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Abstract

Silicon anodes can boost the energy density of lithium-ion batteries due to its high theoretical capacity
up to ~3600 mAh/g. However, a challenge of the use of silicon anode is 300% swelling/shrink upon
lithiation/delithiation, which is a major cause of battery failure. A lithium-ion battery with silicon anode
requires the formation of a flexible and stable solid electrolyte interphase (SEI) on the anode’s surface to
prevent continuous electrolyte decomposition, to mitigate the volume changes and to enable good Li-ion
transportation. It is still a challenge to develop new electrolyte compositions to mitigate the continuous
SEl formation and, consequently, enhance the cycle life. In this thesis, a 100% pure amorphous silicon
anode is investigated in lithium-ion battery cells with an energy density up to 1350 Wh/L. The effect
of different electrolyte compositions on the electrochemical behaviour and cycle life is studied. The
results show that the addition of fluoroethylene carbonate (FEC) and vinylene carbonate (VC) to an
electrolyte mixture of LiPFg and a pure linear carbonate solvent improves the capacity retention for
over 100 cycles. The addition of co-solvents, propylene carbonate (PC) or ethylene carbonate (EC),
improves the silicon utilisation level from ~1500 to ~1700 mAh/g. The diallyl pyrocarbonate (DAPC)
additive in the electrolyte improves the capacity retention at 100 cycles from 67.7% to 72.2% in a full
NMC-622/Si coin cell and from 84.2% to 90.8% in a full pouch cell. This study demonstrates that the
electrolyte composition has an effect on the cycle life of lithium-ion batteries with silicon anode, likely by
SEl formation from preferable decomposition products and from a complementary mixture of electrolyte
components.
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Introduction

Lithium-ion batteries (LIBs) are applied in many applications, ranging from consumer electronics, to
clean energy driven applications, like electric vehicles and stationary energy storage. The main drivers
in the development of LIBs for these applications are an increased energy density and cycle life com-
pared to conventional alkaline batteries, which allows consumers to charge the batteries less and use
them longer. The high energy density of the material allows for the extension of the driving range of
an electric vehicle or the storage of green, yet fluctional, electricity for example. An increased energy
density can be achieved by replacing the commonly used graphite anode by a silicon anode. Graphite
has a gravimetric specific capacity of 372 mAh/g [45], however, when the graphite material is replaced
by silicon, with a gravimetric specific capacity of 3579 mAh/g upon full lithiation to Li;5Si4 [39], a 10
times higher specific capacity can be achieved. Moreover, Si is a naturally abundant element in earth’s
crust, which is environmentally friendly, cheap and non-toxic [37].

One of the main challenges in the development of a LIB with a Si anode is the large volume change of
Si anode during cycling. It undergoes about 300 volume% swelling/shrink upon lithiation/delithiation.
One can compare this with a swelling of only 10 volume% upon intercalation of Li-ions in the commonly
used graphite anode [64]. The swelling of the silicon anode is one of the main causes of battery failure
[64]. The mechanism that causes cell failure is shown in 1.1.

Cell failure occurs after prolonged cycling by the formation of a very thick and insulating Solid Electrolyte
Interphase (SEI), which prohibits the Li-ion transport [45]. The function of the SEI, however, is to
transport Li-ions to the anode and block electrons, preventing electrolyte decomposition. Upon the
first lithiation cycle, the SEI is formed via the decomposition of electrolyte components, which leads to
consumption of active Li-ions in a LIB. Upon lithiation/delithiation Si expands/shrinks, resulting in crack
formation in the electrode and SEI layer, exposing ‘fresh’ Si again to the electrolyte, thereby leading to
spontaneous Li-ion loss by the formation of new SEI. Therefore, the SEI layer on a Si anode thickens
upon prolonged cycling, by the continuous cracking and reformation of the SEI.

Unstable SEI L ke B
=, Charge Discharg}/,\- .. Charge Many cycles
Silicon @) Lithiated Silicon SEI

Figure 1.1: Schematic of the formation and transformation of the SEI during prolonged lithiation and delithiation. Adapted from
[55].
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The continuous growth of the SEI should be prevented and therefore the SEI should have good flexibility
and mechanical strength [18]. A flexible and stable SEI needs to be formed, which is preferably thin,
uniform, polymeric and protective, to mitigate the cells swelling and enable good Li-ion transportation
[45, 65]. By alterning the composition of the electrolyte, one can expect to form an ideal SEI layer,
since the SEl is formed by the decomposition products of the electrolyte. Therefore, the main aim of
this research is to investigate what effect different electrolyte compositions have on the cycle life of a
LIB with pure Si anode.

The simplest form of an electrolyte consists of a solvent and a lithium salt. The solvents will decompose
upon charging the battery and form the SEI layer, so by altering the solvent composition, one can tweak
the properties of the SEI. Another approach is to add additives to the electrolyte, which have a higher
reduction potential than the solvents, so they preferentially decompose and restrict the solvent parasitic
reaction. The additives will therefore determine the properties of the SEI. The body of this research will
entail the effect of various solvent compounds on the cycle life of a LIB with Si anode and the effect of
various additive compounds.

Leyden Jar Technologies (LJT) aims to develop a pure Si anode for use in LIBs. The Sianode of LJT is
unique, since LJT claims to have developed a nano- and micro- pore structure to absorb significant ex-
pansion of Si during lithiation by deposition of a plasma-enhanced chemical vapor deposition (PECVD)
grown amorphous Si film on a Cu substrate. Due to the high porosity of the Si deposition layer of ap-
proximately 30%, the Si anode of LJT shows significantly less volume expansion than the theoretical
expansion of 300% [12]. Nevertheless, due to the breakage of the SEI layer during cycling caused by
the bigger volume changes of the anode compared to a graphite anode, LJT still faces challenges of
developing new electrolyte compositions to mitigate the continuous SEI formation.

The focus of this research is on the electrochemical behaviour of the LIB with Si anode with different
electrolyte compositions. Different electrolyte compositions were investigated by means of long term
charge/discharge tests, Direct Current Internal Resistance (DCIR) measurements and Electrochemical
Impedance Spectroscopy (EIS). Furthermore, the behaviour of the anode material during lithiation and
delithiation is investigated by means of Cyclic Voltammetry (CV).

It is assumed throughout this research that the biggest impact on the cycle life of the LIB is reached
by an alteration of the SEI layer composition. The formation of a preferable SEI layer by an altered
electrolyte composition can mitigate the detrimental effects of swelling of the Si anode and therefore
prevent early battery failure. The cycle life of the battery is defined as the amount of cycles a battery
can reach until the event of rapid capacity fade or the amount of cycles a battery can reach until 80%
capacity retention is reached. The 80% capacity retention line stems from the battery utilization targets
of LJT.

In section 1.1 a description of the general build-up and the components of a LIB will be presented,
followed by theory on the electrochemical analysis of a LIB in section 1.2. Chapter 2 will elaborate on
materials and methods used and the results of the experiments will be displayed and discussed in chap-
ter 3. Firstly, the results of the Cyclic Voltammetry experiment will be shown in section 3.1. Secondly,
the results of the adaptation of linear carbonate solvents and the effect the attendance of Vinylene
Carbonate (VC) and Fluoroethylene Carbonate (FEC) in the electrolyte on the cycling behaviour will
be shown in section 3.2. Thirdly, the effect of the attendance of cosolvents, cyclic carbonate solvents,
in the electrolyte will be shown in section 3.3. Lastly, the effect on the cycling behaviour of the atten-
dance of diallyl pyrocarbonate (DAPC), dimethylacrylamide (DMAA) or (2-cyanoethyl)triethoxysilane
(TEOSCN) in the electrolyte mixture will be shown in section 3.4. The DCIR results will be presented in
section 3.5 and the EIS data will be shown in section 3.6. The results will be followed by a conclusion
in Chapter 4.
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Figure 1.2: The general build-up of a LIB. Reprinted from [34].

1.1. Build-up of a lithium-ion battery

In general any electrochemical cell consists of a negative and a positive electrode, the anode and
the cathode respectively, which present a potential difference between them. When the electrodes
are connected via a conducting medium, charge can be transferred from the negative electrode to
the positive electrode via migration of electrons. This can only happen if simultaneously positively
charged species can migrate from the anode to the cathode to maintain the charge balance. This
process is called delithiation and happens upon discharge of the battery. These positively charged
species are typically ions in liquid electrolyte. In the case of a LIB, the positively charged species are
Li-ions. The LIB is a rechargeable battery. When an electrical charge is supplied to the battery, the
reaction described above can be reversed, which is called lithiation, and the battery will be charged.
The migration of ions and electrons during charge and discharge are shown in Figure 1.2.

