to a sustainable binder does not suffice. Careful selection of fluorine free binders is needed [54],
which would have matching properties, and preferably better properties.
This thesis presents a comparative study between electrodes fabricated with fluorine free polymeric
binders and electrodes fabricated with PVDF as a binder. In addition, the electrolyte salt LiBOB will
be used as the fitting fluorine free electrolyte salt. Consequently, a full cell configuration, which is
fluorine free, will be tested and evaluated.
In this thesis, the main research question that will be addressed: ”Are there viable alternatives for
fluorine rich batteries?”. To achieve this, a broad literary study will be performed. Simultaneously,
process of anode and cathode manufacturing and electrochemical testing of batteries with alternative
binder systems will be performed. Then, the fluorine free electrolyte salt LiBOB will be tested against
conventional electrolyte salt LiPF6. After evaluation, the best performing electrodes will be coupled,
together with the LiBOB electrolyte, in order to achieve a fluorine free battery. Consequently, electro-
chemical testing will be performed on the fluorine free battery.
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2
Literature review

2.1. Lithium ion battery principle
A lithium-ion battery (LIB) is an electrochemical cell which can store chemical energy and release this
energy in the form of electrical energy through redox reactions. This is a reaction in which one species
gets oxidised by losing an electron, and the other gets reduced by gaining an electron and thereby
completing the redox reaction. A general example of such a cell can be seen in figure 2.1. The cell
consists of a positive electrode containing a lithium metal oxide, a carbon based negative electrode,
a separator and an electrolyte salt dissolved in an organic solvent. [60]. The main purpose of the
electrolyte is to provide ionic transport from one side to the other. The separator acts as an physical
barrier, only providing passage for lithium ions. Electrons are blocked by the separator to prevent a
short in the battery and hence can only flow through the external circuit to the other side of the battery
[62].

Figure 2.1: Schematic lithium ion battery working principle [79].

Upon charging a LIB, positively charged lithium ions transfer from the cathode side through the elec-
trolyte to the anode side, while negatively charged electrons move through the external circuit to the
negative electrode and recombine with the li-ions at the active material of the anode [84]. This process
is reversible by discharging the battery again and thereby powering an electrical device. There are
various types of LIBs, but the working principle remains the same. In equation 2.1 and 2.2 an example

2



2.2. Lithium ion batteries in automotive industry 3

of the half reaction for the anode and cathode are shown, respectively. In this reaction, the transition
metal(s), in this case Nickel (Ni), loses electrons through oxidation and goes from Ni2+ or Ni3+ to
Ni4+ during charging. During discharging, Ni gets reduced and gains electrons by going from Ni4+ to
Ni3+ or Ni2+ [104]. The two half reactions result in an overall reaction and is shown in equation 2.3 [71].

The half reaction at the positive electrode:

LiNiMnCoO2 ⇌ Li1−xNiMnCoO2 + xLi+ + xe− (2.1)

The half reaction at the negative electrode:

6C + xLi+ + xe− ⇌ LixC6 (2.2)

The overall reaction:
LiNiMnCoO2 + 6C ⇌ Li1−xNiMnCoO2 + LixC6 (2.3)

2.2. Lithium ion batteries in automotive industry
Lithium-ion batteries (LIBs) are among the most competitive options for energy storage. They have
become part of the automotive industry, serving as a reliable energy source within the powertrain of
electric vehicles (EVs).[46, 64]. For this reason, EVs are gradually gaining traction in the market for
commercial light-duty vehicles. However, achieving broader acceptance of EVs hinges on addressing
the extended charging duration obstacle, aiming to match the refueling times of conventional internal
combustion engine vehicles. The widespread adoption of vehicle electrification technology relies on the
rapid progress of lithium-ion battery (LIB) technology, with an extreme fast charging public infrastruc-
ture being the key supportive system [84]. LIBs have among the highest energy densities, with the ones
employing graphite anodes and nickel-rich layered oxide (e.g. NMC811) cathodes have achieved specific
energies ranging from 250 to 300 Wh/kg. However, this energy density is still substantially less than
petrol (around 12500 Wh/kg) [88, 17]. Putting simply a larger battery pack in a car is not possible due
to volume, weight and cost constraints. Currently, charging times have significantly improved. Being
around 20 minutes for 322 km of range at fast charge stations with capabilities of 50 kW and 120 kW
[84]. Comparable refueling times for conventional petroleum based vehicles is possible with extreme
fast charging (400 kW). This exciting proposed upgrade for fast charging enables a 322 km charge in
less than 10 minutes.
However, the road to this widespread adoption is full of engineering challenges. As EVs rely on the
technological progress of LIBs, good performance and a long cycle life of this energy storage method is
essential. The current technology of the battery pack is where the fast charging obstacle is located [84].
Furthermore, a desire for automotive energy storage systems to be environmentally friendly produced
and low cost is increasing [65].
Electrodes of LIBS contain binder material consisting of polymer material. These binder materials
are an important part of the LIBs as they contribute to the overall electrochemical performance. The
binder assures integrity of the structural formation and binds the conducting and active materials with
the current collector. Optimizing the right formulation for the electrode configuration is crucial for the
development of high performance batteries [65]. Higher charging rates introduce electrochemical and
material obstacles. These obstacles have to do with transport and kinetic processes that occur during
cycling of the battery. The binder imposed porous electrode structure has a great influence on the
mitigation of these obstacles by aiding these transport and kinetic processes [59].

2.3. Role of binder
The primary function of a binder is to hold all the constituents of an electrode together. This includes
the anode or cathode active material, conductive additives and the current collector [12]. Through
chemical or physical interactions, these separate components are held together, maintaining the me-
chanical integrity of the electrode without interfering with electronic or ionic conductivity [15]. For
manufacturing electrodes, polymeric binders are used, along with the appropriate solvent, to disperse
the electrode active materials and form a viscous slurry. The manufacturing process of the electrode
slurry has significant influence on the electrochemical performance of the produced electrode. This has
to do with the active material distribution throughout the electrode and the structure of the electrode
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itself [54, 7].
Polymeric binders have been recognised for its impact on cell aging, irreversible capacity loss, and
coulombic efficiency (CE [9, 107]). Binders serve the purpose of linking the active materials and car-
bon additives, as well as securing the adhesion of the electrode slurry to the current collector, rather
than contributing electrochemically. Typically, the main factor contributing to the rapid deterioration
of a cell is the loss of lithium and active materials, because of dissolution, lacking interconnectivity,
electrical breakdown among the electrode components and the delamination of electrode components
from the current collector [18]. Using polymeric binders with the presence of reactive functional groups,
such as COOH, on the polymeric binder backbone, contributes to a heightened adsorption capacity
onto the surface of electrode materials through hydrogen bonding. This property proves beneficial for
aiding a strong adhesive force between the binder, active materials, and the current collector [54, 68].
Using the right binder, in the optimal weight ratio compared to the electrode active material, can prove
effective to prevent electrical contact loss and hinder self-agglomeration of active materials by sufficient
dispersion [54].
The key requirement for binders in LIBs lies in their electrochemical stability (0-5V vs Li/Li+), espe-
cially when the battery is in a fully charged state. Binders must exhibit chemical inertness towards
electrode materials, electrolytes and separators. Interactions between the binder and other components
inevitably give rise to new chemical reactions, ultimately leading to the degradation of electrochemical
performance [54].

2.4. Fluorine free processing
In the current processing for LIBs, fluorine is present in the commonly used polymeric binder polyvinyli-
dene fluoride (PVDF) and the electrolyte LiPF6. For electrodes in LIBs, fluorine is incorporated due
to its high resistance to oxidation. For fluorine being highly inert and having a weak polarity [99].
While PVDF and LiPF6 are generally used, they have shortcomings that have to do with processing,
toxicity and stability. This part will have focus on the drawback of using PVDF as a binder, a further
explanation on LiPF6 will be given in chapter 2.10.
Although PVDF is popular due to its attractive properties (chapter 2.6.1), excess heat produced within
the cell tends to melt the PVDF binder (melting point is 177◦C) [54]. At elevated temperatures PVDF
reacts with LiC6 and the lithium metal in an exothermic reaction to form LiF and this can cause a
thermal runaway [21, 16, 56, 102]. The chance of a thermal runaway could be avoided by substituting
PVDF with a non-fluorinated binder [16, 102]. In addition, some other disadvantages are the use of a
organic solvent, such as N-methyl-2-pyrrolidone (NMP). NMP is toxic and can cause carcinogenic and
negative reproductive effects. It has strict humidity control during processing and needs to be fully
recovered in electrode production. Also, PVDF is difficult and costly to dispose at the end of life of the
LIBs [65, 16, 29, 46, 73, 102].
Moreover, the European Union (EU) has already started to put restraints on the use of NMP. Accord-
ing to Annex XVII:REACH (Regulation concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals; EU) states that from May 9th 2020 on ”NMP shall not be used as a substance
on its own or in mixtures in a concentration equal to or greater than 0.3% unless manufacturers and
downstream users take the appropriate risk management measures and provide the appropriate opera-
tional conditions to ensure exposure of workers is below the Derived No-Effect Levels (DNELs) of 14.4
mg/m3 for exposure by inhalation and 4.8 mg/kg per day for dermal exposure” [66].
Water soluble binders, or aqueous binders, are found to be incorporated as a fluorine free binder sub-
stitution for PVDF in electrodes. Recently, Yuan et al. conducted a life cycle assessment on the
manufacturing of water-based LIB’s. Here, they stated that the specific energy consumption was 43%
lower for water-based electrode processing compared to that of NMP-based electrode processing consid-
ering realistic electrode conditions (2 mAh/cm2 and 35% porosity) [103]. Also, using aqueous binders
has a lower impact potential on global warming than NMP based binders. Although a higher solid
content is achievable, for this assessment, only 35% solid content was assumed. Meaning that a higher
reduction of the global warming potential is possible by reducing the amount of water and therefore
the drying energy [49, 103].
Another advantage of water soluble binders over PVDF is their moderate swelling ability in electrolytes
based on carbonate [54]. In a basic electrolyte swelling test, conducted by Jeschull et al., the degree
of swelling for the PVDF and the fluorine free and aqueous binders styrene butadiene rubber (SBR),
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carboxymethyl cellulose (CMC) and polyacrylic acid (PAA) among others was estimated. The degree
of swelling was quantified as the mass ratio between swollen and pristine polymer films. After soaking
in 1M LiPF6 in EC:DEC (1:1) for three days, fluorine containing polymers were found to be swollen the
most, with around a 60% mass increase. SBR and CMC around 20% mass increase and PAA denoted
a negligible increase in mass [40]. Furthermore, a cost comparison already promotes the use of aqueous
binders by being cheaper than the conventional PVDF-NMP combination [54]. Compared to water
(0.015 $/kg), NMP is quite costly being 1–3 $/kg. While aqueous binders are often in the range of
2–5 $/kg compared to PVDF with 8–10 $/kg [8, 15]. Hence, there is a strong interest in the current
Li-ion battery research and industrial battery production community to substitute these components
with more cost-effective, environmentally friendly solvents and binders that are also less toxic. Using
water as a solvent has the potential to lower the manufacturing expenses of electrodes and lessen their
environmental footprint. However, this approach introduces distinctive hurdles for cathodes, including
the potential for the dissolution of lithium and transition metals from the active material, as well as
corrosion of the current collector [32, 73, 46, 102].

2.5. Battery components
2.5.1. Negative electrode
For the negative electrode, graphite has been exclusively used in lithium ion batteries. Using graphite
for the anode of the battery has several benefits. These have to do with its high specific capacity
(372 mAh/g), low operating potential (0.1 V vs. Li/Li+), long cycle life, low cost, high abundance
and environmental friendliness [105, 101]. Graphite will be the main choice until a better candidate
is found, however, alternatives such as silicon are still not ready for practical application [101]. When
graphite is lithiated, Li+ is transfered into graphite. The positive ions are stored in the host lattices
of the material and settles in the middle of the Van der Waals space between graphite layers [69, 2].
The creation of Van der Waals spaces is possible due to the weakness of the Van der Waals interaction,
which allows cohesion between graphite layers themselves, and enables the layers to move apart. This
in turn allows for Li-intercalation due to a Li-ion concentration gradient at the surface of the active
material, creating a driving force into the graphite. With each extra Li+ that is stored the graphite
layers shift and eventually form a phase [2]. This process can also be seen in figure 2.2, from left to
right.

Figure 2.2: Intercalation state of Li into graphite [69].
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Solid electrolyte interphase
To ensure lithiating and delithiating remains a stable and reversible process, a passivating film needs
to be formed on the surface of the negative electrode. This film needs to be chemically and mechani-
cally stable, electron insulating and lithium-ion conducting [101]. During the initial cycles of a Li-ion
battery cell, a protective layer forms at the surface of the negative electrode called the solid electrolyte
interphase (SEI) due to reductive side reactions. Lithium ions can transfer through this layer, however,
electrons cannot. Because of the formation of this SEI, charge is lost and is referred to as irreversible
charge consumption [24, 60]. The origin of this charge consumption is because the Li-ions react with
the reduced electrolyte constituents, thereby resulting in electrolyte side products containing lithium
[3]. Consequently, loss of the lithium inventory from the cathode negatively affects the energy density.
A well formed SEI should have high Li+ conductivity and low electron conductivity. Further SEI for-
mation on the graphite surface is prevented because of the electron insulating property which would
otherwise allow for the electrolyte reduction. The high ionic conductivity of the SEI layer allows for the
permeation of Li-ions to the surface of the graphite and facilitates pathways for intercalation [3]. Li-ion
loss in the electrolyte lowers the mass transport in the liquid phase and increases the resistance in the
electrolyte, resulting in a lower power density. In addition it also affects the cycle life, self-discharge
characteristics and rate capability. During the first cycle, 10% of the original available capacity is lost
due to the irreversible charge consumption [4, 60].
Novak et al. proposes a simple model in figure 2.3 to distinguish three voltage levels of charge con-
sumption. The first one associated with the reduction of the graphite surface groups around 3 and 0.8
V versus Li/Li+. The second one associated with the SEI formation through the decomposition of the
electrolyte between around 0.8 and 0.2 V. The third one associated with the side reactions alongside
the reversible intercalation and de-intercalation of lithium ions corrosion-like reactions of LixC6 which
contribute to the growth of the SEI film between around 0.2 and 0 V [60].

Figure 2.3: First charge & discharge voltage curve of a graphite electrode at C1/40 [61].