Figure 1.2 also shows two other components present in the battery system, the separator and the elec-
trolyte. The separator is used to create a physical barrier between the anode and the cathode, so that
no short circuit can exist, and to allow positively charged ions to migrate between the cathode and the
anode. The electrolyte ensures that the Li-ions can move between the electrodes. The electrolyte con-
sists of lithium salt dissolved in one or more solvents. Some additives might be added to the electrolyte
to enhance the performance of the battery. This section describes the function and properties of a few
important battery components: the anode and cathode material, the electrolyte solvents and salt and
additives. It is assumed that the separator and the type of separator does not have a big influence on
the cycle life of the LIB, so the separator is not discussed further here.

1.1.1. Anode material

The negative electrode is typically made of a current collector, such as copper foil coated with a layer
of graphite or silicon. Graphite has a layered structure. The Li-ions will intercalate between the layers
of the graphite [15], upon charging the battery, causing only a minor volume expansion of around 10%.
The mechanism of lithium insertion into the silicon is quite different, since the Li-ions will form an alloy
with the silicon atoms. Upon lithiation the amorphous Si will form a crystalline Li;5Sis phase with the
same structure as Cu45Si4 (Pearson Symbol: cl76) [39] and the alloy formation will cause a significant
volume expansion. The main advantage of the replacement of graphite with Si as anode material is
that a 10 times higher specific capacity can be reached. Si can accommodate 3.75 Li-ions per Si atom,
whilst only one Li-ion can be accommodated per 6 carbon atoms.

The large capacity for Li storage in Si causes some problems during cycling. Due to the volume
changes, the Si anode film cracks and subsequently pulverizes. Even though the reaction is reversible,
over time the electrode structure and components deteriorate and contact is lost between the current
collector, the copper foil, and the Si particles. Therefore, Si particles become isolated and active Si
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is lost. Lastly, due to cracking and pulverization, ‘fresh’ Si is always exposed, so that new SEI forms.
Li-ions are thus continuously consumed for the formation of new SEI [14].

1.1.2. Cathode material

The cathode typically consists of an aluminium foil coated with a layer of active cathode material. A
variety of cathode materials are available for LIB. LiCoO,, LiMn,QOy,, LiNiO, and LiFePQO, are a few
of the most well-known cathode materials. The insertion reaction of Li-ions into the cathode material
occurs via the intercalation mechanism.

LiCoO, is developed the earliest, but cobalt is a toxic and expensive material, so alternatives were
sought after. The theoretical specific capacity of LiCoO, (274 mAh/g) is high, but in practice the material
only reaches half of its theoretical specific capacity. Cobalt is being replaced by manganese, which is
less toxic, more abundantly available and less expensive, and also by nickel, which is a heavy metal,
but relatively low-cost and more abundantly available then cobalt [35, 61, 66].

To optimize the properties of the materials, researchers started to replace cobalt atoms by using the
manganese and nickel atoms with a certain ratio in LiCoO, layered structure. The result is an NMC
(LiNixMn,Co,0,) material with a theoretical specific capacity, comparable to LiCoO,, of 275 mAh/g
[23]. In recent years, a trend has developed to increase the nickel content in the alloy to lower the
costs of the material [35]. Moreover, the higher nickel content improves the electronic conductivity and
the Li-ion diffusivity [36]. LJT uses LiNiggMng >,Coqy .0, (NMC-622) as a cathode material.

LiFePQ, is an upcoming material, which has a relatively low theoretical specific capacity (170 mAh/g).
Nevertheless, a practical specific capacity can be reached of 65 to 95% of the theoretical specific
capacity. Besides, iron and phosphate are low-cost and environmentally friendly materials [61, 66].

1.1.3. Solvents
The solvents generally used in a LIB are one or more of the following compounds: Propylene Carbon-
ate (PC), Ethylene Carbonate (EC), Diethyl Carbonate (DEC), Dimethyl Carbonate (DMC) and Ethyl
Methyl Carbonate (EMC). All these compounds are different types of aprotic carbonates, as depicted
in Figure 1.3, which enable the dissolution of electrolyte salts. Xu et al. [59] identified the properties of
an ideal solvent as:

* Low viscosity

* High boiling point

* Low melting point

+ High flash point

 High dielectric constant
* Low reduction potential
+ High oxidation potential

Mixing of the solvents can be a way to optimize the properties of the electrolyte. In Figure 1.4 a compar-
ison has been made between the different solvents, based on a relative score assigned to the solvents
for the parameters listed by Xu et al. [59]. Cyclic carbonates have a relatively high viscosity, but also
a high dielectric constant and a high boiling point compared to the linear carbonates. Generally an
electrolyte consists of a combination of EC/DEC or EC/DMC, but other combinations are also used to
meet specific cell requirements [59]. The benefits of the EC/DEC and EC/DMC mixtures are caused
by the high anodic stability of EC on cathode surfaces, high solubility of EC towards Li salts and low
viscosity of DEC and DMC to promote ion conductivity [59].
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Figure 1.3: Molecule structures of different carbonate solvents typically used in LIBs.
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Figure 1.4: Comparison of solvents by assigning a relative score for different parameters. The score is based on the absolute
values of the parameters obtained from [58].
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1.1.4. Lithium salt

A variety of lithium salts exist for the LIB, like LiClO4, LiAsFg, LiBF4, LICF3SO3 and LiPFg. Usually a
single type of lithium salt is used in the electrolyte, rather than a combination of salts. LiPFg is often
used, also by LJT. Therefore only LiPFg is discussed in this section.

LiPFg is known for a good balance of properties like high solubility, good ionic conductivity, high dissoci-
ation constant and sufficient electrochemical stability [62]. Nevertheless, there are some disadvantages
to the usage of LiPFg. This electrolyte salt is very sensitive to impurities, like water and alcohol. These
impurities react with the anion and form HF, which is a highly reactive and toxic species [14]. At high
temperatures large amounts of HF form, deteriorating the cell [26]. Furthermore, the salt is only stable
at temperatures up to 70°C [59].

1.1.5. Additives

Additives are added to the electrolyte to enhance the performance of the LIB and to prevent early
deterioration. Usually additives play a sacrificial role. They are reduced before the other components
in the electrolyte to form a passivating layer over the electrode’s surface [45]. The SEI should have
high flexibility and mechanical strength in order to be an effective passivation layer on the electrode
surface. Besides that, the additives should prevent the continuous growth of the SEI layer. Therefore,
the additive should have the following properties [18]:

+ To form a passivating SEI film, which prevents further reduction of the electrolyte solvents;
* To reduce the surface resistance;

» To enhance the ionic conductivity of the SElI;

» To enhance the formation of alkyl dicarbonate;

» To have a higher reduction potential then the electrolyte solvents;
* To have high anodic stability;

» To have good cathodic reactivity;

» To be well polymerizable;

* To have a good thermal stability;

* To be less reactive with Li-ions;

+ To have a lesser solvation behaviour;

In addition it is beneficial if the additive has low costs and if the synthesis, preparation process and
storage are easily scalable and of limited negative environmental impact [59].

A selection of additives have been investigated in the past for use in a LIB with a Si anode. Some of
them are shown in Figure 1.5. The first one in the top row of the figure, namely Vinylene Carbonate
(VC), is derived from the solvent EC and contains a double bond rather than a single bond. This allows
the molecule to be reduced earlier than the solvents. Later it was discovered that the addition of a
fluorine atom to the molecule would enhance the properties of the additive. Fluoroethylene carbonate
(FEC) is now a frequently used additive. Another type of additives are the silane-type additives. These
molecules mostly form a siloxane network covering the electrode’s surface. Lastly, salt type (ionic)
additives have been investigated. In this case the electrolyte salt, rather than the solvents, partakes
in the SEI layer formation with participation from either the cation or the anion [14]. More types of
additives are being investigated. The common factor between them is the higher reduction potential
with respect to other electrolyte components.
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Figure 1.6: Model of the Si anode/electrolyte interphase and the migration of Li-ions, Li atoms and electrons upon lithiation.

1.2. Electrochemical lithium-ion battery analysis

It is important to construct a physically meaningful model of the materials and material interactions that
are studied. This is important because the model is the basis for the assumptions made in the calcula-
tions that are performed. This study focusses on the electrochemical analysis of a LIB with Si anode.
In this research prolonged charge/discharge cycling tests, DCIR experiments and more advanced CV
experiments and EIS experiments are deployed. Section 1.2.1 will expand on the construction of such
a model for the Si anode with the SEI layer. The following section, section 1.2.2, will elaborate on the
theory behind DCIR, CV and EIS.

1.2.1. Model of the anode/electrolyte interphase

Figure 1.6 shows a schematic model of the Cu current collector with Si deposition, the SEI and the
electrolyte and the migration of Li-ions, Li particles and electrons within the material during lithiation.
This model is used as a basis for the analysis of the electrochemical behaviour of the LIB with Si anode
throughout this report. A solvated Li-ion will migrate towards and inwards the Si deposition layer upon
the application of an electrical charge. The process of lithiation shown in Figure 1.6 is described by
Levi and Aurbach [31] as follows.

Li-ions are solvated by solvent and additive molecules within the electrolyte and migrate upon an applied
current towards the anode. Therefore, the ions need to pass the SEI layer by diffusion through the pores
in the SEI layer. The SEI material, which consists of the decomposition products of the electrolyte,
greatly determines the diffusion coefficient of the Li-ions. Finally, the Li-ions reach the Si deposition
layer, where they will recombine with an electron, originating from the copper current collector, to form
solid state lithium. This process is called charge transfer. At the interface between the SEI and the Si
deposition layer Li-ions and electrons will accumulate and form a double layer. Lastly, mass transfer
of solid state lithium will occur within the Si deposition layer and the Li will accumulate near the current
collector surface [31].

Simultaneously with charge transfer and solid state diffusion, lithium will form an alloy with the Si parti-
cles upon charge to reach a fully lithiated state of the Si particles. The fully lithiated state of Si was long
believed to be Liy4 Sis, until in 2004, when Obrovac and Christensen demonstrated with the use of X-ray
powder diffraction that not Liy4Sis is the highest lithiated state, but Liy5Sis [39]. In 2020, Jiang et al.
proposed a zero-dimensional mechanistic model, which includes a reaction pathway for the lithiation
and delithiation of Si [21].

Figure 1.7 illustrates the reaction pathway proposed by Jiang et al. [21]. During charge amorphous
Si transforms via a two-step reaction pathway to a-Li,Si and further to a-Li;5Si, according to reaction
pathways 1 and 2. Reaction pathways 1 and 2 are always reversible. Upon further lithiation, when the
cell is charged below 0.05 V (V vs Li/Li*), critical nuclei of Liys.5Sis form via reaction pathway 3. If
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Figure 1.7: Reaction pathways for lithiation and delithiation of silicon at room temperature. Reprinted from [21].

these nuclei reach a critical size, a crystalline phase can form consisting of c-Li;5Sis + § Li via reaction
pathway f3. During discharge the reaction can reverse and the intermediate phase a-Li,Si can be
formed via reaction pathway b2 [21].

1.2.2. Selected electrochemical analysis techniques

The combination of the model presented in section 1.2.1 and the theory behind the selected elec-
trochemical analysis techniques form the basis for the analysis of the electrochemical behaviour of
the batteries. In this study, the electrochemical behaviour of the batteries is analysed with CV, long
term charge/discharge tests, DCIR and EIS. The theory behind CV, DCIR and EIS is discussed in this
section. Accordingly, the required knowledge to understand the results and discussions presented in
chapter 3 is provided.

CV is utilized to understand the mechanisms at play during lithiation and delithiation of the anode
material, which contributes to the verification of the model presented in section 1.2.1. Long term
charge/discharge tests are utilized to analyse the change in cycling behaviour of the batteries with
different electrolyte compositions. Since this test is relatively simple, there is no need for further elabo-
ration on the specifics of long term charge/discharge tests in this section. The evolution of the resistance
in the cell is determined by DCIR and EIS. DCIR has the advantage that the analysis of the results is
relatively quick compared to the analysis of EIS results, so DCIR is utilized to give a first indication on
the evolution of the resistance during a battery’s cycle life. As it is not possible to distinguish the contri-
bution to the resistance of all processes at play in a battery, EIS is utilized. EIS has the advantage that
the contribution of different processes to the resistance is a cell can be distinguished. In this research
especially the evolution of the SEI resistance by the change in electrolyte composition is of interest.

Cyclic Voltammetry

CV is performed by varying the applied voltage at a constant scan rate within a predetermined voltage
window, and measuring the current response. Peak currents are measured in the event of reduction
and oxidation reactions of molecular species in the electrochemical system or electron transfer-initiated
chemical reactions. A typical current response is shown in Figure 1.8. The minimum in the curve is
typically related to a reduction reaction and the maximum in the curve is typically related to a oxidation
reaction.

The peaks emerge from the diffusion of the analyte, in a LIB these are the Li-ions, within the elec-
trochemical system. The change in concentration of the analyte or system response to a change in
electrode potential is described by the Nernst equation (1.1), which relates the potential of an electro-
chemical cell (E,,) to the standard potential of a species (E,) and the relative activities or the concen-
trations of the oxidized ([Ox]) and reduced species ([Red]). In this equation, F is Faraday’s constant,
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Figure 1.8: Example of a typical current response to an applied voltage at a constant scan rate. Reprinted from [40].

R is the gas constant, n is the number of electrons involved in the reaction and T is the temperature.

RT . [Red]
" F M [0x]

Eeq = E°

(1.1)

The current is dictated by the diffusion of additional species from the bulk solution towards the anode
surface. When the potential changes during a CV scan, the concentration of species in solution in
the double layer changes over time, as the species are reduced or oxidized, according to the Nernst
equation. The scan towards lower potentials induces the reduction reaction of the species, which results
in the measurement of a current and depletion of the species in solution at the electrode surface. A
diffusion layer containing the reduced species at the electrode surface starts to grow, impeding the
diffusion of the species from the bulk electrolyte towards the electrodes surface. Of course, when the
scan is reversed towards higher potentials, oxidation of the formally reduced species occurs and a
negative current is measured.

At faster scan rates the size of the diffusion layer decreases, which results in higher measured currents.
So, a variation of the potential scan rate results in different measured peak currents. From this variation
it is possible to determine the diffusion coefficient of the oxidized species with the use of Randles-Sevcik
equation (1.2). This equation relates the peak current (i,,) to the square root of the scan rate (v) and
the diffusion coefficient (D,;+), where n is the number of electrons involved in the redox reaction, F is
the Faraday Constant, A is the apparent electrode surface area, €° is the bulk concentration of the
electrolyte salt, R is the gas constant and T is the temperature.

nFvDy;+

ip = 0.4463nFAC® | ——

(1.2)

Direct Current Internal Resistance

DCIR is used to measure the DC resistance at predetermined moments in time and at a predetermined
State of Charge (SOC), during a batteries lifetime. During a small time-frame a change in current, a
pulse, is applied and the voltage response is measured. The resistance of the cell over this small time
period is determined. It is assumed that the short current pulse does not significantly change the SOC
of the battery. One can differentiate between the instantaneous resistance of the cell and the diffusive
resistance. Both the evolution of the instantaneous and diffusive resistance in time or over a battery’s
cycle life can be plotted per SOC.

The voltage response during a change in current is illustrated by Figure 1.9. The steep decrease, upon
charge of the cell, in voltage after the pulse is called the “Instantaneous resistance” and is determined
by the Ohmic resistance originating from the current collectors, the active material of the electrodes,
the ionic conductivity of the electrolyte and connections like tab welds, contact resistances and safety
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Figure 1.9: lllustration of a DCIR test by the method of LJT. Below is the current pulse, above shows the voltage response.

elements [4]. The instantaneous resistance is calculated by dividing the change in potential (AVstant)
in the first 20 msec after the current pulse over the total change in current (Alipig):

AVistant
Rinstant = Allrlstaln (1.3)
ota

The potential relaxation after the Ohmic drop shows a first order relation. From this relaxation curve
the “Diffusive resistance” can be calculated. The diffusive resistance is determined by electrochemical
reactions and non-Ohmic processes [4], like charge transfer resistance and diffusion of Li-ions through
the electrode. The diffusive resistance is calculated by dividing the change in potential (AVjiysive) during
relaxation of the potential curve over the total change in current (Al ):

AViifiusi
Riiffusive = A}t utS||ve (1.4)
ota

DCIR is an easy tool to analyse the change in resistance of the cell. However, one cannot differentiate
between the different processes that could cause a change in the resistance in the diffusive or the
instantaneous regime.