2.5.2. Positive electrode
Unlike the almost predestined choice of material for the negative electrode, various alternatives (NMC532,
LFP & LCO) for positive electrodes exist for the various applications they are used for. However, in
the field of battery research and large-scale battery production, the incorporation of nickel-rich cath-
ode active materials (CAM) has gained significant importance, with one of the most promising being
LiNi0.8Mn0.1Co0.1O2 or the more common used expression NMC811. The incorporation of nickel rich
cathode active materials is primarily aimed at boosting the specific capacity of the positive electrode,
thereby elevating the overall energy density of the battery. NMC811 has a high specific capacity of 200
mAh/g when charged up to 4.2 and operating potential of 3.7V [39, 57]. However, as the nickel content
increases, the CAM becomes increasingly susceptible to moisture and is more prone to reacting with
water, resulting in a loss of activity and stability. This complicates the transition from NMP-based to
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water-based electrode manufacturing [73].
For processing cathodes, aluminium current collectors are used. Aluminium is stable in the pH range
of 4 to 9, according to the Pourbaix diagram [74]. Corrosion can occur at the surface if the pH is not
controlled properly[73, 67, 46, 32, 49]. This oxidation can form hydrogen, which in turn can crack and
deform the dried electrode slurry. Oxidation is possible due to the high alkaline properties of NMC811
when being processed with water (because of aqueous binders), the pH of the solvent-bases slurry can
rise to a pH of 12-13. This increase is also referred to as Li-Leaching. In this process, the Li on the
surface of the NMC811 is replaced by H+ and forms LiOH. This reaction predominantly takes place at
the particle surface, leaving the particles in the bulk unaffected. However, a decrease in the amount
Li content of the cathode active material is the result of the interaction between the lithium and the
hydrogen and reduces the overall capacity of the battery [73, 49, 47]. For this reason, when using neu-
tral binders, an acidic component, such as phosphoric acid, nitric acid, citric acid or acetic acid could
be added to lower the pH of the electrode slurry [73, 49]. Currently, PVDF continues to serve as the
primary binder for the positive electrodes, and a complete adoption of an alternative aqueous binder
has not been accomplished [37].



2.6. Polymeric binder types 8

2.6. Polymeric binder types
Below in table 2.1 an overview on the pros (advantages) and cons (disadvantages) of fluorine free poly-
meric binders used for electrode fabrication is provided. Based on the pros and cons of the binders in
the overview, a selection was made for the electrode fabrication in this research. Polyacrylic acid (PAA)
and polyethersulfone (PES) were chosen for the negative electrode. PAA had in general good reported
properties and is able to be processed with water. Despite PES not being researched that much for
electrode fabrication, it was reported on phase inversion electrode fabrication. This made it interesting
to research its potential further. The composite binders carboxylic methyl cellulose & styrene butadiene
rubber (CMC/SBR) and CMC/PAA and only PAA were chosen for the fabrication of the positive elec-
trodes. CMC/SBR is an often researched aqueous binder combination on which promising properties
were reported. The aqueous binder combination CMC/PAA is reported to be used for thicker positive
electrodes, which made it an attractive composite binder. PAA was also chosen for cathode fabrication
due to the good adhesive properties with the cathode active material. PVDF was used as the positive
control binder for both the negative and positive electrodes. The chemical structure (figure 2.5) and
further elaboration on the properties of PVDF, PAA and CMC/SBR can be found below the table.

Binder Pros Cons Ref

Polyacrylic acidb

Aqueous binder, helps protection
from aluminium corrosion, good
dispersant and adhesive proper-
ties due to hydrogen bonding

Lower adhesion to
graphite compared to
PVDF

[48, 15,
54, 64,
74]

Carboxylic methyl cellulosea
Aqueous binder, good dispersant,
good adhesive and mechanical
properties, inexpensive

Brittle and stiff [48, 77,
15, 54,
64, 74]

Styrene butadiene rubber High thermal stability, good me-
chanical and flexible properties

Prone to oxidation at
higher voltage [15, 54,

74]

Polyethersulfone High mechanical strength, hy-
drophilicity

Organic solvent (e.g.
NMP), low amount of
research

[87]

Alginate-based binder
Aqueous binder, high binding
strength, crosslinking properties,
good mechanical properties

Varying performance re-
ported [77, 54,

15]

Guar gum
Ability to promote Li+ transfer,
mechanical tolerance to dramatic
volume expansion

Low amount of research [54]

Chitosan Good adhesion, able to copoly-
merise

Lower performance for an-
odes, low amount of re-
search

[54]

Table 2.1: Overview of the pros and cons of fluorine free binders. aCommonly used in combination with styrene
butadiene rubber. bSometimes combined with CMC to create thick electrodes.

2.6.1. Polyvinylidene fluoride
Polyvinylidene fluoride (PVDF) is a widely used polymeric binder for LIBs. Properties that make it
so popular are the great electrochemical stability and the adhesive properties to the active material
and current collector [21, 16, 56, 73, 46, 102]. Using PVDF as a binder gives a high binding strength,
however it shows low flexibility. This low flexibility during cycling can easily induce a decrease in the
battery cycle life. Due to consequent expansion and contracting of the active and graphite material the
bond between active materials may break upon cycling [29].
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2.6.2. Polyacrylic acid
PAA is a water soluble binder that provides high adherance to the copper current collector. The ad-
herance is a property coming from its hydrogen bonding carboxyl groups [54]. Furthermore, graphite
electrodes using PAA as a binder have a lower heat evolution compared to CMC/SBR and PVDF based
electrodes [64]. Polymeric binders also have an effect on the deformation of graphite and its thermal
stability when applied in anodes of LIBs [65]. Park et al. applied different roll-press pressures on
different electrodes made with the binders PVDF, PAA and a composite binder of CMC/SBR (1:1).
Figure 2.4 shows the electrode density with increasing pressure. The ability of a binder being able to
withstand higher pressures, results in a higher porosity content within the electrode structure. The
ability of PAA being a more rigid polymeric binder, compared to CMC/SBR and PVDF, and therefore
maintaining better the porous structure, results in better electrochemical performance in PAA based
electrodes [65].

Figure 2.4: Densities of graphite electrodes made with different binder as function of the roll-press pressure [65].

PAA contains -COOH functional groups, giving it weak acidity, which can potentially reduce the alka-
linity of the water-based slurry during preparation and makes the pH drop below 9. [73, 67, 48, 47].
Moreover, alike in negative electrodes, PAA has good binding properties due to the hydrogen bonds it
can form with most inorganic powders, simultaneously acting as electrostatic dispersants by adsorbing
to the charged active material particle surfaces, and due to crosslinking originating from the hydrogen
bonds between the carboxylic groups [47, 48, 100, 15]. Furthermore, in theory, the carboxyl groups
in PAA could facilitate the dispersion of most oxides, suggesting that it might enhance the overall
dispersion of the water-based slurry [47, 67].
PAA with a low molecular weight lacks the ability to provide the necessary rheological properties for
the slurry preparation and adequate mechanical strength for the dried electrode. As a result, a high-
molecular-weight PAA (greater than 200,000 g mol−1) is essential [47, 54].

2.6.3. Carboxylic methyl cellulose & styrene butadiene rubber
Carboxylic methyl cellulose is a polymeric derivative of cellulose. And is, through the substitution of
some -OH groups for carboxymethyl groups (CH2COOH), made water soluble [8]. CMC has the poten-
tial to replace PVDF as a binder for positive electrodes [37]. It can provide high mechanical strength
and is stable towards oxidation. However, as an electrode binder it is brittle and inelastic. For this
reason styrene butadiene rubber is added [38, 100]. SBR is flexible and suppresses crack formation in
the electrode and also possesses a stronger binding force and a higher heat resistance capability than
the commonly used PVDF. [100, 9]. Although CMC is stable towards oxidation, it should be noted that
SBR is able to oxidise when exposed to higher voltages (>4.3 V vs. Li/Li+) [100, 37]. Moreover, similar
to PAA, the mixture of CMC/SBR acts as an effective dispersing agent for the CAM in the electrode
slurry mixture and also demonstrates good adhesion onto Al foil [100, 37, 40]. While the carboxyl
groups adsorb to the charged active-material particle surfaces and act as electrostatic dispersants [48,
100].
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Figure 2.5: The chemical structure of the polymeric binders polyacrylic acid [19] (a), carboxymethyl cellulose [63] (b),
styrene butadiene rubber [63](c).

2.7. Charging limitations
Obviously, there are limitations due to several thresholds when charging and discharging a battery.
These thresholds mainly have to do with the applied current density and the operating voltage a certain
electrode can support. Above the threshold, the highest achievable capacity decreases exponentially.
Several factors influence the amount of power a battery can deliver, or store at higher current densities.
This has to do with the electrode, the electrolyte and the separator [81]. When considering a different
polymeric binder for an already optimised system, the most important aspect is that this new binder
contributes to the electrode performance at least as well as the current prevailing polymeric binder. The
binder has a great influence on the structure morphology and integrity and the dispersion of the active
material of the electrode. Therefore, it is important that at higher rates this new binder can keep the
electrode structure intact.
It is important to identify the factors that increase the degradation rate of a polymeric based structure
at higher performance rates. These factors include: mechanical expansion and contraction due to high
or low Li+ content inside the active material, heat generation accelerating unwanted side reactions and
Li plating at the anode side due to low ionic transport [35]. A brief explanation on these factors and
how they can be mitigated follows below:

Mechanical stress. When Lithium ions intercalate into the graphite structure, each intercalation
induces an expansion in the local structure. At fully charged state, the volume expansion of the graphite
is 10% [69]. In figure 2.2 you can see this increase clearly. At higher current densities, a binder with
strong adhesive properties to the active material and the current collector can prevent cracks and loss
of contact between the active material and the current collector.

Heat generation. Heat generation in an electrode predominantly caused by overpotential needed
to drive the electrochemical reaction. The overpotential is the added up effect of various energetic
barriers, such as the resistance of the charge transfer at the solid/electrolyte interfaces and diffusion
limitations in the active materials and the electrolyte. Meaning that the mass and kinetic transport
limitations are directly related to the heat generation [35]. Consequently, mitigation can be done by
providing a binder induced polymeric structure that allows for high kinetic and mass transport within
the electrode.

Lithium metal plating. The process of intercalation is determined by migration and diffusion
through the electrolyte phase and diffusion in the active material of the anode [84]. The latter dif-
fusional process occurs quite slow and as batteries are to be charged at increasingly faster rates, an
increase in current rates give rise to a mismatch between the transport rate through the electrolyte and
the lower intercalation rate at the anode. However, with increasing electrode thickness, the lithium
diffusion in the electrolyte phase has a bigger impact and becomes rate limiting [48]. For both rate
limiting diffusional processes, it increases the overpotential, driving the electrode potential below the
Li/Li+ redox potential (0V)[35, 84, 57, 72]. Eventually resulting in lithium metal plating at the anode
[10]. Plated lithium does not take part in the electrochemical reactions, resulting in capacity loss [26,
84]. Plating is more likely when the capacity ratio between the anode and cathode is lower than 1.1.
Having a Li cathode inventory equal, or larger than equal, will probably drive the reaction beyond the
capacity of the anode, resulting in plating. Furthermore, plating is also more likely when pores in the
separator become more narrow and lead to the formation of concentrated current hot spots, leading to
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a significant overpotential [84, 35]. After prolonged metal plating, lithium metal dendrites may form.
These dendrites are able to puncture the separator and over time eventually cause a short circuit, build
up of heat or even a fire. A cut-off voltage can prevent plating. However, this still results in capacity
loss because of the smaller operating potential window. Mitigating the reduced capacity, can be done
by for example decreasing the electrode thickness or by increasing the electrode porosity [81].

NMC811 has the advantage of a larger available capacity over other nickel-rich layered oxides, but their
capacity and voltage fading rate is higher compared to these other layered oxides. Consequently, care
has to be taken at the high state of charge (SOC) regions. Capacity fade is more severe when charging
beyond 4.2V vs Li/Li+ [42]. Märker et al. reports at this stage of charging (70% SOC) a sudden
collapse in the crystal structure is observed. At a SOC of 75% the lithium layer spacing collapses and
consequently a decrease in Li vacancy ordering and Li mobility is the result. The remaining fraction of
capacity related Lithium is therefore not available any more. Over prolonged cycling this process could
result in particle crack formation [57].
In figure 2.6b, a differential capacity plot of the first charge and discharge cycle of a lithium/NMC811
half cell is shown. This cell demonstrates a capacity, at full charge, of 240 mAh/g when cycled between
3 and 4.4V vs Li/Li+. The four regions, I, II, III and IV correspond to the capacity contribution of the
charge and discharge. The majority of the capacity is gained in region I to III as region IV contributes
less than 20 mAh/g. Figure 2.6a shows the first charge and discharge cycle and region IV starts after
4.2V. Mitigation of the said capacity loss can be done by cycling up to a cut-off potential of around
4.2, as the majority of the capacity will be maintained, while preserving the mobility of lithium ions in
the positive electrode. However, opting for this lower cutoff voltage diminishes the accessible capacity
and thereby eliminating one of the benefits associated with the use of NMC811. Staying in this voltage
range would allow for higher charging rates and keeps out significant drawbacks such as uneven lithia-
tion throughout the electrode or heat formation [57].

Figure 2.6: The first charge and discharge cycle voltage curve of a Li/NMC811 half cell (a) and the corresponding
differential capacity plot (b) [57].

Conductive additives are often added to the formulation of the anode and cathode electrode to allow
for enough electronic conductivity and lower ohmic resistance. On the cathode side, this mainly has
to do with the low conductivity the cathode active material possesses. For the anode side, graphite is
conductive, but not sufficiently. The conductivity has great influence on how fast a battery cell can be
charged and discharged. Otherwise the overpotential will increase due to the increased current densities.
For the conductive additive to aid good conductivity, dispersing of these agents is very important and
this is governed by the properties of the binder. Carbon black is an often used conductive additive and
is carbon based as the name already suggests [35].

With these limitations in mind, various experiments can be performed in order to test these limits.
Electrical impedance spectroscopy (see chapter 2.5.1) measurements can be done to allocate the resistive
bottleneck(s) of the system and rate capability tests can be carried out to determine the extent to which
rate current an electrode can be charged for which it is still beneficial to the performance of the cell.
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A rate capability test is an experiment in which the current density of charging and discharging is set
and becomes incrementally higher at different cycles. Starting for example at 0.1C and ending at 4C.
The increase in rate can be done for the intercalation step, but also for the deintercalation step. In the
latter benefitting from the absence of lithium metal plating on the anode surface.

2.8. Energy versus power density
There is a trade off between the energy and power density in a battery cell and this can be tuned by
altering the electrode density. On the one hand, a higher energy density is desired to minimise the
volume a battery pack requires. For this, the areal capacity should be maximised. On the other hand,
a large enough power density is desired for the battery to deliver a high enough charge and discharge
rate, for which a lower areal capacity is wanted.
Electrode density primarily emphasises achieving a balance between electron transport within the elec-
trode and ion transport through the pores filled with electrolyte. However, in electrodes with high
loading, the density becomes a crucial factor in the trade-off between power and energy during the
design process [49]. This is because with increasing electrode thickness, the diffusion limited ionic re-
sistance increases exponentially. Limiting the ion transport through the electrode’s intricate porous
structure, leading to a lower electrochemical performance and to a large reduction in energy and power
capabilities. To obtain a high areal capacity, you would want an as thick as possible electrode, as
this increases the overall energy density in a battery pack. However, this is limited by whether the
battery performance meets the power requirements of the battery for a certain application [31, 45]. Fur-
thermore, the fundamental principle behind designing high-power cells is to either enhance the active
interface area between electrodes and electrolyte or reduce the overall distance for charge transport
between electrodes. However, the decrease in resistance to aid high power output also increases the
self-discharge rate. Consequently, the reduction in resistance intended for high-power operation can
result in an elevated self-discharge rate [49].
Other common strategies for increasing battery performance are oriented towards lowering porosity,
and minimizing the volume proportion of non-active constituents, consequently elevating the active
material’s volume fraction [45]. To alter the density of an electrode, the electrode is calendered to
decrease the porosity. There is an optimal porosity, around 35%, for which the diffusion length of the
Li-ions in the liquid electrolyte and conductivity of the electrode is balanced. However, lower porosities
(2̃0-25%) can be found in commercial grade electrodes. In the commercial ones, the cell-level volumetric
energy density is of greater importance [49]. For calendering anodes, the graphite particles have better
mechanical properties which allow them to be calendered to a lower porosity compared to cathode
electrodes without risking disintegration or particle fracture. A lower porosity gives a lower internal
electrode surface area, resulting in a thinner electrode with a higher energy density and allowing for a
lesser amount of electrolyte used, which also saves costs [49].