Electrochemical Impedance Spectroscopy

EIS is performed by applying a small alternating current potential to the battery and measuring and
analysing the pseudo-linear current response. (A pseudo-linear response means that the current fol-
lows the potential while locally adhering to Ohm’s law.) The tendency of a system to oppose the alter-
nating current potential is a measure of the impedance, which is a function of the signal’s frequency.
EIS allows to differentiate between various electrochemical processes in an electrochemical system, as
different kinetic steps within the system have different frequency responses. The potential-controlled
excitation (E;) as a function of time and corresponding current response (I;) can be represented as:

E, = E, sin(wt) (1.5)

I = Iy sin(wt + ¢) (1.6)

The amplitude of the signal is represented by Eg, the radial frequency by w and the phase shift by ¢.
The impedance of the system (Z) can be expressed as:

B sin(wt)
Z= I, “sin(wt + ¢) (1.7)

One can rewrite Equation (1.7) into Equation (1.8), where the complex impedance is represented by
an imaginary part and a real part.

Zy =Zo(cos(¢) + isin(¢)) (1.8)



12 1. Introduction

Table 1.1: Common electrical equivalent circuit elements and their respective impedances [16].

Element Resistor Capacitor Constant Phase Elem. Inductor Warburg
Equivalent Circuit Parameter R C CPE L W
1 1 i Aw | Aw
Impedance R [P 20" JowL 7o T e
R1
(@ R;

Circuit model

G,
100
T e
(b) 5 5of W/
Nyquist plot o {. \/ 7
0 L L L
0 50 100 150 200

z,_, (Ohm)

Figure 1.10: (a) a Randles circuit and (b) the corresponding complex plane for the redox system represented by a Randles
circuit. Reprinted from [10].

Typically, impedance data is represented in a Nyquist, —3(Z) vs R(Z), or Bode plot, |Z| vs w and ¢ vs
w. The data is often analysed with the use of an equivalent circuit (EC). The behaviour of the cell is
then compared with the modelled behaviour of the EC to determine the parameters of the processes
in a cell. An EC usually consists of a resistor, a capacitor and an inductor. More complex circuits
can contain components like a Constant Phase Element (CPE), to describe the imperfect behaviour of
capacitances, and Warburg impedance, to describe mass transfer characteristics. The impedance of
these elements are defined in Table 1.1 [16].

An example of a common EC in Li-ion battery research is the Randles circuit as shown in Figure 1.10.
The cell consists of a resistor in series with a component, which consists of a capacitor parallel to a
resistor and a Warburg element. The Nyquist plot shows a semicircle with its origin at a positive real
impedance value and a tail with a 45° angle in the low frequency domain. The value of R,, known
as the solution resistance between the electrodes [28], will be determined by the point at which the
semicircle cuts the '0 imaginary impedance’-plane. The value of R; will be determined by the diameter
of the semicircle and describes the resistance due to charge transfer. The Warburg impedance (Zy,) is
associated with the diffusion of ions by

Where A, is related to the diffusion coefficient (D) by

4 = BT (L) (1.10)
Y nzrzaVz \cVD '
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Figure 1.11: DRT function derived by Tikhonov Regularization from a R(RQ)(RQ) circuit with a Regularization Parameter of 1073.
The solid line represents the exact DRT. Reprinted from [5].

Otherwise, the impedance data can also be analysed with the use of a Distribution of Relaxation Times

(DRT) map. A RC-circuit element is represented by a single time constant, characterised by 15, =

R - C in the case of ideal capacitive behaviour [5, 11]. However, most studies are now carried out

with electrodes made of non-ideally polarizable material, so the capacitor is replaced by a CPE. As
1

a result the time constants show a distribution in the t-domain with 7,5« = (R - Y5) ¢, where Y is the
admittance (Z~1) and the exponent ¢ is not the phase shift, but a dimensionless parameter (¢<1)
used to describe the imperfect capacitors or inhomogeneities shown in the Nyquist plot as a depressed
semi-circle [11, 28].

The distribution function is derived from the impedance data by solving a ‘Fredholm integral of the sec-
ond kind’ as discussed by Boukamp [5]. A problem with solving this integral is that many solutions exist.
A widely applied procedure for solving these type of inversion problems is the Tikhonov Regularization
procedure. A distribution function R - G(7) versus the time constants (t) is obtained as simulated in
Figure 1.11.

The Tikhonov Regularization procedure follows the exact DRT quite well apart from some minor oscil-
lations. However, the procedure knows two important limitations. Firstly, the Tikhonov regularization
shows deviations in the high frequency range. Secondly, the Regularization Parameter, which is a
critical factor to obtain an acceptable result, needs to be adjusted. A too small value causes additional
oscillations. When the value is increased the DRT becomes more smooth, however, it is also losing
details, especially in the high frequency region [5].






Methodology

This chapter describes the experimental conditions under which the experiments in this research were
performed. In section 2.1 the process of cell assembly and the compositions of the studied electrolytes
are described. In section 2.2 the settings of the electrochemical characterisation tests are given.

2.1. Battery preparation

Four different cell configurations were used for the purpose of thesis: full coin cell, full pouch cell,
half coin cell and symmetric coin cell. Full cells consist of a NMC-622 cathode and a Si anode. The
pouch cell is different from the coin cell, because of its geometry and way of assembly as is elaborated
hereafter. Half coin cells consist of Si anode material and lithium metal as the counter electrode. The
lithium metal provides a constant Li concentration in the electrode, therefore the effects of the counter-
electrode’s SOC on the voltage profile are excluded. Likewise, as an alternative for half coin cells,
symmetric coin cells are assembled in which two electrodes are of equal material. A potential needs to
be induced upon assembly between the two electrodes in a symmetric coin cell, which is established
by combining a fully charged electrode with a fully discharged electrode. In a symmetric coin cell, the
effects of the counter-electrode on cell kinetics and stability are also excluded.

Full coin cell The amorphous Si electrode produced by LJT was punched into disks (A = 1.266
cm?) and paired with NMC-622 electrodes (surface area: A = 0.969 cm?, areal capacity: C,req = 3.5
mAh/cm?) to Si/NMC-622 full cells, with an N/P ratio = 1.2. The N/P ratio describes the areal capacity
ratio between the anode and the cathode in a battery. The cells were assembled in an Argon filled
glove box. The electrodes were separated by two layers of separators, Celgard 2500 and glass fiber.
A total amount of 80 uL of electrolyte with compositions further specified in Table 2.1 was added to the
cell.

Full pouch cell The amorphous Si electrode produced by LJT was punched into rectangles (A =
35.08 cm?) and paired with NMC-622 electrodes (surface area: A = 30.1 cm?, areal capacity: Cyreq =
3.5 mAh/cm?) to Si/NMC-622 full cells (N/P ratio = 1.2). The cells were assembled in air and injected
with electrolyte in an Argon filled glove box. The electrodes were separated by one layer of separator,
Celgard 2500. A total amount of 0.7 g of electrolyte with compositions further specified in Table 2.1
was added to the cell.

Half coin cell The amorphous Si electrode produced by LJT was punched into disks (A = 1.266
cm?) and paired with lithium metal electrodes (surface area: A = 1.9 cm?) to Si/Li half cells. In this
configuration Si is the cathode and Li metal is the anode. The cells were assembled in an Argon filled
glove box. The electrodes were separated by two layers of separators, Celgard 2500 and glass fiber.
A total amount of 80 uL of electrolyte with compositions further specified in Table 2.1 was added to the
cell.

15
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Table 2.1: List containing the electrolyte compositions with their respective names and the cell types in which they were used.

Electrolyte name Electrolyte composition Used in cell type

EL1 1M LiPFg in pure EMC Full coin cell, full pouch cell

EL2 1M LiPFg in pure DMC Full coin cell, full pouch cell

EL3 1M LiPFg in pure DEC Full coin cell, full pouch cell

EL4 1M LiPFg in pure EMC 2 wt% AN 5wt%  Full coin cell, full pouch cell
FEC 2 wt% VC

EL5 1M LiPFg in pure DMC 2 wt% AN 5wt%  Full coin cell, full pouch cell
FEC 2 wt% VC

EL6 1M LiPFg in pure DEC 2 wt% AN 5wt%  Full coin cell, full pouch cell
FEC 2 wt% VC

EL7 1M LiPFg in PC:EC:DEC (1:1:1 vol%) 2  Full coin cell
wt% AN 5 wt% FEC 2 wt% VC

EL8 1M LiPFg in PC:DEC (1:1 vol%) 2 wt%  Full coin cell, full pouch cell
AN 5 wt% FEC 2 wt% VC

EL9 1M LiPFg in EC:DEC (1:1 vol%) 2 wt%  Full coin cell, half coin cell, full pouch
AN 5 wt% FEC 2 wt% VC cell

EL10 1M LiPFg in EC:DEC (1:1 vol%) 2 wt%  Full coin cell, full pouch cell, symmetric
AN 5 wt% FEC 1 wt% VC coin cell

EL11 1M LiPFg in EC:DEC (1:1 vol%) 2 wt%  Full coin cell, full pouch cell, symmetric
AN 5 wt% FEC 1 wt% VC 1 wt% DAPC  coin cell

EL12 1M LiPFg in EC:DEC (1:1 vol%) 2 wt%  Full coin cell, full pouch cell, symmetric
AN 5 wt% FEC 1 wt% VC 1 wt% DMAA  coin cell

EL13 1M LiPFg in EC:DEC (1:1 vol%) 2 wt%  Full coin cell, full pouch cell, symmetric
AN 5 wt% FEC 1 wt% VC 1 wt% coin cell
TEOSCN

Symmetric coin cell Full pouch cells were produced, which were cycled for two cycles at a rate of
0.2C between 2.5 and 4.2V, this is called formation, after which one of the two cells was fully charged
and the other was fully discharged. In an argon filled glove box, the pouch cells were disassembled,
after which the fully charged anode was cut in small circles with a surface area of 0.969 cm? and the
fully discharged anode in large circles of 1.266 cm?. All the electrodes were rinsed with pure DMC
and subsequently vacuum dried. Large amorphous Si electrodes were paired with small amorphous
Si electrodes to Si/Si symmetric cells. The electrodes were separated by two layers of separators,
Celgard 2500 and glass fiber. A total amount of 80 uL of electrolyte with compositions further specified
in Table 2.1 was added to the cell.