2.9. Inversed phase processing for electrodes
In this thesis, a novel method is being applied in the production process of the Li-ion battery electrodes,
the so-called phase inversion treatment or method. In the phase inversion method, before drying the
casted electrode in an oven, the anode or cathode is immersed in an anti-solvent bath for 5 seconds.
This leads to a thermodynamically unstable system. By doing this, you get a two phase system. A
polymer-rich solid phase, which becomes a membrane structure, and a polymer-poor liquid phase, which
induces the pore formation in the polymer membrane [30]. In figure 2.7 a schematic of this process is
shown. However, in this case longer immersion times were used which results in a delamination of the
electrode.
Harks et al. states that the kinetics involved are affected by the exchange rate of the anti-solvent in,
and solvent out of the casted electrode, which in itself depends on several factors such as the miscibility
and the molecule size of the solvents [31]. The induced phase separation generates an alternate binder
precipitation process which generates a high porosity profile. The porosity profile is long and connected,
because the anti-solvent diffuses all the way from the top to the bottom of the electrode. As a result, a
higher power output and good binding characteristics between the active materials of the electrode are
obtained [86, 31]. In the conventional drying process (no anti-solvent), the pore formation is a much
more random process that occurs through the (slower) vaporisation of the solvent [30].
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Figure 2.7: Schematic processing of phase inversed electrodes [30].

2.10. Electrolyte salts: LiPF6 and LiBOB
In LIBs, the electrolyte accommodates the Li+ transfer between the positive and the negative electrode.
The electrolyte is a key component, having a huge impact on the overall battery performance. However,
it is not directly participating in the redox reactions for charge storing or either the capacity or the
voltage of a battery [34].
Electrochemical reactions fundamentally rely on the compensation of positive charges via ionic currents.
Having an electrolyte that accommodates ion transfer quick and efficient is key. Given that ion trans-
port shows considerably slower rates compared to electron transport, the power output of a system is
dependent on the ion transport rate of the electrolyte [34].
Additionally, the electrolyte itself possesses mass, volume, and cost considerations, hence giving sub-
stantial impact on not only the battery’s performance but also on the volumetric and gravimetric energy
densities, as well as the overall cost of energy storage. Although the electrolyte is not directly involved
in the aforementioned charge storing redox reactions, it does contribute to redox side reactions [76, 34].
A variety of electrolyte chemistries are being used for the ionic transport inside the active material of
electrodes, however, the composition relatively remains the same, typically consisting of a solution con-
taining the salt LiPF6 dissolved in a blend of organic carbonate solvents. Moreover, the incorporation
of fluorine appears to be a necessity in highly performing electrolyte systems, not only as fluorinated
anions, but also electrolyte additives and as co-solvents aimed at enhancing their functionality. The
reason for this is the high electronegative nature of fluorine, making it very stable towards oxidation
[85]. LiPF6 provides excellent ionic conductivity, along with the quasistable electrochemical stability
(important for SEI formation). However, the use of fluorine in electrolyte solutions gives rise to several
concerns. It is sensitive to high temperature operations [75, 90] and also toxic [83] which in turn gives
rise to further concerns which have to do with environmental en occupational safety issues through the
lifecycle of LIBs [34].
Replacing LiPF6 for fluorine free electrolyte salts demands that these salts provide good conductiv-
ity. One of the most promising and researched electrolyte salt is LiBOB [94, 95, 96, 97, 98]. Re-
search was predominantly focused in the combination with graphite anodes. LiBOB contains the anion
bis(oxalato)borate (BOB). With this salt, high ionic conductivity and solubility can be achieved be-
cause the carbonyl groups withdraw the electrons which helps delocalise the charge and in turn induces
dissociation of the salt in organic solvents.
Comparing LiBOB against LiPF6 gives the following insights. The main limitation from the LiBOB salt
is the lower solubility in carbonate solvents and higher cell resistance due to the lower conductivity [50,
33]. However, these shortcomings are surpassed as LiBOB based electrolytes are able to form an oxygen
rich and stable SEI [94, 33], have a lower reactivity in lithiated graphite and are able to passivate the
aluminium current collector just as LiPF6 based electrolytes are [98, 41], LiBOB has more favourable
and less toxic byproducts (e.g. LiBO2 and LiOOCCOOH) which are less harmfull, LiBOB also has a
higher thermal stability and a higher water tolerance [34, 41]. In addition, LiBOB has been classified
as biodegradable by the European Chemicals Agency [1].



2.11. Characterisation techniques 14

Due to instabilities at the lower potentials associated with anode materials, such as graphite, the elec-
trolyte must possess the capability to form a protective layer (the SEI). This can be achieved by the
incorporation of ethylene carbonate (EC) within the solvent blend [34]. Fluorinated compounds such
as LiF originating from fluorine containing salts have been identified as stabilising SEI components and
play part in increased battery performance [51, 44].
Other means for enhancing the SEI stability can be done by electrolyte additives. In this research
additive variants are considered: vinylene carbonate (VC) and 1,3,2-dioxathiolane-2,2-dioxide (DTD).
VC has the ability to successfully enhance the stability of carbon based electrodes due to its ability
of radical polymerisation on the lithiated anode surface which surpresses electrolyte anion and solvent
reduction. Furthermore, addition of VC decreases the irreversible capacity and improves the cycling
performance and thermal stability of the Li-ion battery [93, 28, 22, 5]. DTD in turn enriches the SEI
with sulfide components. These components allow for a stable SEI formation, resulting in a uniform Li+
deposition on the SEI. Also, it has a beneficial effect on the degradation of the electrolyte salt, which
could lead to improved lifetime [93, 36].

2.11. Characterisation techniques
2.11.1. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a characterisation technique used to obtain the resis-
tive and capacitive electrochemical properties at a certain frequency. This method applies an alternating
potential at different frequencies to the electrochemical system and assesses changes in alternating cur-
rent, phase shift, and amplitude. Distinct observation of different chemical processes taking place at
different rates is possible due to the variation in frequencies, ranging from 10 kHz to 10−5 Hz. The
high frequency region (10k - 100 Hz) is related to migration of ions in the bulk and thus the electrolyte
resistance, the medium frequency region (1000-10 Hz) is related to the charge transfer resistance (+
double layer capacitance) and the low frequency region (10−2 - 10−5 Hz) is related to the diffusion
resistance (+ chemical capacitance) [25]. The resulting impedance is comprised of complex numbers,
with a real (Re(Z)) and a imaginary (Im(Z)) part. The real part representing the resistance. A way to
visualise the experimental EIS measurements is by using a Nyquist plot and it is constituted of several
elements such as the Re(Z), Im(Z) [82].

2.11.2. Scanning electron microscope
Scanning electron microscope (SEM) is a characterisation technique used to obtain information about
the composition and provide a topographical image of the analysed material. The technique collects
backscattered electrons to abtain information about the local composition while also collecting secondary
electrons to provide an image of the material up to nanometer level [15]. Surface morphology changes,
such as the formation of an SEI layer, can observed through post mortem SEM images.



3
Method & Materials
In this chapter, an elaboration on the negative and positive electrode preparation will given in chapter
3.1. Then, the cycling regimes will be explained in chapter 3.2 and lastly a short explanation on the
used characterisation technique will be given in chapter 3.3.

3.1. Electrode preparation
3.1.1. Anode
The negative electrode consists of the ingredients graphite (SLS 30, Imerys), Carbon Black (Super C45,
TIMCAL) and a polymeric binder. The binder was either polyvinylidene fluoride (PVDF, Syensqo) or
polyethersulphone (PES, Goodfellow) or poly acrylic acid (PAA, Sigma Adlrich). For PVDF and PES
2 N-Methyl-2-pyrrolidone (NMP, Acros Organics) was used and for PAA water was used as a solvent.
First, a mixture of the graphite, Carbon black and the binder was made with a weight ratio of 90:5:5,
after which the solvent was added. The solvent had a solvent to polymer weight ratio of 14:1 for NMP
and 22:1 for water. Then, the mixture was stirred for an hour with a top stirrer (IKA) using a holed
paddle blade at 1000 rpm. After mixing, a homogeneous slurry was obtained. Two separate casting
were made for each binder type. They were casted on separate copper electrode sheet (dCu = 14µm)
with a doctor blade. The height of the doctor blade was set to 200µm for PAA and 200 or 250µm for
PVDF, this depended on the desired loading of the electrode. Then, one of the two castings was left
to dry by air. The other casting was subjected to a phase inversion step, after which it was left to dry
by air. Water and acetone were used as the anti-solvent for the slurries containing PVDF and PAA,
respectively. The casted electrodes were then dried in an oven at 70 ◦C. After half an hour, the casted
electrodes were put in a vacuum oven at 60 ◦C and 10mBarA for 16 hours.

3.1.2. Cathode
The positive electrode consisted of the ingredients NMC811 (Umicore), graphite (SLS 30, Imerys) or
KS4 (Imerys) for PVDF, carbon black (Super C45, TIMCAL) and a polymeric binder. The binder was
either PVDF, PAA, a mixture (1:1) of carboxymethyl cellulose and styrene butadiene rubber (CMC,
Sigma Aldrich/SBR, Targray) or a mixture (3:1) of CMC and PAA (CMC/PAA). NMP solvent was
used for PVDF and water for PAA, CMC/SBR and CMC/PAA.
A mixture of the NMC, graphite, carbon black and binder was made with a weight ratio of 92:1:3:4 for
PVDF, 94:1:3:2 for CMC&SBR, 94:1:2:3 for PAA, 93:1:2:4 for PAA&CMC. The corresponding solvent
was added with a solvent to polymer weight ratio of 14:1 for PVDF, 30:1 for PAA, 12:1 for CMC&SBR
and 20:1 for PAA&CMC.
Then, the mixture was stirred for an hour with a top stirrer using a holed paddle blade at 1000 rpm.
After mixing, a homogeneous slurry was obtained. Two separate castings were made for each binder
type, they were casted on a separate aluminium electrode sheet (dAl = 11µm) with a doctor blade.
The doctor blade was set to a height between 150 and 200µm for CMC/SBR, 100µm for PVDF and
250µm for PAA and CMC/PAA. The height difference depended on the electrode loading that would
be obtained. Then, one of the two castings was left to dry by air. The other casting was subjected to
a phase inversion step, after which it was left to dry by air. Water, acetone and isopropanol were used
as the anti-solvent for the slurries containing PVDF, PAA, CMC/SBR, respectively. For CMC/PAA
phase inversion was done with acetone and isopropanol for 2 separate casting.
The casted electrodes were then dried in an oven at 70 ◦C. After half an hour, the casted electrodes
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were put in a vacuum oven at 60 ◦C and 0.1 atmospheric pressure for 16 hours. A secondary drying
step was performed (for the aqueous processed electrodes) after cutting the electrode sheets in discs.
This was done at 80 ◦C 10mBarA for 16 hours

The dried negative and positive electrodes were cut in discs (12.7mm diameter) and calendered (only
anodes). Calendering was done using a rolling press. The height of the press was set to such a value
that it would compress the electrode to obtain, in theory, an electrode porosity of 35%. This height
was specific for each electrode disc and was calculated using the density, weight and surface area of the
electrode. Thereafter, the half cell batteries were assembled using a coin cell configuration. Build up
from the bottom can of the coin was as follows; anode or cathode disc, fiber glass separator to soak
up the electrolyte (16mm diameter, Whatman), Celgard 2400 separator (16mm diameter, Celgard),
lithium metal (15.6mm diameter, 0.25mm thickness, TOB) together with a stainless steel current col-
lector (16mm diameter, 1.0mm thickness) and then a spring ring along with the top cap. 100 µL of 1
M LiPF6 in EC:EMC (3:7) (Elyte) + 2 volume% (V%) VC (Elyte) was used as the electrolyte.

Compound Binder NMC811 Graphite Carbon black Solvent
PAA an 0.05 - 0.9 0.05 1:22
PES an 0.05 - 0.9 0.05 1:16
PVDF an 0.05 - 0.9 0.05 1:14
PAA cat 0.03 0.93 0.01 0.02 1:30
CMC/PAA cat 0.04 0.93 0.01 0.02 1:20
CMC/SBR cat 0.02 0.94 0.01 0.03 1:12
PVDF cat 0.04 0.92 0.01a 0.03 1:14

Table 3.1: Relative quantities overview of the different binder based electrodes. For the NMC811 PVDF electrode the
graphite type KS4 was used, for the other electrodes this was the graphite type SLS 30.

3.2. Cycling regimes
After assembly of the coin cells, electrochemical testing of the different binder based electrode half
cells was done using a MACCOR Series 4000. Before each electrochemical measurement, the cells were
subjected to a resting period of 24 hours to give the electrolyte sufficient time to wet the electrodes.
Then, 3 formation cycles were performed at 0.1C, after each cycle a resting step of 0.5 hours was
inserted. These cycles were carried out at a voltage range between 0-2V (long term cycling) or 3V (rate
performance cycling) (vs Li/Li+) for the graphite/Li half cells (anode half cell) and between 2.7-4.2V
(4.3V for rate performance cycling, vs Li/Li+) for the Li/NMC811 half cells (cathode half cell) and the
graphite/NMC811 cells (full cell).

3.2.1. Half cell cycling
Rate performance cycle tests were performed on anode and cathode half cells. The anode half cells
cycle between 0V-3V and the cathode half cell cycles between 2.7V-4.2V. The half cells were cycled at
increasing C-rate, being the charging (de-intercalation for anodes) step for the electrodes. The succes-
sive charging C-rates were 0.33C, 1C, 2C, 3C and a final step of 4C. Discharging was done at a rate of
0.33C. Each increasing C-rate cycle is performed three times. In between the 3C and 4C cycles, two
recovery cycles at 0.1C were done. After each cycle, a resting period of 0.5 hours was taken.

Long term cycling tests were also performed. For anode half cells this consisted of 100 charge/discharge
cycles at C-rate of 0.1C, with a CV step till < 0.05C, from 0V to 2V. For cathode half cells this consisted
of 100 cycles by charging at 0.33C, followed by CV charging till <0.05C, and discharging was done at
0.5C in a voltage range of 2.7V and 4.3V. After cycle 52 (2 formation cycles in the beginning shift the
total amount of cycles) and cycle 104 , 2 recovery cycles at 0.1C were performed.

After cycling, the electrochemical impedance using electrochemical impedance spectroscopy (EIS) was
measured to determine the resistance profile of the half cells. For the cathode half cells, EIS was also
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performed prior to the rate performance tests.

3.2.2. Full cell cycling
Conducting rate performance and long term cycling tests provided the results to determine which flu-
orine free electrode would be the most suitable to be tested for the full cell configuration tests. The
positive electrode based on the CMC/SBR binder proved to be the most promising. The negative
electrode based on the PAA binder was the only thoroughly tested fluorine free electrode formulation
and, therefore, chosen as anode. PVDF based anodes and cathodes were used as the positive control
electrode.

Full cell configuration was constructed similar to the anode half cell in a coin cell. For this configuration
the lithium metal counter electrode was replaced with the CMC/SBR or PVDF formulated electrode
as the cathode.

An anode/cathode ”combination test” with regard to the binder type was performed as follows: a PAA
anode paired with a PVDF cathode, a PVDF anode paired with a CMC/SBR cathode, a PAA anode
paired with a CMC/SBR cathode and a PVDF anode paired with a PVDF cathode as the positive
control. All the electrodes were cut in discs with a diameter of 12.7 mm. As electrolyte, 100 µL of
1M LiPF6 in EC:EMC (3:7) + 2 V% VC was used. Before cycling, the cells were put in a climate
chamber and subjected to a 24 hour period of electrowetting at 1.5V and a temperature of 40 ◦C. Then,
3 formation cycles at 0.1C were followed by long term cycling by charging at 0.1C, followed by a CV
step till <0.05C, and discharging at 0.33C in a voltage range of 2.7V to 3.8V for 100 cycles. After
each cycle, a resting step of 0.5 hours was inserted. Then, with the same protocol, cycling at a voltage
window of 2.7-4.2V was done for 50 cycles at room temperature.

Furthermore, 1M LiBOB (Chemetall) was used as the fluorine free electrolyte salt dissolved in EC:DMC
(1:1) + 2 V% VC + 1 W% DTD (Sigma Aldrich). Two separate tests were done to test the performance
of the LiBOB salt and the additive DTD. The performance of the LiBOB salt was tested using 100µL
1M LiBOB in EC:DMC (1:1) + 2 V% VC in a coin cell with commercial LiFePO4 or LFP (12.7 mm
diameter, Customcells) as the model cathode against a lithium counter electrode (15.6 mm diamter,
0.25 thickness). As reference, the same coin cell was assembled using 100 µL of 1M LiPF6 in EC:EMC
(3:7) + 2 V% VC. The cells were subjected to a simple 0.1C charge/discharge protocol in a voltage
range of 2.5V to 3.65V. After each cycle, a resting step of 0.5 hours was inserted. The performance of
the additive DTD was tested using 100µL 1M LiBOB in EC:DMC (1:1) + 2 V% VC + 1 weight% (W%)
DTD in a coin cell using a graphite anode formulated with PVDF (12.7 mm diameter) and commercial
LFP as the model cathode. As reference, the same coin cell was assembled, but without DTD. Before
cycling, the cells were subjected to a 24 hour period of electrowetting at 1.5V. Then, 3 formation cycles
at 0.1C were followed by long term cycling by charging at 0.1C and discharging at 0.33C in a voltage
range of 2.5V to 3.65V. After each cycle, a resting step of 0.5 hours was inserted.

Ultimately, a completely fluorine free battery cell was constructed using an experimental 3-point elec-
trode flange cell in which the third electrode was a small lithium piece on a copper wire as the reference
electrode. A PAA graphite anode (12.7 mm diameter) and a CMC&SBR NMC811 cathode (12.7 mm
diameter) where the working electrodes and 100µL of 1M LiBOB EC:DMC (1:1) + 2 V% VC + 1 W%
DTD was used as the electrolyte. The reference electrode remained in the middle of a hole (4 mm
diameter) punctured in the graphite electrode. Before cycling, the cells were subjected to a 24 hour
period of electrowetting at 1.5V. Then, 3 formation cycles at 0.1C were followed by long term cycling
by charging at 0.1C, followed by a CV step till <0.05C, and discharging at 0.33C in a voltage range of
2.7V to 3.8V for 100 cycles. After each cycle, a resting step of 0.5 hours was inserted. Then, with the
same protocol, cycling at a voltage window of 2.7-4.2V was done for 50 cycles at room temperature.
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3.3. Characterisation techniques
3.3.1. SEM & EIS
To observe the surface morphology of the (un)cycled electrodes, small pieces of the electrode were cut
and stuck on a substrate with carbon tape. Then, the substrate was brought into the SEM machine
and the samples were observed under vacuum using the JEOL JSM-IT700HR Scanning Electron Micro-
scope.
To determine the impedance of the (un)cycled cells, EIS measurements were performed using a PAR-
STAT MC PMC-200 in a frequency range from 10 kHz to 0.01 Hz. Graphite half cells were measured
at an applied voltage level of 0.1V and NMC811 half cells and full cells (graphite vs NMC811) were
measured at an applied voltage level of 3.7. The cells were measured at their active materials operating
voltage to measure the charge transfer resistance more accurately.



4
Results and discussion
In this chapter the results of performed experiments will be discussed. First, an explanation on the
electrode processability will be given in chapter 4.1, then, an elaboration on the electrode fabrication
process will be given in chapters 4.2 and 4.3.3 for the anode and cathode, respectively. Each chapter
on fabrication is followed by a discussion on its respective electrochemical characterisation, for graphite
based half cells in chapter 4.3 and for NMC811 based half cells in chapter 4.4. After that, the electro-
chemical characterisation of full cells will be shown and discussed in chapter 4.5.

4.1. Processability of the negative and positive electrodes
In table 4.1 below, an overview on the properties of the different type of electrodes electrodes used in
this study is provided. The abbreviations in the table are constituted by the the binder abbreviation
followed by its processing method. The processing method consisted of conventional drying (CONV)
or phase inversion (PI), as explained in chapter 2.9, by a certain solvent; water (HPI) or aceton (API)
or isopropanol (IPI) or ethanol (EPI). For example, PAA_CONVA is the abbreviation for the poly
acrylic acid based negative electrode that was conventionally dried. The appended ”A” at the end of
the abbreviation refers to anode, ”C” refers to cathode. Numbers are appended to the abbreviations,
like this PAA_CONVA1, to distinguish the different cells.
An explanation on the grading in table 4.1 can be found below:

• Low (L): trait was not sufficient and therefore making the electrode completely unfit for further
battery preparation.

• Sufficient (S): trait was good enough for further battery preparation.

• Good (G): trait was very good and made the ease of processing higher.

19
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Binder Electrode
adhesion

Electrode surface Casting thickness
(µm)

Electrode
flexibility

Graphite electrodes
PAA_CONVA G smooth 200 S
PAA_CONVA S smooth 200 S
PES_CONVA L smooth 200 L
PES_HPIA L smooth 200 L
PVDF_CONVA G smooth 200 & 250 S
PVDF_HPIA G smooth 200 S
NMC811 electrodes
PAA_CONVC G uneven, rigid 200 S
PAA_APIC L smooth 250 L
PAA/CMC_CONVC G uneven, rigid 250 S
PAA/CMC_APIC L smooth 250 L
PAA/CMC_IPIC L smooth 250 L
CMC/SBR_CONVC S smooth 150 & 200 S
CMC/SBR_IPIC S smooth 200 S
PVDF_CONVC G smooth 100 G
PVDF_EPIC G smooth 100 G

Table 4.1: Property grading overview of the different binder based electrodes.

4.2. Fabricating graphite electrodes
Below, an elaboration on how the different negative electrodes were fabricated is given along with SEM
images of the surfaces for PAA and PVDF based negative electrodes in figure 4.1.
In general, using the roll press for calendering did not give the desired height for the electrodes. Al-
though in theory the height of the roll press was set to the right height to obtain an electrode porosity of
35%, the graphite electrodes possessed enough mechanical stability to bounce back a little bit. Because
of this, no graphite electrode produced obtained a porosity of 35%. the Actual porosities can be found
in the electrode specification tables in the appendix. For the anode rate performance cycling this can
be found in table A.1, for the anode long term cycling in table A.3, for the cathode rate performance
cycling in table A.2 and for the cathode long term cycling inA.4.

Electrodes based on the binder PAA needed a solvent-to-binder ratio of 22:1 to obtain an electrode
slurry with a low enough viscosity to be well mixed and homogeneously casted. Adherence to the
copper current collector was sufficient. However, when cutting the electrode disc, a piece of the casted
electrode could separate from the current collector. This would not immediately result in total delami-
nation of the electrode material as the majority of the electrode still adhered. Comparing the two PAA
based electrodes by examining the surface of the conventionally and phase inversion treated electrodes
shows that the graphite flakes have an equal distribution of the carbon black particles on their surface.
Furthermore, the phase inversion treated electrode does have more visible holes on the surface. This
could aid the ionic diffusion from the bulk of the electrode to the cathode side.

For electrodes based on the binder PVDF, a solvent-to-binder ratio of 14:1 was used to obtain an elec-
trode slurry with good viscosity to be well mixed and homogeneously casted. Also, the casted electrode
slurry showed very good adherence to current collector, maintaining adherence after cutting electrode
discs. A big difference in surface coverage by the carbon black can be seen between the two electrode
surfaces. A higher surface coverage on the graphite flakes of electron conducting material could aid in
the recombination process for the electrons and Li+.

For PES, a solvent-to-binder ratio of 14:1 was used to obtain an electrode slurry with a low enough
viscosity to be well mixed and homogeneously casted. This resulted in poor to no adherence to current
collector, giving a fragile electrode material which could easily break in shards when trying to cut elec-
trodes. For this reason, apart from a single rate performance test, no further experimentation was done
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with PES as a binder material for electrodes in this study.

Figure 4.1: SEM images of the anode electrode surfaces based on PAA_CONVA (a), PAA_APIA (b),
PVDF_CONVA (c), PVDF_HPIA (d).
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4.3. Electrochemical characterisation of graphite half cells
4.3.1. Rate performance cycling of graphite half cells
Rate performance cycling tests were performed to observe the capacity retention for graphite vs. lithium
half cells based on different polymeric binders at increasing discharge rate cycles. The discharge rate
increased from 0.33C to 4C. Prior to the last cycles at 4c, two recovery steps at 0.1C were done to see
to what extend the capacity was retained. Electrode loading can be found in table 4.2; Additional spec-
ifications on the thickness and porosity of the electrode are stated in table A.1. The rate performance
test was done as explained in chapter 3.2.1 and the results can be seen in figure 4.2.The power plot
provided allows for a better comparison between the half cells when having different theoretical capac-
ities. In this plot, for each applied current density, the resulting discharge capacity is a measure for
its performance. The higher the delivered capacity at high current densities, the better the cell performs.

Capacity (mAh/cm2)
PAA_CONVA1 4.23
PAA_APIA1 4.28
PVDF_CONVA1 3.46
PVDF_HPIA1 3.93
PES_HPIA 5.54

Table 4.2: Loadings of the different binder based anodes used in the rate performance test.

All the cells show a higher discharge capacity for the first 0.33C cycle, after which they stabilise for
two cycles. The reason for this is that in the rate performance protocol, the charge-discharge, in that
order, cycles are a set for each C-rate. However, charging on the Maccor machine means going to
a higher voltage (de-intercalating for graphite) and discharging to a lower voltage (intercalating for
graphite). Normally, in a charge-discharge set, the order would be an intercalating step followed by a
de-intercalating step. For this protocol it meant that the last discharge of the last formation cycle was
actually an intercalation step. Consequently, the next cycle begins with lithiated graphite. The forma-
tion cycles were performed at a C-rate of 0.1C, providing for a higher intercalation capacity compared to
the other two 0.33C intercalation capacities. The higher intercalation capacity consequently resulted in
a higher de-intercalaction capacity compared to the other two 0.33C de-intercalation capacities. Hence,
the first discharge capacity of the 0.33C and the 4C cycle is higher. The first recovery cycle has for
the same reason a lower discharge capacity compared to the second recovery cycle. In hindsight, the
protocol should have had a different formulation.

The PAA based half cells showed a the highest capacity retention at the 0.33C and 1C cycles, with
respect to their theoretical capacity, as opposed to the PVDF electrodes. However, for PAA_CONVA1
at the cycles 2C and 3C, the capacity fade is worst. This is also visible by the steeper curves in the
power plot. Distinct plateaus can be observed for the set of the cycles at a different rate for the PVDF
based cells, this is not the case for the PAA and PES based cells. Moreover, PES_HPIA performed the
worst at the higher rates in general. The PES_HPIA electrode a similar thickness as the PAA based
electrodes. Therefore, it is suspect that this cell suffered from initial capacity depletion.
Apart apart from cycles at 3C, the half cells based on phase inversion treated electrodes, showed an over-
all lower capacity retention at all the cycles compared to their conventionally dried counterpart. At the
last recovery cycle, capacity recovery with regard to the theoretical capacity is 83% for PAA_CONVA1,
68% for PAA_HPIA1, 78% for PVDF_CONVA1, 60% for PVDF_HPIA1 and 65% for PES_HPIA.
In terms of capacity recovery, the phase inversion treated electrodes (PES_HPIA, PAA_HPIA1 and
PVDF_HPIA1) perform similar to each other. In comparison to the conventionally treated electrodes,
PAA_CONVA1 and PVDF_CONVA1, they performed worse.
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Figure 4.2: Rate performance cycles of anode half cell configurations based on the binders PAA, PVDF and PES (a), a
corresponding power plot of the third data point of each C-rate step except 0.1C(b).