2.2. Electrochemical characterisation

Four different tests were performed on the cells, prolonged charge/discharge cycling of the cells, Direct
Current Internal Resistance (DCIR), Cyclic Voltammetry (CV) and Electrochemical Impedance Spec-
troscopy (EIS). Charge/discharge cycling was performed in full cells, as was DCIR. The performance
of these tests in full cells was chosen because a full cell represents the expected behaviour most ade-
quately. CV was performed in half coin cells to exclude the effect of the counter-electrode. Since the
Li metal electrode still has an effect on the kinetics and cell stability, EIS was performed in symmetrical
coin cells to solely analyse the effect of different electrolyte compositions on the electrode of interest.
The details and settings of the tests are discussed hereafter.

Charge/discharge cycling of the Si/NMC-622 full cells was performed in a voltage range of 2.5/3.0 —
4.0/4.2V at room temperature on a LAHNE Battery Testing System type V4.3. The cycling protocol
started by a so called formation protocol as schematically shown in Figure 2.1. Therefore the batter-
ies were charged for 5h with a current of 0.02C and subsequently for 9h or until a voltage of 4.2V
was reached with a current of 0.1C, followed by discharging down to 2.5V at 0.1C. One additional
charge/discharge step at 0.2C and a charge step at 0.2C for 1.5h (charging the cell to approximately
30% State of Charge (SOC)) completed the formation process of the Si/NMC-622 full cells.
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Figure 2.1: Evolution of voltage and current during the formation protocol.

The Initial Coulombic Efficiency (ICE) and the total capacity of the cell were determined from the for-
mation process. The ICE is defined as the first discharge capacity divided by the first charge capacity.
Afterwards, the cells were cycled with the use of two different protocols, since the experiments were
performed at the company, who update and implement new protocols frequently as they notice that
the new protocol accelerates the data acquisition and analysing process. It must be pointed out that
the two different protocols used does lead to very comparable charge/discharge cycling profiles of the
batteries.

Cycling protocol 1 After formation, the cells were discharged down to 3.0V, followed by a charge and
discharge step at a low current of 0.05C between 3 and 4V and a DCIR step. These three steps were
followed by cycling at a constant charge/discharge current of 0.5C between 3.0 and 4.2V. Additionally,
a constant voltage step at the charge cut-off voltage was applied until the current dropped below 0.05C.
The evolution of voltage and current during cycling is shown in Figure 2.2. The cells cycled for at least
100 cycles or until the capacity retention dropped below 50%.

Cycling protocol 2 After formation, the cells were charged and discharged ones at a constant current
of 0.2C between 4.0 and 3.0V, additionally applying a constant voltage step at the charge cut-off voltage
until the current dropped below 0.05C. Followed by cycling at a constant charge/discharge current of
0.5C between 3.0 and 4.0V, again additionally applying a constant voltage step at the charge cut-off
voltage until the current dropped below 0.05C. The evolution of voltage and current during cycling is
shown in Figure 2.3. The cells cycled for at least 100 cycles or until the capacity retention dropped
below 50%.



18

2. Methodology

46
—— Voltage | { 15
——— Current
4.4 14
42 ERE)
‘] ERE]
4
- AR
38 T - {4 d10
- AN
3.6 e }
— ~ IhESIRNTRIRN ¢
o WA
% 32} \ e
e S -
£ I is
sf
14
28} E
26 12
’_\_‘ ‘ \ li '
24p X AN
aE
1 H o
22} E
Sl i-2
1-3
18k
2 3] 0O SRR |-
H . . T
00:00:00:000 12:00:00:000 24:00:00:000 36:00:00:000 ’
Time/h:m:s:ms

YW/l

1)Rest + Di e e to 4V 3)Rest + Discharge 4)DCIR st 5)Constant 6)Rest + Discharge 7)Rest + 8)Constant 9)Rest + Discharge
to 3V at 5C to 3V 0.05C step Voltage 0.5C 0.5C Voltage 0.5C

Figure 2.2: Evolution of Voltage and Current during Cycling protocol 1.

Voltage/V

1)Rest + Charge

to 4V 0.2C

a1f
|
391
38F
3.7F
361 ot
st |
3.4
33F
3.2F
3.1F
i
29k
281
2.7 F
26
251
24+
23F
2.2 '
21F
|
19F
1.8E
1.7

oG B

ll

— Vol
—— Cun

age |
rent |

00:00:00:000

03:00:00:000

06:00:00:000

09:00:00:000 '

Time/h:m:s:ms

12:00:00:000

715:00:00:000

2)Constant 3)Discharge to 4)DCIR ste 5)Constant 6)Rest + 7)Rest + Charge 8)Constant 9)Rest +
Voltage 3vo0.2C P Voltage Discharge 0.5C 0.5C Voltage Discharge 0.5C

Figure 2.3: Evolution of Voltage and Current during Cycling protocol 2.



2.2. Electrochemical characterisation 19

The instantaneous and diffusive internal resistance was measured after every 25 cycles at a specific
SOC by means of implementing a DCIR step into the cycling protocol. Two different protocols were
used over the course of the experiments. With the first protocol measurements were performed at 20,
40 and 60% SOC. With the second protocol, measurements were only performed at 50% SOC, so that
the measurement takes less time.

DCIR protocol 1 The basic principle of the DCIR test is a current pulse of 18 seconds during charge
and during discharge. This protocol was designed for full coin cells and a pulse with a constant current
of 1C was applied. Beforehand, the cell was charged at a constant rate of 0.2C for 1h. These two
steps were repeated 3 times. The evolution of voltage and current during the DCIR steps is shown in
Figure 2.4.

DCIR protocol 2 The basic principle of the DCIR test is a current pulse of 18 seconds during charge
and during discharge. This protocol was designed for both full coin and full pouch cells and a pulse
with a constant current of 1C was applied. Beforehand, the cell was charged with a constant current of
0.5C up to 3.6V, additionally applying a constant voltage step at 3.6V until the current dropped below
0.05C. The evolution of voltage and current during the DCIR steps is shown in Figure 2.5.

Cyclic voltammetry (CV) was carried out on Si half cells and NMC-622 half cells within a voltage window
of 0.01-1V and 3-4.2V, respectively at various scan rates from 0.02 to 0.2 mV/s. CV was performed
at room temperature on a LAHNE Battery Testing System type V4.3.

Electrochemical Impedance Spectroscopy (EIS) was performed on full coin cells, full pouch cells and
symmetrical coin cells in a two-electrode set-up on Metrohm Autolab and Biologic VSP potentiostats.
A frequency range of 100 kHz - 0.1 Hz and an amplitude of 10 mV were applied.
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Results and discussion

3.1. Behaviour of the Si anode investigated by Cyclic Voltammetry
The material that is investigated in this report is the Si anode of LJT, which is in continuous development
to optimize its properties and gain market value. Due to the continuous development, the properties of
the anode change slightly during the time-frame in which the experiments took place, which may have
an effect on for example the porosity of the anode, the conductivity or the silicon utilisation level. If
one wants to compare the results of different anode samples with each other, one needs to understand
the mechanisms at play in the anode material during lithiation and delithiation. Therefore, the anode
material is investigated by Cyclic Voltammetry.

Cyclic voltammograms are obtained of a Si anode half-cell at various scan rates and the results are
presented in Figure 3.1. The appearance of the Cyclic Voltammogram corresponds well with the CV
scans found in literature [6, 24, 27, 57]. Current peaks are found around 0.32V and 0.50V in the
forward scans and around 0.21V and 0.07V in the backward scan, which is well comparable with the
peak potentials found in literature.

At the lower scan rates two peaks are visible in both the anodic and the cathodic regime, which relate
to the reversible redox reactions taking place in the battery. Amorphous Si reacts upon lithiation in a
two-step mechanism from a-Li,Si into a-Li;5Sis phase as presented in Figure 1.7, which relates to the
two backward peaks in the Cyclic Voltammogram. The two forward peaks show the reversibility of the
reactions as the reactions described here are reversed and two peaks are again visible.

Another observation is that the peak current becomes larger as the scan rate increases. This can be
explained by an increase of the Li-ion concentration gradient, which causes the current, at the anodes
surface as the potential is the driving force for the Li-ion migration [13]. More importantly, the peaks
merge upon increase of the scan rate, so the two reactions are not distinguishable anymore and at a
scan rate higher than 0.06 mV/s the second reaction in the reverse scan does not take place anymore
as the reaction cannot be finished within this voltage window as can be seen in Figure A.1.

The lithium diffusion coefficient is determined for both reactions during the forward and reverse scan
with the use of Randles-Sevcik equation (1.2). The equation can be rewritten, so that the diffusion
coefficient (D, ;+) can be obtained from the slope (m) of Figure 3.2.

2

D —( m ) Rl 563.1012 . m2 3.1
Lt =\ 04463 -nFac®) nF > mn (3.1)

Herein we assumed that the number of electrons participating in the reaction is 1 as lithium transverses
from Li* to Li, the bulk concentration of the electrolyte salt is 1M, and the apparent electrode surface
area is equal to 1553 cm?. The surface area of the anode (A) was corrected for the porosity of the
anode by A = SSA - mg;. SSA is the specific surface area of the anode and was determined by means
of Brunauer-Emmett-Teller (BET) measurement to be 869680 cm?/g. The Si deposition was weighed
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Table 3.1: Diffusion coefficients of lithium during various stages of lithiation and delithiation in the Si anode. Reaction 1 refers to
the reaction from a-Si to a-Li,Si. Reaction 2 refers to the reaction from a-Li,Si to a-Li{5Siy.

Reaction 1 Reaction 2 Reaction 2 Reaction 1
forward scan forward scan backward scan backward scan
Dpi+ (cm23'1) 4 56E-13 2.80E-13 8.24E-13 2.33E-13

(mg;) to be 1.79 g. Values for m were used as shown in Table A.1. The diffusion coefficients of lithium
during various stages of lithiation and delithiation of the anode are shown in Table 3.1. Diffusion during

lithiation and during delithiation occurs with similar diffusion rates of around 103 cm?s".

3.1.1. Discussion on the Cyclic Voltammetry results

It is demonstrated that the Si anodes produced by LJT show the same behaviour as the Si anodes
produced by other research groups. Lithiation and delithiation of the Si anode is demonstrated in this
work to occur via a two-step process. Thereby, since a two-step process is demonstrated, the model
proposed by Jiang et al. [21] in section 1.2.1 can be assumed for the Si anode of LJT. In literature values
for D;;+ around 10-'3 cm?s™! have been found [27, 57], but also values around 10° cm?s™" have been
observed [6]. The values found for D;;+ in this research are thus comparable to the values found in
literature. Nevertheless, differences may occur do to variation in anode material structure and a critical
attitude is recommended for the determination of the apparent electrode surface area and assumptions
made for the calculation of the diffusion coefficient.

The Si deposition layers are often manufactured by different layer deposition techniques, which cause
a variety in material structure of the anode. A high porosity and large surface area likely enhance the
diffusion ability of the Li-ions within the porous Si deposition layer. This statement is supported by the
recognition that an amorphous or porous structure allows for a more homogeneous volume expansion
and contraction during charge and discharge respectively and many Li-ion diffusion pathways [29]. So
it can be assumed that the degree of porosity is an important factor for the ease of Li-ion diffusivity.

Both the Si anode produced by LJT and the Si anodes produced by Kulova et al. [27], Xia et al. [57]
and Chen et al. [6] are reported to have an amorphous structure, however, the degree of porosity is not
always reported. Chen et al. [6] reported the manufacture of an amorphous Si thin film produced by
magnetron sputtering, for which a density of 2.33 g/cm?® was assumed, which is the density of crystalline
Si. Kulova et al. [27] reported the manufacture of a hydrogenated amorphous Si layer with a density of
2.0 - 2.2 g/cm?®. Xia et al. [57] reported the manufacture of an amorphous Si thin film anode prepared
by pulsed laser deposition, but no information on the density or porosity of the layer was reported. The
Si deposition layer of LJT, which is produced by PECVD, has an approximate density of 1.6 g/cm? [12],
a porosity of 17% and a specific surface area of 87 m?/g. Due to the high degree of porosity of the LJT
Si anode, a good Li-ion diffusivity is expected and confirmed by the results of this research.

The main bottleneck for the correct calculation of the diffusion coefficient from the CV scans likely is the
determination of the apparent electrode surface area. If one assumes the Si deposition layer surface
to be a flat surface, one can use the geometry of the anode to determine the dimensions of the anode,
which is assumed to be equal to the dimensions of the Si deposition layer. However, we know from
measurements within LJT that the Si deposition layer is not a flat surface, but contains pores of various
sizes. Within these pores electrolyte might penetrate, thus causing the specific surface area available
for Li-ion diffusion to be higher than the geometric surface area of the anode. Therefore, the apparent
surface area was corrected with the specific surface area of the anode.

Unfortunately, in literature it is rarely reported which values are taken for the apparent electrode surface
area and whether the area is corrected for the porosity of the anode. The surface area might differ
according to different assumptions on the apparent surface area with a factor 3, and consequently the

calculated Li-ion diffusion coefficient might also vary with a factor 10 (= 10(1)02 ). If D;;+ was calculated

with A being the geometric surface area (= 1.266 cm?), than the diffusion coefficients would be in the
order of 1077. The difference is significant, which makes it hard to draw a valid comparison with literature
without the knowledge on the specifics of the calculation.
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What is often reported are the peak currents and the dependence of the peak currents on the square
root of the potential scan rate and the corresponding linear fit. What is noticeable is that in two articles
by Xia et al. [57] and Chen et al. [6] the linear fit goes through the origin, contrarily to the fits performed
in this report. Therefore, at the lower scan rates, the data points do not correspond well to the fit, and
the slope of the fit differs from the slope obtained if the fit did not go through the origin. Consequently,
a significantly different diffusion coefficient can be obtained.

Furthermore, Xia et al. [57] reported the use of scan rates of 0.1 — 2.0 mV/s. In our experiments it
was observed that the two peaks merge at a scan rate higher than 0.4 mV/s and the reaction in the
backward scan cannot be finished anymore before the cut-off potential is reached. Hence, the peak
current cannot be measured anymore in the backward scan as only a part of the peak is now visible.
Therefore, the data points at the higher scan rates are not reliable as they do not show the actual peak
current. Lower scan rates need to be adopted to make sure the reactions are finished within the voltage
window and a distinction can be made between the two reactions in the case of a two-step process.

3.2. Cycling behaviour of linear carbonate solvents

In section 3.1 the behaviour of the Si anode during lithiation and delithiation was investigated. In the
next sections, the knowledge gained from section 3.1 can be used to analyse the effect of the adapta-
tion of the electrolyte composition on the cycling performance of the battery. In the following section,
section 3.2.1, linear carbonate solvents, DEC, DMC and EMC, will be compared with each other. Af-
terwards, in section 3.2.2, the effect of the attendance of VC and FEC in the electrolyte composition
will be investigated.

3.2.1. Cycling behaviour of pure solvents

One type of solvent plus one type of electrolyte salt forms the basis of the most simple electrolyte
composition, hence a good starting point for the development of an electrolyte with a beneficial com-
position. Long term charge/discharge cycling experiments were performed on Si/NMC-622 full coin
cells to investigate the effect of three types of linear carbonate solvents, pure DEC, pure DMC and
pure EMC, on the cycling behaviour of the battery. Figure 3.3a and b show the cycling behaviour and
Coulombic Efficiency (CE), which is defined as the discharge capacity of the n'"' cycle over the charge
capacity of the n'" cycle, of the batteries at a constant current rate of 0.5C according to cycling protocol
1. Figure 3.3a shows the specific charge and discharge capacities during the cycle life of the batteries.
Figure 3.3b shows on the left axis the capacity retention of the batteries and on the right axis the CE of
the batteries during its cycle life. The average CE over 20 cycles is 93.55%, 97.36% and 63.31% for
EL1, EL2 and EL3.