This lower performance of the phase inversion treated cells can be owed to the higher charge transfer
resistance. Provided in figure 4.3a, are the impedance resistance results after the rate performance test.
The semi-circles roughly start on the same point of the x-axis. But as a surprise, PAA_APIA1 has
a larger semi-circle. Meaning that this electrode has a higher charge transfer resistance compared to
the PVDF based electrodes, despite having a lower voltage drop (polarisation voltage) at open circuit
potential (OCP) after the de-intercalation step of the cycles. In figure 4.3b the voltage level at OCP
can be seen 0.5 hours after the de-intercalation step. Generally, the voltage drop is the highest for
the PVDF based electrodes. A large polarisation voltage could entail that a thicker SEI film is formed
on the graphite surface and in this way protects the the graphite and the electrolyte. On the other
hand, through the formation of thicker SEI layer, the cell has a lower performance at higher applied
current densities. This thicker SEI film causes a more complicated internal structure which hampers
ionic diffusivity and electron conductivity and increases the polarisation voltage [3]. This assumption
is confirmed by the voltage profile of the de-intercalation step. In figure A.2 the voltage curves of
the the rate performance test can been seen. The overpotential induced by higher ohmic polarisation
voltages (because of the thick SEI) are the main reason for the overall lower discharge capacity for the
PVDF based electrodes. Because of this overpotential, the voltage at OCP drops significantly more for
PVDF based electrodes after discharging, thereby leaving less ”room” for the charging step [20]. For
example, when looking at the 0.1C cycle of PAA_CONVA1 and PVDF_CONVA1. At the lower end,
they overlap quite neatly. However, at the other end, the PVDF_CONVA1 curve bails out much earlier
and reaches the cut-off potential.
At higher current densities the concentration polarisation voltage plays a bigger part for the difference
in discharge capacities between the tested half cells (but also in general, when comparing the discharge
capacities at each rate for a single cell). In addition, at higher charging rates, the non-uniformity of the
reaction-rate distribution is increased [14]. From this, a higher polarisation voltage caused by concen-
tration differences of Li+ in the active material particles makes the cell potential reach the cut-off early
[13]. This in turn prevents the use of the total available active material. Moreover, a larger voltage drop
at OCP after discharging could lead to increased electrode degradation or electrolyte decomposition [91].
A binder that provides better dispersion of the active material and reduced ionic diffusion pathways
can reduce the polarisation voltage. From this, it can be deduced that the PAA based electrode is the
most superior compared to the other binders. Because, it facilitates the electrochemical reaction bet-
ter due to a better internal electrode structure and therefore performs better at higher current densities.
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Figure 4.3: EIS measurement after rate performance cycling (a). Voltage at OCP at the end of relaxation after the
de-intercalation step during the rate performance cycling (b).

The first 4C cycle of PAA conv deviates from the retention behaviour of all the other samples. When
observing the voltage curve (figure A.1) of these cycles, it becomes apparent that the additional capacity
is registered by the Maccor due to side reactions which are represented by the spiky parts in the graph.
The last 4C cycle shows the least amount of side reactions with respect to the two former steps. By
manually correcting the discharge capacities obtained by the charge consuming side reaction. An
estimate on the real discharge capacity values (shown by the red data points in figure4.2) are about
1.9, 1.5 and 1.5 mAh/cm2. By this, obtaining a capacity retention of 39% at the highest C-rate.
PAA_APIA1 did not suffer from side reactions at the 4C cycles and showed at these cycles a capacity
retention of 24%. The best performing PVDF cell, PVDF_CONVA1 had a capacity retention of 13%
at this C-rate. The side reactions in the PAA_CONVA1 cell may have been the result of the high
cut-off potential (3V). A higher cut-off voltage may induce certain side reactions. However, generally,
binders in a battery should be electrochemically stable up to 5V vs Li/Li+ [54]. None of the other half
cells in this rate performance test showed these side reactions at any certain C-rate.
Furthermore, the PAA and PES based half cells have a higher discharge capacity at the end of the 4C
cycles than their last 3C cycle. The PVDF based half cells do not show this kind of capacity retention
by ending up at a lower capacity value compared to their last 3C cycle. The reason for this could be
the higher mechanical elasticity that the PAA and PES binders posses and therefore contribute to the
memory effect of the graphite active material.
Conclusion: When taking the results of anode rate performance test in consideration, it can be stated
that PAA based electrodes showed enhanced rate performance characteristics compared to PVDF and
PES based electrodes at higher charging rates. PAA_CONVA1 exhibited a capacity retention of 39%
at a C-rate of 4C. At the recovery cycles (0.1C), PAA_CONVA1 also exhibited the highest capacity
retention, being 83%, whilst showed PVDF_CONVA1 the second best capacity retention at 78%. Due
to the recovery cycles, the subsequent 4C cycles obtained a higher capacity retention than the 3C cycles
for the PAA based cells. The enhanced performance by PAA based cells was achieved by the suspected
increased dispersion of the electrode materials and reduced ionic diffusion pathways. PVDF based
electrodes suffered more from polarisation voltages and therefore performed worse at higher current
densities. For PES_HPIA, initial capacity loss was suspected. Furthermore, in this experiment, the
supposed enhanced electrode structure, formed by the phase inversion treatment, did not yet increase
the discharge capacity retention at higher discharge rates.

4.3.2. Long term cycling of graphite half cells
Long term performance cycling tests were performed to observe the capacity retention for anode half
cells based on different polymeric binders over a longer time period. The binders that were tested
consisted of PAA and PVDF, and for both conventional and phase inversed electrode species. Each
species has two samples, which refers to the appended ”2” (V2) and ”3” (V3) to abbreviated cell
name. The appended number 1 was already used for the anode rate performance cells. However, the
samples do not always have similar loading. Prior to (only for samples with ”3”) and after cycling,
EIS measurements were performed. The theoretical capacities of the cells can be found in table 4.3.
Additional information on the thickness and porosity of the electrodes can be found in table A.2.//
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Capacity (mAh/cm2)
PAA_CONVA2 4.72
PAA_APIA2 3.96
PVDF_CONVA2 2.94
PVDF_HPIA2 3.66
PAA_CONVA3 4.20
PAA_APIA3 3.89
PVDF_CONVA3 3.07
PVDF_HPIA3 3.67

Table 4.3: Theoretical capacity of the graphite half cells used for long term performance cycling.

In figure 4.4 the discharge capacity per cycle can be seen for the different PAA and PVDF based
half cells. All electrode species show an initial capacity that is corresponding with their theoretical
capacity along with a very high coulombic efficiency. The first thing that becomes apparent from the
long term cycling is that there is a clear correlation between the theoretical capacity and the capacity
retention of the electrode over time. The higher the theoretical capacity of the electrode, the worse
it performed. PAA_CONVA2 had the highest decrease in capacity retention stability around cycle 30
and PVDF_CONVA3 the lowest decrease around cycle 70 and retained a capacity of 24% after 100
cycles.
The PVDF_HPIA half cells have the sub lowest theoretical capacity. However, capacity retention
stability wise, they perform very similarly to the remaining half cells and lose their capacity retention
stability around cycle 55. This could indicate that the phase inversion treatment is not beneficial for the
PVDF electrode formulation. The remaining PAA and PVDF based half cells have similar performance.
In general, the cycling retention behaviour that the half cells show is no surprise as electrodes with a
higher loading can suffer more from transport limitations in the electrolyte phase and internal resistance
in the solid phase, while having an electrode porosity in the same range. The transport limitations come
from the ionic resistance of the electrolyte in the pores of the electrode. The internal resistance causes
overpotentials which can induce side reaction during cycling by oxidizing the electrolyte [106].

Interestingly, all V3’s outperform their earlier version. Which could mean that another factor has influ-
ence on the cycling stability, such as the ambient temperature or the grade of the electrolyte. This could
be the case as V3 was cycled a month after V2 and they were cycled in a room in which the temperature
can be influenced due to the weather outside. Regarding the electrolyte, there was a presumption that
the electrolyte degrades over time due to the influence of light and it could be that the batch used for
V2 was an older batch. If you compare V2 and V3 separately, then there is a clear top 4 consisting of
PVDF_CONVA in the first place, followed by PAA_APIA, PVDF_HPIA and PAA_CONVA, respec-
tively.
Curiously, every half cell’s capacity curve produces a dip at the beginning, after which the capacity
steadily increases. This can not be traced back to a malfunction of the Maccor as this does not happen
for any half cell at the same cycle. Therefore, it is difficult to explain why this occurs.
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Figure 4.4: Discharge capacity per cycle for long term performance cycling for PAA and PVDF based electrodes.

A closer look at the most stable cycling phase of the half cells can give a better understanding on
the cycling behaviour. In figure 4.4, cycle 25 appears to be a mutual stable cycling phase for all half
cells. The voltage curves of cycle 25 for each half cell can be seen in figure 4.5. The voltage curves
behave quite similar, showing very slight differences considering the voltage plateaus. These plateaus
represent the intercalation and de-intercalation of lithium into the graphite. Overall, the PVDF based
half cell seem to have the least internal resistance, this can be concluded from the fact that the charge
and discharge curve lay closer to each other compared to the ones from the PAA based half cells.
Moreover, PAA_APIA3 has the lowest intercalation curve. The constant voltage step provides for
significant additional charge capacity (+149 mAh/g) after reaching 0.0001 V and a charged capacity of
210 mAh/g. Despite the larger polarisation and consequent OCP voltage shift (straight line upward)
at the end of charging, the capacity retention of this half cell is the third to last to degrade.

Figure 4.5: Voltage curves of the 25th cycle during long term cycling. The graph on the right hand side is focused on
the lower potential area of the voltage curves.

A reason for the capacity retention to decrease is the depletion of electrolyte salt and therefore its
performance. This is backed up by the fact that the half cells did not stay at the applied potential
when CCCV charged to 0.1V for impedance measurements due to electrolyte polarisation [43]. For this



4.3. Electrochemical characterisation of graphite half cells 27

reason, only the high frequency regions of the impedance results are discussed. Additionally, the V2
half cells appeared very dry upon opening them up after cycling . In figure 4.6, before and after EIS
measurements are shown. To help the interpretation, the x- and y-axis do not have the same scale.
A difference between V2 and V3 can be seen when considering the high frequency region of the EIS
measurements after cycling. The start of the semi-circle at the high frequency region is shifted towards
the left for the V3 half cells. Backing up the assumption of a degraded electrolyte batch used for V2.
However, no definite conclusions can be drawn from this, because there are no EIS measurements before
cycling for V2 half cells.

Figure 4.6: EIS results for anode half cells before long term cycling (a) and after long term cycling (b).

A difference in surface morphology due to cycling can be seen in figure 4.7. Here, post mortem SEM
images are shown, with the white strands being residues of the fiber glass separator. For PAA_CONVA2
and PVDF_HPIA2, the distinct graphite flakes are clearly visible. But for PAA_APIA2 and PVDF_CONVA2,
this is not the case. A thicker SEI layer appears to be covering the flakes, which could have protected
the electrodes better for decomposition of the electrolyte.
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Figure 4.7: Post mortem SEM images of the graphite electrodes PAA_CONVA2 (a), PAA_APIA2 (b),
PVDF_CONVA2 (c), PVDF_HPIA2 (d).

Conclusion: When considering the results of the long term performance cycling and the fact that the
grade of the electrolyte played a major role between the two versions (2 and 3), the conventionally dried
PVDF based electrodes appeared to have the best capacity retention stability over a longer cycling
period. PVDF_CONVA3 performed the best by having a stable capacity retention up to cycle 70 and
ending up with a retained capacity of 24% after 100 cycles. Phase inversion treated PVDF electrodes
performed less well, indicating that this treatment is not beneficial for the cycling performance. On the
other hand, the phase inversion treatment appeared not to have a very large impact on the long term
cycling stability for the PAA based electrodes. In general, the loading of the electrodes had a large
impact on the capacity retention.

4.3.3. Fabricating NMC811 electrodes
For CMC/SBR a solvent-to-binder ratio of 12:1 was used to obtain an oil-like electrode slurry which
allowed to be well mixed and homogeneously casted. For this kind of electrode the phase inversion
treatment resulted in a more top-to-bottom tunnel structure. This can be seen when comparing the
SEM images in figure 4.8a and b for the conventionally and phase inversion treated one, respectively.
The imposed electrode structure by the phase inversion treatment could be beneficial for battery per-
formance by aiding ionic diffusion in the electrolyte phase.
Although adherence to the current collector was good, for some area’s of the electrode a top layer would
separate from the adhered layer beneath. Allowing to see the internal structure of the electrode. The
parts of the electrode where this was the case were avoided for making the electrode discs. SEM images
of this can be seen in figure 4.8 c for the conventionally dried electrode and d for the phase inversion
treated electrode. The red line indicates the edge between the part where there is still a top layer and
where there is not. The images reveal a distinct structure for the conventionally dried electrode, which
is not present anymore for the phase inversion treated electrode. Furthermore, the edges of the circles
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are more electron conducting due to brighter white colour compared to the the middle regions of the
circles in figure .

Figure 4.8: SEM images of CMC/SBR based NMC811 electrodes processed by conventional drying (a,c) and with
phase inversion treatment (b,d). The figures (c) and (d) give a better view of the electrode surface and the red line is

the border between the pristine electrode surface and electrode surface without a top layer.
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Positive electrodes based on the binder PAA needed a solvent-to-binder ratio of 30:1 to obtain an
electrode slurry which allowed to be well mixed and homogeneously casted. SEM images of an conven-
tionally dried PAA positive electrode is provided in figure 4.9. NMC811 can be better distinguished
by using the back scattered electron signal to produce an SEM image. The reason for this is that the
high atomic number of the metals in NMC811 result in a higher back scattered electron intensity that
is picked up by the detector. The higher intensity makes the metals appear white on the image. Com-
pounds with a low atomic number appear darker like grey or black, such as the carbon black and the
used binder materials. In figure 4.9b, you can clearly see the NMC811 particles without much coverage
of the carbon black or binder material.

Figure 4.9: SEM images of PAA based NMC811 electrode. Made using the secondary electron signal (a) and the back
scattered electron signal (b).

For the PAA based electrode, adherence to the current collector was very strong. When fully dried,
this resulted in a network-like structure on the back of the current collector as can be seen in figure
4.10b. On the electrode surface, this strong adherence made broken lines along the edges of the network
structure, see figure 4.10a. Normally, electrodes surfaces should be flat and smooth. But because of the
aggressive deformation of the electrode by the binder, the surface was rigid like a mountain range. This
made measuring the thickness of the electrode very difficult. Measuring the thickness of the electrode
would by done by laying the electrode on a flat surface and consequently dropping a measuring tip
from above. The flat surface would act as the reference height. When placing the electrode on a flat
surface, it would not lay flat on the surface, but still have gaps between the electrode and the surface.
Dropping the tip on the curved and rigid CMC/PAA electrode would push the electrode to the flat
surface beneath (because the flat surface is the reference height), but would also crack the electrode
further by trying to make it flat to measure accurately. Therefore, no usable results from measurements
on the thickness were obtained.
After applying the phase inversion method, the casted electrode let go of the current collector. This
resulted a brittle, free standing, electrode and could easily break upon further handling. For this reason,
no further experimentation was performed on the electrode sample treated with the phase inversion
method.

For positive electrodes based on the composite binder CMC/PAA, a solvent-to-binder ratio of 20:1 was
used to obtain an oil-like electrode slurry which allowed to be well mixed and homogeneously casted.
The addition of CMC to the binder mixture helped dispersing the electrode slurry, allowing for a lower
solvent content compared to using solely PAA. Adherence to the current collector was also very strong
and provided a similar result to electrodes produced with the binder PAA.
An SEM image of CMC/PAA electrode, treated with phase inversion, can be seen in figure 4.11. The
back scattered electron image reveals an intricate binder structure imposed by the phase inversion
treatment. In figure 4.11c, the carbon black particles (very white and tiny particles) appear well dis-
persed. An electrode with good dispersion of electron conducting particles and an intricate porous
structure could provide for great charge transfer and ion transport kinetics, respectively. However, the
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Figure 4.10: Front (a) and back (b) of the PAA positive electrode.

phase inversion treatment on the CMC/PAA based electrode resulted in delamination from the current
collector. Because of this, a free-standing, and hence a very fragile, electrode was obtained. For this rea-
son, no further experimentation was performed on the samples treated with the phase inversion method.