All batteries display a rapid capacity fade and a low initial specific capacity. EL1 shows an initial capacity
of 1082 mAh/g of Si anode, and after 20 cycles the capacity remains of 55.2% compared to the initial
capacity. EL2 shows an initial capacity of 1042 mAh/g of Si anode, and after 20 cycles the capacity
remains of 74.9% compared to the initial capacity. EL3 shows an initial capacity of 1029 mAh/g of Si
anode, and after 20 cycles the capacity remains of 5.83% compared to the initial capacity. This quick
capacity fade is likely related to the formation of an unstable interphase on the electrode’s surface and
high irreversible capacity losses due to continuous reduction of the electrolyte solvent and salt on the
anode side, which results in isolation of Si particles from the electrode and consumption of Li-ions by
the decomposition reactions of the electrolyte and entrapment of Li inside Si particles [19, 47].

It has been reported that decomposition of DEC in the presence of PFg is significantly more pronounced
than the decomposition of DMC [44]. LiPFg is reported to have poor thermal stability and facilitates
decomposition reactions of dialkyl carbonates [44]. The thermal decomposition of LiPFg in pure DEC,
pure DMC and pure EMC will result in a range of decomposition products, among which the well-known
decomposition into LiF and PF5 [44]. The more pronounced decomposition of DEC could explain a
quicker capacity fade for EL3.

The fluctuations in CE are attributed to temperature fluctuations during the time-frame of the test, which
occur as the batteries were tested at room temperature. The fluctuations in CE as a results of the
temperature fluctuations can be explained with the use of the Nernst equation (eq. (1.1)). As the
temperature increases, the overpotential, which is the difference between the equilibrium potential
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(E¢q) and the standard potential (E°), decreases. Thus the redox reaction occurs already at a lower
potential, and hence a higher capacity can be obtained. So, if the temperature fluctuates upon charge
and discharge, the total capacity that can be inserted in or extracted from the battery also fluctuates and
these fluctuations are pronounced in the CE curves as the CE is calculated by dividing the discharge
capacity over the charge capacity.

Small interruptions followed by a small increase in capacity can be seen in the cycling profiles, because
cycling protocol 1 includes one cycle at a low current rate of 0.05C between 3.0 and 4.0V prior to the
DCIR measurements. The CE during this cycle was higher than 100%, which means that the cell
could be discharged further than it was charged. This is supported by the appearance of a lower over-
potential during the cycle at low current rate. Therefore, it is possible that during this slow rate cycle
more Li-ions got released from the anode, causing more active Li-ions to be present in the cell again.
Thus, the cell recovered some capacity and during the following cycles a slightly higher capacity is
observed. This behaviour can be seen throughout all cycling tests we performed for the purpose of this
thesis and thus all can be explained by prior DCIR measurements.

Figure 3.3c displays the charge/discharge profiles during the 4" cycle during long term charge/dis-
charge cycling of three batteries containing electrolytes with varying compositions. The charge/dis-
charge curves show typical behaviour for a LIB with a NMC cathode and a Si anode. Nevertheless,
two properties stand out: Firstly, the horizontal plateau at the upper end of the charge profile, which
can be explained by the constant voltage step at the end of charge. Secondly, the potential increase
at a capacity of 0 Ah for both the charge and the discharge profiles. This can be explained by the half
an hour rest of the battery after every charge and discharge step, which causes the potential to shift
towards the equilibrium potential. Similar properties can be observed throughout this thesis in all other
cycling tests performed.

Figure 3.3d shows the contribution of capacity gained during the constant voltage step with respect to
the total capacity. The high contribution of the capacity gained during the constant voltage step directly
relates to the quick capacity fade of the battery during cycling, since the cut-off potential is reached
earlier. Therefore, the over-potential that is required to charge the battery becomes higher when the
capacity retention drops below 100%, which relates to the loss of active material that can take up Li-
ions. Thus, the contribution of capacity gained during the constant voltage step becomes larger, which
relates to a higher resistance in the battery at a 100% SOC. The higher resistance is likely caused by
the same processes that cause quick capacity fade, namely the formation of an unstable interphase.

3.2.2. Cycling behaviour in attendance of Vinylene Carbonate, Fluoroethylene
Carbonate and Adiponitrile

Long term charge/discharge cycling experiments were performed on Si/NMC-622 full coin cells to in-
vestigate battery behaviour with an electrolyte composed of a linear carbonate solvent (DEC, DMC,
and EMC) with the attendance of additives (VC, FEC and AN). Studies by Chen et al. [7] and Choi
et al. [9], have explored that VC and FEC additives can enhance the cycle performance of a LIB for Si
anode, where a smooth and uniform SEl is formed, containing stable compounds in the presence of
FEC. In recent research, VC and FEC are regarded as the most common additives and FEC is even
regarded up to now as the best performing additive for LIB with a Si anode [14, 18, 37, 64]. AN was
chosen, because of its positive effects on the cathode. Lee et al. [30] reported a strong coordination
between Ni** and the nitrile group in AN, which can reduce the parasitic reactions between the elec-
trolyte and Ni-rich (NMC) cathode, and Li et al. [32] reported the good electrochemical stability of AN
at high voltages.

Figure 3.4a and b show the cycling behaviour and CE of the batteries at a constant current rate of
0.5C according to cycling protocol 1. It can be seen that EL4 shows an initial capacity of 1113 mAh/g
of Si anode, and after 100 cycles the capacity remains of 76.2% compared to the initial capacity. EL5
shows an initial capacity of 1284 mAh/g of Si anode, and after 100 cycles the capacity remains of 78.2%
compared to the initial capacity. EL6 shows an initial capacity of 1513 mAh/g of Si anode, and after
100 cycles the capacity remains of 86.6% compared to the initial capacity. The average CE over 100
cycles is 99.10%, 99.60% and 99.63% for EL4, EL5 and EL6 respectively.
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Alarge spread in initial specific capacity is shown in Figure 3.4a. EL4 and EL5 show a significantly lower
initial specific capacity compared to EL6. An explanation for this behaviour can stem from the process
conditions of the Si anodes. As the Si anodes produced by LJT are continuously in development, the
properties of the anode might differ per sample. The Si utilisation level of the anode material used for
EL4 and EL5 are much lower, which can be caused by differences in porosity for example.

The capacity retention, however, of these batteries shows that the cycle life of the LIB with Si anode can
be enhanced significantly by using FEC and VC additives. Since the additives have a higher reduction
potential than the solvents (0.46V and 0.51V, for VC and FEC respectively, and 0.1V, for EMC and
DMC, and 0.07V, for DEC), the additives are reduced before the other components in the electrolyte
to form a passivating layer over the electrode’s surface. The function of this passivating layer is to
prevent further decomposition of the electrolyte components and to allow for Li-ion transport towards
the electrode and block electrons from the electrode [45]. Therefore, it is likely that enhanced cycle life
can be attributed to the formation of a stable SEI by the decomposition of the additives on the anode,
resulting in much lower irreversible capacity losses.

Figure 3.4c and d show the charge/discharge profiles during the 4™ cycle and the contribution of ca-
pacity gained during constant voltage step with respect to the total capacity during long term charge/
discharge cycling of three batteries containing electrolytes with varying compositions. The charge/dis-
charge curves show typical behaviour for a LIB with a NMC cathode and a Si anode. Figure 3.4d
shows a lesser contribution of the constant voltage step over time than we observed in Figure 3.3d and
a much more stable behaviour over time, indicating a lower resistance at the end of charge. A higher
total capacity can be reached and the relative contribution of the capacity gained during the constant
voltage step is lower, because the cut-off potential is reached after a longer charging time, so the sta-
ble behaviour of the batteries is likely related to a longer capacity retention of the battery and a lower
over-potential.

3.2.3. Discussion on the cycling behaviour of linear carbonate solvents

In section 3.2.1 a quick capacity fade for all four different electrolyte compositions was observed, which
is likely related to the formation of an unstable interphase on the electrodes surface, large irreversible
capacity losses due to continuous reduction of the electrolyte solvent and salt on the anode side and
isolation of Si particles from the electrode. This, in turn, results in consumption of Li-ions by the decom-
position reactions of the electrolyte and entrapment of Li inside Si particles. However, we cannot know
for sure what the cause of the capacity fade is without investigating the batteries further after degra-
dation. The above stated hypothesis can be confirmed by using post-mortem techniques, techniques
used after the cell has failed. Possibilities are gas analysis of the gas produced after formation, to con-
firm the presence of gaseous decomposition products of the electrolyte compounds, X-ray diffraction
(XRD) on the cathode to prove the loss of active Li* and scanning electron microscopy (SEM) to show
the isolation of Si particles from the Cu current collector.