Figure 4.11: SEM images of the composite binder CMC/PAA based NMC811 electrode. Two images from the same
electrode area using the secondary electron signal (a) and the back scattered electron signal (b). (c) displays a closer

look onto the electrode surface.
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For positive electrodes made with the binder PVDF, a solvent-to-binder ratio of 14:1 was used to obtain
an oil-like electrode slurry which allowed to be well mixed and homogeneously casted. Adherence to
the current collector was good, also after applying the phase inversion method. In figure 4.12, SEM
images are shown for the two electrode samples. Better coverage of the NMC811 particles is achieved
on the electrode surface, similar to the previous phase inversion treated electrode samples. However,
the conventionally dried electrode appears to have a more porous structure. The greater coverage of
the NMC811 particles seem to act as a barrier for the structure on the electrode surface.

Figure 4.12: SEM images of NMC811 electrodes based on the binder PVDF; conventionally treated (a), treated with
phase inversion (b).
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4.4. Electrochemical characterisation of NMC811 half cells
4.4.1. Rate performance cycling of NMC811 half cells
Parallel to the anode half cells, rate performance cycling tests were performed on cathode half cells.
This was done to observe the capacity retention for positive electrodes at increasing charging rate cycles.
Chapter 3.2.1 elaborates on the performed procedure and an overview on the loading, thickness and
porosity of the electrodes can be found in table A.3.

In figure 4.13 experimental results of the rate performances tests are shown. Additionally, a power plot
is presented. For all the cathode half cells, except the PAA based one, the half cell rate performance
tests were done in twofold.

Figure 4.13: Charge capacity plotted per rate cycle of the NMC811 half cells. Cell configurations based on the binders
CMC/SBR, PAA, CMC/PAA and PVDF (a) and a corresponding power plot of the third data point of each C-rate step

except 0.1C(b).

In this rate performance test you can see the distinct C-rate plateaus. This was not the case for the
anode rate performance test. Although there is an OCP voltage shift during cycling NMC811 half cells
(graph not provided), this drop is not large enough to come close to the nominal voltage of the NMC811
(3.7V). By this, the charge capacities, at different rates are less affected by the discharge cycle that
happened before.
In general, the PVDF based NMC811 half cells (V1 3.64 mAh/cm2, V2 3.68 mAh/cm2) performed the
best in the rate performance test. This becomes evident from the fact that these were the only two cells
capable of showing reasonable capacity in the 2C cycles. Capacity retention at 2C was 49% and 54%
for PVDF V1 and V2. CMC/SBR_CONVC1 (5.57 mAh/cm2) had similar loading to the CMC/SBR
half cells treated with phase inversion method. But for the CMC/SBR_IPIC (V1 5.91 mAh/cm2, V2
5.54 mAh/cm2) based half cells, the different processing treatment did not turn out to enhance the per-
formance at higher current densities. In any case, it deteriorated the ability to perform better at higher
current densities. However, at lower current densities (C-Rate of 0.1C and 0.33C) the half cells did show
capacity values much closer to their theoretical capacity. For CMC/SBR_IPIC1 this was 95% at 0.1C
(recovery cycle) and 72% at 0.33C and for this was CMC/SBR_IPIC2 95% at 0.1C (recovery cycle) and
72% at 0.33C. Despite the lower charge capacity values during cycling, they slightly outperformed CM-
C/SBR_CONVC1 (89%) at the recovery cycles. However, this is not the case for CMC/SBR_CONVC2
with a capacity retention of 98%. PVDF_CONVC1 and PVDF_CONVA2 showed a capacity retention
of 100%. It could be argued that a lower loading, like it is the case for CMC/SBR_CONVC2 (3.67
mAh/cm2), is of positive influence at larger current densities. Not necessarily meaning that this is also
the case at lower current densities when considering the other CMC/SBR based half cells. The fact
that the increase of loading decreases the charge capacity at higher rates is confirmed by research of
Zheng et al. [106]. According to their study, when the electrode reaches a specific thickness, the charac-
teristic ionic diffusion length of the electrode becomes equal to the electrode thickness at the maximum
working C-rate. For their research, the maximum working C-rate is the threshold where the electrode
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can obtain 70% of its charge capacity. If the C-rate is increased beyond this point, the characteristic
diffusion length becomes smaller than the electrode thickness. As a consequence, the active material
on the electrode surface becomes inactive. This leads to a loss in capacity because the electrochemical
reaction primarily occurs at the electrode surface, which is no longer electrochemically active at higher
rates. The maximum working C-rate is for most binders in this experiment already achieved somewhere
between a C-rate of 0.33C and 0.1C. To find this maximum working C-rate properly for each electrode,
smaller increments of current density would be needed. For this experiment, the capacity fade is the
most severe in a current density range of 5-12 mA/cm2 as can ben seen in figure 4.13b.
The PAA and CMC/PAA based half cells performed poorly. PAA had the lowest loading (2.51
mAh/cm2) of the tested cell, but did not manage to show this charge capacity at the recovery cy-
cles (0.1C). At these rates, it showed only 90% of its rated capacity. Also, the CMC/PAA based half
cells had similar theoretical capacity to that of the PVDF based cells, but performed the worst of all the
cells. A better understanding about the internal resistances could give insights for the low performance
of the CMC/PAA based cells.

Below, results of EIS measurements before (a) and after (b) the rate performance test can be seen in
figure 4.14. EIS measurements were performed at a potential of 3.7V. However, not all measurements
were carried out in the same frequency range, this is indicated by the frequency indication at the end
of the impedance curves. Some impedance curves show double semi-circles after another. The first
one, at high frequency, is related to the migration of Li+ through the SEI layer. The second one,
at lower frequency, is related to the charge transfer reaction and the double layer capacitance [52].
The resistance value at the end of the semi-circle for PAA_CONVC is lower compared that of the
CMC/SBR_CONVC2, despite performing worse in terms of capacity.

Figure 4.14: EIS results before rate performance test (a) and after rate performance test (b).

Moreover, during cycling a higher polarisation for PAA_CONVC makes the cell voltage reach the
cut-off early (see figure 4.15). A reason for the early cut-off could be the surface morphology of the
PAA_CONVC electrode, which was not flat due to the strong adherence of PAA binder to the surface
of the aluminium current collector. A non-flat surface would also mean that the internal structure of
the electrode is non-uniform. The non-uniformity may have decreased the available active material due
to contact loss between the active material particles. Accordingly, the even poorer performance of the
half cells based on CMC/PAA could be explained by high charge transfer resistance values. In the end,
adding the CMC polymer to the binder mixture increased the dispersion of the electrode mixture, but
did not contribute to the performance of the cell.



4.4. Electrochemical characterisation of NMC811 half cells 35

Figure 4.15: Voltage curves of the recovery cycles of PAA_CONVC and CMC/SBR_CONVC2. First and second
recovery cycle marked with ”1st” and ”2nd”.

The high performance of PVDF based half cells is the result of a lower resistance at the end point
of the semi-circles as can be seen by the EIS measurements before cycling. Moreover, in the same
graph it can be pointed out that a higher loading affected the resistance at high frequencies for CM-
C/SBR_CONVC1 and _IPIC1 and _IPIC2 compared to CMC/SBR_CONVC2. A higher loading
increases the ionic diffusion distances which results in a higher ionic resistance in the electrolyte within
the electrode pores [106]. In addition, the CMC/SBR_IPIC electrodes have a higher ionic resistance in
the solid phase, which is the main driver for the capacity decrease at higher rates. This ionic resistance
can be attributed to the imposed morphology through phase inversion.
EIS measurements after rate performance testing for CMC/SBR_CONC1, CMC/SBR_IPIC1 and CM-
C/SBR_IPIC2 and PVDF_CONVC1 and PVDF_CONVC2 were performed a long time after the ex-
periments were done. This resulted in impedance results which are dominated by charge transfer kinetics
as at high frequencies the tail does not show. In addition, the resistance and capacitance are very low,
lower than before cycling, which is odd. A as consequence, these measurements are not representative
and are therefore not taken into account.

Conclusion: With the results in mind, PVDF based positive electrodes performed the best in the rate
performance cycling tests. These cells retained a capacity of around 52% at a C-rate of 2C, but the other
cells showed 0%. At higher C-rates no capacity was shown by any cell. CMC/SBR based electrodes
showed predominantly at the lower C-rate rates high capacities. Showing still 95% of the theoretical
capacity at a C-rate of 0.33C. At higher rates, the capacity fade was severe. This was especially the case
for the phase inversion treated CMC/SBR electrodes, which suffered from high loading and an electrode
structure that did not contribute to the ionic diffusion in the solid phase. PAA and CMC/PAA based
electrodes suffered from the fact that the electrode structure was non-uniform due to the high binding
strength of PAA to the current collector. For this reason, these electrodes showed lower charge capacities
at every rate.

4.4.2. Long term cycling of NMC811 half cells
Long term cycling tests were performed on CMC/SBR and PVDF based NMC811 half cells. Table A.4
provides more specifications on the properties of the electrodes used in this experiment. The results
of this long run experiment can be found in figure 4.16. There, you can see the gravimetric discharge
capacities per cycle with the corresponding coulombic efficiencies. Also, there were 2 formation cycles
in the beginning and 2 sets of recovery cycles, halfway and in the end of the experimental procedure.
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Figure 4.16: Gravimetric discharge capacity per cycle for CMC/SBR and PVDF based positive electrodes
(conventional and phase inversion treated). Including coulombic efficiency per cycle.

The recovery cycles indicate that still a significant amount of capacity can be retrieved upon cycling
the half cells at a C-rate of 0.1C. In table 4.4 and overview of the capacity retention is provided. The
PVDF_CONVC3 cell is the most stable and shows the highest discharge capacity in the early phases
of cycling, but towards the end its curve drops below the capacity curve of CMC/SBR_CONVC3.
At the same time, for PVDF_CONVC3 the coulombic efficiency drops slightly and resonates around
89%, while the coulombic efficiency of CMC/SBR_CONVC3 resonates around 95%. The fact that CM-
C/SBR_CONVC3 is outperforming PVDF_CONVC3 in the long run could be considered impressive as
CMC/SBR_CONVC3 is thicker and much larger the porosity (52%), with PVDF_CONVC3 porosity
value close 30%. High values belonging to thickness and porosity can impede ion transfer because of
the longer diffusional path in the electrolyte within the electrode and thus hampering the performance
of the cell [106]. Although PVDF_EPIC and CMC/SBR_IPIC3 show the highest decrease in capacity
retention during cycling, they still recover a great amount of capacity during the recovery cycles. Indi-
cating that the capacity fade is not due to contact loss of the active material particles.

High overpotentials in the later cycles prevent capacity increase by the regular charging, almost all the
charge comes from the CV charging step. The point where this occurs is where the charging curve
goes above the discharging curve in figure A.3. In that graph, the charge capacity from the CV step
is plotted against the discharge capacity of the cells. The crossing of the charge and discharge curve is
happening earliest for the samples PVDF_EPIC and CMC/SBR_IPIC3. The CMC/SBR_CONVC3
cell provides the longest in terms of CC charging out of all cells. If you look closely at the first charge
capacity of the recovery cycles of the CMC/SBR based half cells, the capacity is lower than the previous
cycle. This is because the recovery cycle does not have a CV step which would otherwise provide for
additional capacity in the charging step. The lower charging capacity is a result of the high polarisation.
A thicker electrode, accompanied with higher porosity are the main reason for this [106]. The higher
discharge capacity at the recovery cycles probably comes from the remaining capacity in the cells that
was not discharged due to the polarisation during cycling. The polarisation for the PVDF based half
cells is less high and therefore no dip in the charge capacity is visible.
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Phase inversion treated electrodes show worse results when comparing them to their conventionally
treated counterparts. When comparing PVDF_EPIC and PVDF_CONVC3, it shows a more rapid de-
cline in capacity for PVDF_EPIC. After cycle 36, the decline is the steepest for PVDF_EPIC between
all cells. Notably, at the first two recovery cycles, this half cell shows a higher discharge capacity than
the other half cells. However, a the last 2 recovery cycles, the capacity recovery is the least of all cells
for PVDF_EPIC. Moreover, the biggest difference in discharge capacity between CMC/SBR_IPIC3
and CMC/SBR_CONVC3 happens from cycle 15. This is where the discharge capacity fades very
quickly for CMC/SBR_IPIC3. On the other hand, CMC/SBR_IPIC3 does show similar discharge
capacities to that of best performing half cell during the recovery cycles, being CMC/SBR_CONVC3.
Similar to the rate performance cycle test of the NMC811 half cells (chapter 4.4.1), in this experiment,
the imposed electrode structure (via phase inversion) of CMC/SBR_IPIC3 did not contribute to the
performance of the cell due to increased internal resistance in the solid phase (assuming the tail appears
at a lower frequency and therefore at a higher resistance). Moreover, as discussed in chapter 4.3.3, the
greater coverage of conducting particles for PVDF_EPIC by the phase inversion method did not turn
out to provide for enhanced charge transfer kinetics. This is also confirmed by the EIS measurement
and this will be discussed below.

Capacity retention vs. rated capacity vs. last formation cycle
After cycle 54 106 54 106
CMC/SBR_CONVC3 76% 60% 89% 70%
CMC/SBR_IPIC3 79% 56% 81% 57%
PVDF_CONVC3 77% 47% 82% 50%
PVDF_EPIC 85% 33% 84% 33%

Table 4.4: Capacity retention after 54 and 106 cycles when comparing the last cycle of the recovery cycles with the
rated capacity and the last formation cycle.

EIS measurements were performed at the end of the long term cycling experiment. For these measure-
ments, all the half cells were brought to a voltage level of 3.7V. However, not every cell was measured
up to the same frequency value as can be seen in figure 4.17. For this reason, only a tail appears for
CMC/SBR_CONVC3. Two semi-circles can be observed in the graph, but for CMC/SBR_CONVC3
and CMC/SBR_IPIC3 the beginning of the semi-circle at the high frequency is not visible. Processes re-
sponsible for this impedance behaviour could be the dominating migration of the Li+ to the surface layer
from the electrolyte phase in this frequency range. The charge transfer resistance for PVDF_CONVC3
is lower compared to CMC/SBR_CONVC3, meaning that other resistive processes are dominating,
leading to the lower capacity retention. Regional degradation of the electrode structure might be a
reason for this, leading to a lower overall capacity retention and at the same other regions that are still
intact might contribute to a lower overall resistance.

Figure 4.17: Nyquist plot of the EIS results after long term cycling for NMC811 half cells.
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Conclusion: By taking the results of the long term cycling in consideration, CMC/SBR_CONVC3
showed the highest capacity retention during cycling. This cell obtained a capacity retention of 60% at
the last recovery cycle (cycle 106). In addition, the results indicate that the CMC/SBR based electrodes
can provide better properties in the long run performance and the consequent recovery steps, despite
suffering from a higher polarisation voltage compared to PVDF based cells. Thickness and porosity were
suspected to be the main driver behind this polarisation. In general, conventionally treated electrodes
showed the highest capacity retention and phase inversion treated electrodes showed the lowest capacity
retention.

4.5. Full cell electrochemical characterisation
Electrochemical characterisation was done for full cells (graphite vs NMC811). Multiple full cells were
tested in a ”binder combination test”. In the binder combination test, positive and negative electrodes
based on different binders were tested together in a coin cell. In these cells, LiPF6 was used as the
electrolyte salt. In addition, a complete fluorine-free cell was tested in 3-point electrode flange cell. The
fluorine-free flange cell consisted of a PAA anode and a CMC/SBR cathode, both electrodes convention-
ally dried and LiBOB was used as the electrolyte salt. For all full cells the anode/cathode capacity ratio
was around 1.2. The higher anode capacity prevents Li-plating on the anode side [78]. Furthermore,
after cycling the full cells did not stay a the applied voltage level of 3.7V for impedance measurements,
but dropped immediately to 3.0V or lower after CCCV charging. The impedance is very responsive
to the state of charge of a battery cell, because it determines the transfer resistance in the cell [80].
Therefore, the impedance results were not taken into consideration as they do not accurately reflect the
impedance at a voltage level of 3.7V.

Only conventionally dried electrodes were used in the combination tests. For the anode, PAA and
PVDF based electrodes were used. For the cathode, CMC/SBR and PVDF based electrodes were used.
The electrodes combinations that were tested are as follows: PAA based anode with a PVDF based cath-
ode (A:PAA_C:PVDF), PVDF based anode with a CMC/SBR based cathode (A:PVDF_C:CMCSBR),
PAA based anode with a CMC/SBR based cathode (A:PAA_C:CMCSBR) and a cells consisting of only
PVDF as a binder (A:PVDF_C:PVDF). The latter combination acting as the positive control cell. The
results of the combination tests are shown in figure 4.18. The discharge capacities are averaged from
the results of two cells for each species of full cell. Theoretical capacities of the anodes and cathodes as
well as the thickness and porosity can be found in table A.5.

Figure 4.18: Discharge capacity per cycle for full cell using different binders. 3 formation cycles (2.7-4.2V) followed by
cycling between 2.7-3.8V (a) and the subsequent cycling between 2.7-4.2V to observe capacity in larger window (b). The

he capacity retention for each full cell is shown for each operating voltage window.
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In figure 4.18a, the discharge capacities are shown during 100 cycles (discharge at 0.33C) with a cut-off
voltage at 3.8V after three formation cycles (2.7-4.2V) at a temperature 40 ◦C. During the formation
cycles, a decrease in discharge capacity associated with the SEI formation can be seen. However, the
discharge capacities are already at around 60% of their theoretical capacity. 40% of Li+ loss is a severe
depletion of the available capacity. Generally, 10% is irreversibly consumed by formation of the SEI
[55]. Moreover, there is a significant capacity drop after the formation cycles, because the cells operate
at a smaller voltage range (2.7-3.8V). The smaller voltage range puts less stress on the cell and increases
cycle life, but prevents a significant capacity gain at the higher voltage region (3.8-4.2V). Usually, the
capacity decrease is around 37.5% when considering that NMC811 can deliver a capacity of 200 mAh/g
(up to 4.2V) [57].
The formation cycles show a decreasing trend in terms of capacity and are already much lower than
the theoretical average capacity of the cells (table 4.5). The consequent capacity drop when tran-
sitioning to the smaller voltage window is around 78%, ,70%, 73% and 73% for A:PAA_C:PVDF,
A:PVDF_C:CMCSBR, A:PAA_C:CMCSBR and A:PVDF_C:PVDF, respectively. The severe capac-
ity drop may be attributed to the available intercalation sites in the graphite. A decrease in intercalation
sites may be caused by transport limitations inside the negative electrode structure. After the initial
capacity fade, the capacity retention slowly stabilises. After 100 cycles in a voltage window of 2.7-3.8V,
the capacity retention is the lowest for A:PVDF_C:PVDF (49%) and the highest for A:PAA_C:PVDF
(82%). However, A:PAA_C:PVD suffered from a higher capacity depletion in the smaller operating
window, thereby giving a wrong impression on the performance. Compared to the theoretical capacity,
A:PAA_C:CMCSBR showed the highest capacity retention in the smaller operating window, being
only 9%. Up till now, this kind of initial capacity depletion has not been observed for the graphite or
NMC811 half cells during the rate performance cycles and long term cycles. However, this is mainly
because of the large lithium inventory of the counter electrode in these half cells.

For each full cell combination, one of the cells showed a higher initial discharge capacity. On the
basis of this, the voltage curves of the formation cycles are compared. The voltage is plotted against
the gravimetric capacity of these cells in figure 4.20. The first charge, which is the de-lithiation of
the cathode, is higher than 200 mAh/g for every cell. Theoretically this is not possible and would
suggest that another reaction takes places during this charge. Around 2.8V a dip can be seen in the
curves, suggesting another redox reaction. The electrons have to come from the cathode, otherwise this
would not increase the first charge capacity by up to a 25% of the theoretical capacity. The reaction
that takes place could have to do with the reduction and or oxidation of VC or EC. However, VC is
more easily reduced at the anode side and more easily oxidised at the cathode side compared to EC.
Would that mean that VC provides electrons for its own reduction at the anode trough oxidation? No,
because VC is reduced at the anode at a reduction potential of around 2.5V in a full cell (this corre-
sponds to 1.2 vs Li/Li+ for the graphite negative electrode potential) and is oxidised above 4.3V vs
Li/Li+. VC driving its own reduction could therefore not be possible. [22, 70]. The reduction potential
of VC at 2.5V vs Li/Li+ could mean that the reduction of VC consumed the surplus of electrons in
the first charge. However, is it difficult to determine which oxidation reaction takes place a the cathode.
A study by Xia et al. determined the impact of additives to 1M LiPF6 in EC/EMC (3:7) on graphite/NMC
pouch cells [92].
In figure 4.19, the the differential capacities against the voltage of several cell are shown. In a) the best
performing A:PVDF_C:PVDF cell (with 2%V VC) and best performing fluorine free full cell (with
2%V VC and 1%W DTD) and in (b) the pouch cells with various electrolyte additives of Xia et al. [92].
A more elaborate discussion on the results of the fluorine free cells can be found in chapter 4.5.1. The
pouch cells had a capacity of 225 mAh and 728 µL of electrolyte was used, which is respectively 53 and
7.3 times the quantities used in this thesis. Moreover, in relation to the amount of capacity, they would
have used 13.5 µL of electrolyte for the full cells in this thesis. In their 2% VC cell, they show that
VC reacted at a potential of 2.6, having its peak at 14 mAh/V. Also, they reported that the fraction of
irreversible capacity for the 2% VC cell was almost 0.1. For the A:PVDF_C:PVDF cell VC presumably
reacted at a voltage of 2.8V, having its peak at 1.35 mAh/V. The fraction of irreversible capacity for
VC in A:PVDF_C:PVDF is around 0.24. The 3PF-free_2 cell, which contains 2 V% VC and 1 W%
DTD, has a similar voltage peak intensity decrease for DTD. This confirms that the peak observed at
2.8V is assigned to VC. The reason for this peak shift and intensity decrease is not clear [92].
In comparison Xia et al. had 7.4 times a lower amount of electrolyte (with regard to the amount of
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cell capacity). When putting their research as the benchmark for the amount of electrolyte and the
fact that the fraction of irreversible capacity for VC in A:PVDF_C:PVDF is only 0.24 and not higher,
would suggest that another reason is the cause for this significant capacity increase in the first charge.

Figure 4.19: Differential capacity (dQ/dV) against the voltage during the formation cycle of 3PF-free_2 and
A:PVDF_C:PVDF (a) and during the first charge of the graphite/NMC pouch cells with different electrolyte additives

used in the study of Xia et al. (edited) [92].

Hydrogen evolution due to the residual moisture removal in the electrodes is another suspect for the
charge consumption in the first cycle. Galushkin et al. states that it is generally accepted that hydrogen
evolution in the first cycle of charge (up to 4.0V) is connected with the residual moisture removal from
the electrolyte. This generated an H2 concentration of 20.1 ppm, which is reasonable for battery grade
battery grade carbonate electrolytes [58]. During longer cycling, the hydrogen evolution appeared to be
potential independent as the hydrogen concentration grew independently on the cell voltage [27]. It was
proven experimentally that this further hydrogen evolution was connected to electrolyte decomposition.
However, the cells in this thesis were cycled up to 4.3V and electrolyte decomposition should not
happen up to a voltage of 4.57V [27]. Metzger et al. proved their hypothesis that the diffusion of protic
electrolyte oxidation (R-H+) from the cathode to the anode and their subsequent reduction is the origin
of increased H2 formation when charging up to 4.2V (along with an increased first charge capacity).
H2 formation is further increased at higher charging potentials; where more electrolyte oxidation takes
place, and at higher temperatures; where the SEI is unstable [58]. However, with the addition of
electrolyte additives (2 W% VC or 1 W% DTD) the formation of H2 was significantly reduced in a full
cell configuration while charging up to 4.6V. Proving the effect of the reduction of VC to form a stable
SEI.
Burns et al. showed that through ”rollover failure” the oxidation of the electrolyte in graphite//NMC
cells led to decreased coulombic efficiency during cycling, increased impedance, higher self-discharge
rates during storage and consequently capacity loss [11]. In addition, Burns et al. proposed a plausible
model for the rollover model. In this model, the diffusion of electrolyte oxidation products created at
the NMC electrode to the anode reduce and form a layer of unwanted material. By this, leading to an
increase in kinetic resistant for Li+ intercalation and deintercalation [11].
The reported results by other authors show something similar to the results in this study. However, the
question remains why in our case the electrolyte would be able to oxidise at the cathode side and why
there was not a stable SEI formed on the anode to inhibit subsequent H2 formation.
The increased charge capacity in the first formation cycle is also observed for the NMC811 half cells,
this is highlighted for PVDF_CONVC3 and CMC/SBR_CONVC3 in figure A.4. The extra charge
capacity is barely observed for CMC/SBR_CONVC3 and this could point to initial capacity depletion.
The highest extra charge capacity is seen for the full cells which have a PVDF based NMC811 electrode
(4.20a and d). For these cells, the discharge capacity depletion in consequent cycles is much more severe
in comparison to the full cells which have a CMC/SBR based NMC811 electrode. Another correlation
can be seen between the full cells with a PAA and PVDF based graphite electrode. The full cells
which have a PAA based graphite electrode seem to have the highest capacity fade during the discharge.
Regarding the initial capacity retention, this results in the worst combination being A:PAA_C:PVDF
and the best combination A:PVDF_C:CMCSBR.
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Figure 4.20: Voltage plotted against the gravimetric capacity of the formation cycles of the best performing full cell of
A:PAA_C:PVDF (a), A:PVDF_C:CMCSBR (b), A:PAA_C:CMCSBR (c) and A:PVDF_C:PVDF (d).

After cycling the full cells in the combination test at a voltage range of 2.7-3.8V, the cells were cycled
at a voltage range of 2.7-4.2V at room temperature to determine if increasing the potential window
would increase the overall discharge capacity. Figure 4.18b depicts the results of the subsequent test.
In general, no significant capacity increase in the larger voltage window can be observed. The capacity
curve of A:PAA_C:PVDF shows the highest initial capacity, but the capacity retention stability de-
creased and eventually stabilised at a capacity retention of 14.4% (compared to the theoretical capacity
for charging up to 3.8V). The A:PVDF_C:PVDF cell has the highest retained capacity (14%) despite
showing poor discharge capacities in the smaller voltage window. Discharge capacities from the other
two cells end up lower compared to prior discharge capacities in the combination test.

CapacityAVG (mAh/cm2) CEAVG (%)
A:PAA_C:PVDF 3.38 96
A:PVDF_C:CMCSBR 3.51 91
A:PAA_C:CMCSBR 3.34 92
A:PVDF_C:PVDF 3.26 98

Table 4.5: Average theoretical capacities of the full cells and the average coulombic efficiency over 50 cycles in the
capacity window 2.7-4.2V.

In table 4.5 the average CE of the cycles during cycling in a voltage of 2.7-4.2V can be seen. However,
with these kind of coulombic efficiencies, there should not be that much capacity left after so many
cycles. The Li+ reservoir on the cathode side is not completely delithiated in each cycle. Consequently,
the positive electrode can still provide capacity in the later cycles. Furthermore, the electrolyte salt is
able to provide for relatively high CE’s and is therefore not suspected to be the main bottleneck of the
general capacity decrease.

Conclusion: When looking at the results of the previous half cell experiments, the best electrode combi-
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nation in a full cell would be a PVDF based anode and a CMC/SBR based cathode (A:PVDF_C:CMCSBR).
In the full cell combination test, this ideal electrode combination only performed the best in the early
stages of cycling. In the smaller voltage operating window (2.7-3.8V), the A:PVDF_C:CMCSBR cell
performed third best of the full cells. At cycle 100, A:PAA_C:CMCSBR showed the highest capacity
retention: 14.4%. It could be argued, because the full cells all have to cope with the same degradation
mechanism, that the fluorine free binder combination (A:PAA_C:CMCSBR) prevailed the best and the
PVDF based full cell (A:PVDF_C:PVDF, the positive control) the worst.
After 50 subsequent cycles in the larger voltage window (2.7-4.2V), A:PVDF_C:PVDF eventually
showed the highest capacity retained (14%). An initial capacity depletion of around 40% was ob-
served and is suspected to be the result of electrolyte oxidation at the cathode and the subsequent
reduction of these oxidative species at the anode. The question remains why this was possible in the
first place with electrolyte additives within the electrolyte solution.

4.5.1. Fluorine free full cells
Full cells constituted of only fluorine free (F-free) compounds were tested in a 3-point electrode flange
cell. The third electrode acted as the reference electrode and monitored the potential at the anode
side. The reference electrode consisted of a copper wire with a the lithium piece at the end of this wire.
However, the lithium piece stuck to the electrolyte wetted separator and was separated from the copper
reference wire. Therefore, no usable reference signal was obtained during cycling of the flange cells.
Figure 4.21a depicts the discharge capacities per cycle for the F-free full cell. The same protocol was
executed that was used for the binder combination test, but at room temperature: 3 formation cycles
(0.1C, 2.7-4.2V) followed by 100 cycles (2.7-3.8V) with charging at 0.1 followed by a constant voltage
charge step and discharging at 0.33C.

After the first charge, a lower capacity fade is observed when comparing it to the capacity fade for the
fulls cells in the combination test. The F-free cells lose around 30% capacity after the first charge, while
having a similar loading as the full cells with LiPF6. Also, for the F-free cells, the formation cycles
appear to be more stable with regard to capacity retention,but do not show a similar cycling stability.
The cells end up at 6% capacity retained after 100 cycles in a operating voltage window of 2.7-3.8V
and have only 2% capacity retained when comparing it to the theoretical capacity. In table 4.6 the
theoretical capacity and the average coulombic efficiency per flange cell is shown.

Figure 4.21: Discharge capacity per cycle for fluorine free full cells (flange cell), 3 formation cycles (2.7V-4.2V)
followed by cycling between 2.7V and 3.8 (a) and the subsequent cycling between 2.7V and 4.2V (b).

To see if the capacity decrease had to do with the first charge, the voltage curves of the formation
cycles are shown in figure 4.22. Here, two dips can be seen at around 2.5V and 3V, corresponding
to the intended reduction of the DTD (figure 4.19. However, this does not explain the capacity fade.
Moreover, 3PF-free_1 does not charge all the way to 200 mAh/g on the first charge, which could
indicate that already a part of the active material was lost. 3PF-free_1 exhibits a first charge capacity
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of 210 mAh/g.

Figure 4.22: Voltage plotted against the gravimetric capacity of the formation cycles of the best performing full cell of
3PF-free_1 (a) and 3PF-free_2 (b).

After cycling, the flange cells were opened to see if the electrolyte had dried up. Dried up electrolyte
is known for causing capacity decrease during cycling, because then the ionic diffusion from one side
to the other of cell is not supported anymore. In initial test with the flange cell, the electrolyte would
sometimes dry out. It was suspect that this was due to deficits on the surface of the flange which made
contact with the O-ring. Because of these deficits, the cell would not be completely air tight. This
in turn would allow for electrolyte to react with the oxygen and form byproducts, hence drying out.
However, no apparent drying out was visible. After closing the the flange cells they were cycled for
another 50 cycles at a larger voltage window (2.7-4.2V), but this resulted not in a significant capacity
increase(see figure 4.21b). Notably, misalignment of the electrodes in the flange cell may have had a
large negative impact on this last capacity retention test. The misalignment of electrodes prevents the
full utilisation of the electrode surface, because only the aligned electrodes surfaces will interact in the
redox reaction.

Capacity (mAh/cm2) CEAVG (%)
3PF-free_1 3.2 91
3PF-free_2 3.3 90

Table 4.6: Theoretical capacities of the fluorine free full cells tested and average the coulombic efficiency over 100
cycles.

In figure 4.23 a comparison is made regarding the voltage profile between the last formation cycles of
the fluorine free full cells of the combination test and the fluorine free flange cells. Higher overpotentials
in the A:PAA_C:CMCSBR cells are the dominant factor for reaching the cut-off potential earlier.
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Figure 4.23: Voltage curves plotted against the gravimetric capacity of the last formation cycles of the half cell F-free
flange cells and of the A:PAA_C:CMCSBR full cells

Apart from the used cell configuration, the electrolyte and the temperature at which they cycled, the
cells are almost identical. Conventionally speaking, cycling at elevated temperatures enhances charge
transfer kinetics in the cell and also increases the conductivity of the electrolyte [89]. In addition, the
flange cell is a more experimental cell set-up than the commercially used coin cell. This risks the flange
cell to be more prone for failure. Therefore, the difference in electrolyte composition is suspected of
the main reason for the difference in capacity during the last formation cycle. Lack in providing ion
transport can increase the degree of overpotentials in the cells. A study by Xu, Kang reports that LiBOB
in an organic solvent results in higher resistance at the graphite-electrolyte interface when comparing it
to LiPF6 in a benchmark electrolyte solution (EC/EMC (50:50)) [94]. This contradicts the earlier made
assumption that the electrolyte was the main bottleneck of the capacity depletion. In figure 4.24 similar
discharge capacities can be observed between two LFP half cells (1.36 mAh/cm2 that have LiBOB or
LiPF6 as the electrolyte. A large dip can be seen for the LiBOB cell, this was due to a voltage shift to
3.65V at OCP in the resting step. Because of this, a smaller charge step could be performed, resulting
in a lower discharge capacity. Overall, LiPF6 performs more stable in terms of capacity retention. The
cycling stability of the LiBOB cell is restricted by the larger overpotentials. This corresponds also with
the full cell using LiPF6 as an electrolyte compared to the fluorine free full cell configuration which uses
LiBOB as the electrolyte.

Figure 4.24: Discharge capacity per cycle for LFP half cells with LiBOB and LiPF6 as the electrolyte salt.
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In this current study, the electrolyte based on LiBOB additionally contained the additive DTD which
enhances the SEI stability. In figure 4.25 the effect of the addition of DTD on the discharge capacity
is shown. All the cells have a theoretical capacity of 1.36 mAh/cm2. Initially, for both LFP v graphite
cell variants the discharge capacity is around 45% of what the first charge could provide in terms of
capacity. The initial drop in capacity retention is comparable to that of the NMC811 based full cells
with LiPF6 as the electrolyte. However, the first charge for the LFP cells does not overshoot its rated
capacity. This indicates that the depletion of the capacity is related to the operating voltage of the
CAM and thus with the release of electrons from the active material during the first charge.
The consequent cycles are more stable and show even an increase in discharge capacity for the LFP
based full cells due to a lower polarisation. The cells without DTD (no DTD) show a higher discharge
capacity in the early cycling stage, but in the later stages of cycling the capacity retention drops below
that of the DTD containing cells. In addition, several dips can be seen in the discharge capacity curves.
These dips originated from side reactions and became apparent by analysing the voltage curve. On
average, the CE for the DTD containing cells is very close to 100%, for the cells without DTD it is
around 97%. When considering the aforementioned differences between the cells with and without DTD,
the addition of DTD shows to be beneficial for the overall performance of the cell.

Figure 4.25: Discharge capacity per cycle for LFP vs graphite full cells with and without the additive DTD in the
electrolyte solution

Conclusion: Considering the results of the fluorine free full cells and the LFP test cells, the following
can be highlighted; The fluorine free full cells showed promising initial results This is because the fluorine
free cells had relatively high initial discharge capacities compared to the ”not completely fluorine free”
full cells in the binder test, but showed a lower capacity retention over a longer period. The capacity
retained after 100 cycles in a operating voltage window was only 2%. Furthermore, similar to the full
cells in the binder combination test, the fluorine free cells suffered from an initial capacity fade in the first
discharge. Using LiPF6 as an electrolyte in the LFP test cells resulted in a higher capacity retention
stability compared to the LiBOB test cell. In addition, the DTD containing LiBOB LFP test cells
showed better performance than the LFP test cells without DTD in the electrolyte mixture. Further
investigation would be needed to find out why the LiPF6 based full cells in the binder combination test
showed lower initial discharge capacities, compared to LiBOB based full cells.
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Conclusion
Processing:

In terms of general electrode fabrication, processing of the electrodes with different binders resulted in
smooth and strong electrodes. However, when PAA containing cathodes were processed with the phase
inversion treatment this resulted in delamination from the current collector. Moreover, conventionally
dried PAA containing cathodes bound very strongly to the current collector. This resulted in a de-
formed electrode structure.

Graphite vs Lithium:

In the anode rate performance cycling test, the conventionally dried PAA based graphite half cell
(PAA_CONVA1) showed enhanced rate performance characteristics compared to the other PAA, PVDF
and PES based electrodes. PAA_CONVA showed a capacity retention of 39% at a C-rate of 4C. In gen-
eral, PAA based electrodes showed the lowest polarisation voltages at higher current densities, resulting
in higher discharge capacities. Phase inversion treated electrodes had a high charge transfer resistance
and consequently did not facilitate enhanced performance at higher current densities compared to the
conventionally dried electrodes.

In the anode long term performance cycling test, the PVDF based cells showed the highest capacity
retention, but phase inversion treated PVDF based cells performed less well. The conventionally dried
PVDF based graphite half cell retained a stable capacity up to cycle 70, after 100 cycles the retained
capacity was 24%. The difference in electrode processing for PAA based electrodes did not have a
conclusive alternate effect. The loading of PAA based cells seemed to have the largest impact on the
capacity retention of the cells. The grade of the electrolyte played a major role between the two sample.
Eventually, depletion of the electrolyte salt was the bottleneck of the overall performance of the cells.

NMC811 vs Lithium:

In the cathode rate performance cycling test, the PVDF based positive electrodes performed the
best in the rate performance cycling tests, exhibiting a capacity retention of 54% at a C-rate of 2C and
showing 100% in the recovery cycles (0.1C). Predominantly CMC/SBR based cathodes showed high
discharge capacities a the recovery cycles, being around 95%. However, the capacity fade was from
a C-rate of 1C already severe. Especially for the phase inversion treated CMC/SBR based cells the
capacity fade was the highest due to decreased ionic diffusion in the liquid phase. These cell showed
only reasonable capacity (72%) up to a C-rate of 0.33C. The non-uniform electrode structure of PAA
and CMC/PAA based electrodes negatively impacted their overall available capacity and performance.
PVDF based cells showed capacity at C-rates up to 2C, but the other cells showed complete capacity
depletion at C-rate of 2C (or lower).

In the cathode long term performance cycling test, the conventionally dried CMC/SBR based cell
showed the highest capacity retention (60%) after 106 cycles, despite suffering from higher a polarisation
voltage compared to PVDF based cells. Thickness and porosity were suspected to be the main driver
behind this polarisation. In general, conventionally treated electrodes showed better results than the
phase inversion treated ones. However, the phase inversion treated CMC/SBR cell showed comparable
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recovery discharge capacities compared to the conventionally treated electrode based cells.

Graphite vs NMC811:

Looking at the results of the half cell experiments, the best electrode combination in a full cell would
be a PVDF based anode and a CMC/SBR based cathode (A:PVDF_C:CMCSBR). Only in the early
stages of cycling this ideal combination showed enhanced performance. After 100 cycles in an operating
window of 2.7-3.8V, (A:PAA_C:CMCSBR) showed the highest capacity retention (14.4%) and coped
the best with the degradation of the performance. Subsequently, the full cells with a PVDF based
anode and cathode showed the highest capacity retention after 50 cycles (2.7-4.2), being 14%. A severe
initial capacity fade (40%) was observed for all cells in the first discharge. The capacity degradation
is suspected to be the result of electrolyte oxidation at the cathode and subsequent reduction of these
oxidative species at the anode. However, it is not yet clear why this was possible while using electrolyte
additives. Consequently, it is difficult to compare the real performance various cells.

Fluorine free full cell:

Fluorine free full cells using a PAA based anode, a CMC/SBR based cathode and a LiBOB based elec-
trolyte showed promising initial results by outperforming the equivalent (LiPF6 containing) full cells in
the first few cycles. However, for the fluorine free cells the capacity retention stability was much lower
over a longer cycling period, being only 2% after 100 cycles in a voltage window of 2.7-3.8V. Similar to
the full cells in the binder combination test, the fluorine free cells suffered from an initial capacity fade
in the first discharge. LFP test cells containing LiPF6 as electrolyte showed higher capacity retention
stability opposed to cells containing LiBOB. DTD containing LiBOB LFP test cells showed enhance
performance over cells without DTD in the electrolyte mixture.

General:

It is difficult to provide a definite conclusion to the research question: Are there viable alternatives for
fluorine rich batteries?. The reason for this is that the positive control in the full cell configuration,
also suffered from initial capacity degradation, making it difficult to determine the actual performance
of the full cells based on the different binders. However, it can be stated that the electrodes based on
fluorine free binders showed promising potential to be explored in future research.



6
Recommendations

• Use more samples per test to increase the validity of the results.

• Use lower and comparable cell loadings to better understand the effects of the binder on the elec-
trochemical performance of the cell.

• Analyse the internal structure difference between conventionally dried and phase inversion treated
electrodes using SEM.

• Conduct analysis using X-ray photoelectron spectroscopy (XPS) before and after cycling to better
understand the electrolyte degradation products as well as the formation of unwanted products
on the surface of the anode and cathode.

• Investigate the reason for the initial capacity depletion of full cells utilising an electrolyte with
SEI stabilising additives.

• Use three point electrodes to better understand the failure mechanisms in a full cell.
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A
Results
Appendix voor de overige grafieken en informatie die niet perse in de scriptie passen.

A.1. Electrochemical characterisation
A.1.1. Graphite vs. lithium rate performance cycling

Electrode Capacity (mAh/cm2) Thickness (µm) Porosity (%)
PAA_CONVA1 4.23 142 52
PAA_APIA1 4.28 130 48
PVDF_CONVA1 3.46 95 46
PVDF_HPIA1 3.93 104 45
PES_HPIA 5.54 141 45

Table A.1: Graphite based electrode specifications for half cell rate performance cycling.

Figure A.1: Voltage curve of the 4C rate performance cycles of the PAA conv based graphite half cells.
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Figure A.2: Voltage plotted against the gravimetric discharge capacity of each last rate cycle for each anode half cell.

A.1.2. Graphite vs. lithium long term cycling

Electrode Capacity (mAh/cm2) Thickness (µm) Porosity (%)
PAA_CONVA2 4.72 129 48
PAA_APIA2 3.96 102 43
PVDF_CONVA2 2.94 89 50
PVDF_HPIA2 3.66 96 44
PAA_CONVA3 4.20 145 59
PAA_APIA3 3.89 119 53
PVDF_CONVA3 3.07 92 51
PVDF_HPIA3 3.67 114 53

Table A.2: Graphite based electrode specifications for half cell long term cycling.
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A.1.3. NMC vs. lithium rate performance cycling

Electrode Capacity (mAh/cm2) Thickness (µm) Porosity (%)
CMC/SBR_CONVC1 5.57 182 60
CMC/SBR_CONVC2 3.67 143 52
CMC/SBR_IPIC1 5.91 174 47
CMC/SBR_IPIC2 5.54 167 48
CMC/PAA_CONVC1 3.87 N/A N/A
CMC/PAA_CONVC2 4.02 N/A N/A
PAA_CONVC 2.51 80 51
PVDF_CONVC1 3.64 91 37
PVDF_CONVC2 3.68 88 35

Table A.3: NMC811 based electrode specifications for half cell rate performance test.
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A.1.4. NMC vs. lithium long term cycling

Electrode Capacity (mAh/cm2) Thickness (µm) Porosity (%)
CMC/SBR_CONVC3 4.7 190 52
CMC/SBR_IPIC3 6 205 51
PVDF_CONVC3 4 103 29
PVDF_EPIC 3.6 123 48

Table A.4: NMC811 based electrode specifications for half cell long term cycling test.

Figure A.3: Overview of the constant voltage charge and discharge capacities for CMC/SBR_CONVC (a),
CMC/SBR_IPIC (b), PVDF_CONVC (c) and PVDF_EPIC (d) .
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A.1.5. Graphite vs. NMC

Electrode Capacity (mAh/cm2) Anode porosity (%) Thickness (µm)
A:PAA_C:PVDF 1 A:3.80, C:3.25 54 113
A:PAA_C:PVDF 2 A:4.20, C:3.50 54 123
A:PVDF_C:CMCSBR 1 A:4.12, C:3.40 50 111
A:PVDF_C:CMCSBR 2 A:4.07, C:3.62 54 116
A:PAA_C:CMCSBR 1 A:4.17, C:4.3.30 48 107
A:PAA_C:CMCSBR 2 A:4.37, C:3.37 59 130
A:PVDF_C:PVDF 1 A:3.99, C:3.28 54 115
A:PVDF_C:PVDF 2 A:3.99, C:3.23 52 110

Table A.5: Specifications on the electrode properties used in the combination test.

Figure A.4: Voltage curves of the formation cycles of CMC/SBR_CONVC3 (a) and PVDF_CONVC3 (b).
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