In section 3.2.2 it is observed that the cycle life of the LIB is elongated from a capacity retention of
approximately 75% after 20 cycles to approximately 76% after 100 cycles in the attendance of additives
in the electrolyte mixture. This is likely attributed to the formation of a more stable and insulating SEI
layer, which is likely also thinner. An analysis on the morphology and composition of the SEI layer
has not been performed in this research, but would certainly give more information on the properties
of the SEl layer. A first indication of a stable and insulation SEI would be a uniform morphology [45],
which can be observed by SEM, and with the use of cross-section SEM the thickness of the SEI layer
can be determined as well as with the use of Scanning Spreading Resistance Microscopy (SSRM)
[48]. A more in-depth understanding can be obtained by exploiting X-ray photoelectron spectroscopy
(XPS) and nuclear magnetic resonance spectroscopy (NMR) to investigate the type of decomposition
products formed [46].

Additionally, the choice for an additive compound can also stem from the intended application of the
battery. Depending on the application of the battery, the requirements for the battery will change. For
example, the battery pack in an electric car needs to be lightweight and of a high energy density to ex-
tend the driving range. FEC and VC additives can prolong the thermal stability from 150°C up to 200°C
according to a study by Profatilova et al. [43]. Therefore, the use of these additives might be suitable
for a range of high-temperature applications, like batteries used for geological drilling equipment.
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Nevertheless, some shortcomings to the use of VC and FEC additives are also reported in literature.
Kim et al. [26] reported the obstruction of good Li-ion transport at high current rates by a densely
structured SEI formed from the decomposition products of VC, leading to poor kinetics. Additionally,
it is reported that the Ohmic resistance increases at high concentrations of VC, which results in a low
cycling efficiency and a high self-discharge rate [14]. Moreover, upon rapid consumption of FEC during
charge and discharge cycles, the FEC reservoir might be depleted, which causes sudden battery failure
[14]. Therefore, to overcome these shortcomings, further optimization of the electrolyte composition is
recommended.

3.3. Cycling behaviour of Cosolvents: Cyclic carbonates

In this section cosolvents, PC and EC, are added to the electrolyte mixture, because of a presumed
synergistic effect of the cyclic and linear carbonates. The linear carbonates lower the viscosity, thereby
promoting ion transport, and the cyclic carbonates raise the dielectric constant and the boiling point [58].
Simultaneously, they prevent the decomposition of the linear carbonates, since the cyclic carbonates
have a higher reduction potential than the linear carbonates [58]. PC is expected to be favourable
to use compared to EC, because it is reported to improve battery performance in a wide temperature
range [22, 54, 63] due to a low melting point, a high boiling point and a high dielectric constant [58].
In graphite PC is not used, because of the exfoliation of the graphite layers on the anode due to this
cosolvent [15], but in this experiment only pure Si is used, eliminating the latter problem. The question
remains whether PC as a cosolvent also benefits the cycle performance of the LIB with Si anode at
room temperature.

The electrolyte is DEC-based with added VC, FEC and AN, as best results were obtained for this elec-
trolyte composition in section 3.2.2. Long term charge/discharge cycling experiments were performed
on Si/NMC-622 full coin cells with four different electrolyte compositions: EL6, EL7, EL8 and EL9. Fig-
ure 3.5a and b show the cycling behaviour and CE of the batteries at a constant current rate of 0.5C
according to cycling protocol 1. EL7 shows an initial capacity of 1769 mAh/g of Si anode, and after 20
cycles the capacity remains of 65.4% compared to the initial capacity. EL8 shows an initial capacity of
1874 mAh/g of Si anode, and after 100 cycles the capacity remains of 59.16% compared to the initial
capacity. EL9 shows an initial capacity of 1763 mAh/g of Si anode, and after 100 cycles the capacity
remains of 78.8% compared to the initial capacity. The average CE over 50 cycles is 99.63%, 98.11%,
99.44% and 99.56% for EL6, EL7, EL8 and EL9 respectively.

The cycling behaviour of EL8 shows a higher specific capacity compared to EL6, EL7 and EL9 during
the first 80 cycles. This higher capacity of EL8 might be attributed to the preference for PC solvation
over EC solvation by Li-ions, as described by Von Wald Cresce et al. [52], which suggests that the
Li*-PC interaction is stronger than the Li*-EC interaction and thus more Li-ions might be solvated in
PC. Hou et al. [20] relates the contribution of solvated Li-ions to the capacity of the battery, as more
solvated Li-ions results in better ion transport ability. Therefore, with a better ion transport ability, it
is likely that the higher capacity of the battery is related to the preference of Li-ions to form solvation
separated ion pairs with PC molecules.

Still, capacity fade of EL8 is occurring after 80 cycles. A possible explanation can be the small difference
in molecular structure of PC compared to EC. The presence of the methyl group of PC is reported to
increase the size of the cavities in the SEI structure, which was modelled with the use of a hybrid Monte
Carlo (MC)/ molecular dynamics (MD) reaction method [51]. Therefore, electrolyte can penetrate more
easily through the SEI layer and reach the anode surface, where irreversible reactions take place that
cause loss of active lithium. EC-based electrolyte, on the other hand, is reported to form a more dense
SEI structure, with smaller cavities, prohibiting in a larger extent the penetration of electrolyte [51].

EL7 shows quick capacity fade in a very early stage. This is likely related to the ratio of cyclic carbonate
solvents to linear carbonate solvents (2:1 in EL7) which is higher than the ratios for EL8 and EL9. A
reason for capacity fade could be weaker Li*-FEC interaction compared to Li*-EC described by Hou
et al. [20] and thus even weaker compared to Li*-PC. Hou et al. [20] argue that in order for FEC to
preferentially decompose, and form the SEl layer, earlier than PC and EC, FEC needs to be coordinated
with Li-ions. So, in the presence of an excess of cyclic carbonate solvents molecules, PC and EC
might decompose instead of FEC, if during the first cycles not enough FEC is coordinated with Li-ions,
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Figure 3.5: Cycling behaviour of full coin cells charged and discharged at a constant current of 0.5C between 3.0 and 4.2V with
the following electrolyte compositions: 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg in PC:DEC
(1:1 vol%) 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg in PC:EC:DEC (1:1:1 vol%) 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg in
pure DEC 2 wt% AN 5 wt% FEC 2 wt% VC. a) Cycling performance b) Cycling performance (left axis) and coulombic efficiency
profiles (right axis) of full coin cells at a 0.5C rate c) charge/discharge curves at a rate of 0.5C of the 4" cycle d) Change in time
of contribution of capacity gained during constant voltage step with respect to the total capacity.
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resulting in capacity fade.

Figure 3.5c displays the charge/discharge profiles during the 4" cycle during long term charge/dis-
charge cycling of four batteries containing electrolytes with varying compositions. The charge/dis-
charge curves show typical behaviour for a LIB with a NMC cathode and a Si anode. The slightly
different curve of EL7 is related to the quick capacity fade of the battery as in the fourth cycle a lower
charge and discharge capacity was gained. This results in a shift of the curve towards lower capacities
at similar potentials.

Figure 3.5d displays the contribution of capacity gained during constant voltage step with respect to the
total capacity during long term charge/discharge cycling of four batteries containing electrolytes with
varying compositions. The high contribution of capacity gained during the constant voltage step for EL7
is related to the quick capacity fade of the battery, because the overpotential rises and active material
is lost. EL6, EL8 and EL9 show similar, stable, behaviour. No significant change is observed in the
contribution of capacity gained during the constant voltage step and thus also no significant change in
the resistance of the battery over time.

3.3.1. Discussion on the cycling behaviour of Cosolvents

It was assumed that altering the SEl is the main contributor to reach a long cycle life, but in this section
another hypothesis is formed. The capacity that the battery can deliver might also be influenced by
the conductivity or resistivity of the bulk electrolyte. To make the most use of the theoretical capacity
that the Si anode can reach, the conductivity and the ease of Li-ions to migrate between the anode
and the cathode can be large contributors. Still, it is observed that less capacity is retained after 100
cycles when cosolvents are added to the electrolyte mixture, so the preferential reduction of electrolyte
compounds that form preferable SEI species is nevertheless assumed to be a large contributor, but this
preferential reduction might be influenced by the preferential coordination of the sacrificial additives with
the Li-ions.

A solutions conductivity is known to be affected by the dielectric constant, the viscosity and the acceptor
number and the donor number of the solutions compounds [50]. Dissolution of saltin a solvent is largely
determined by ionic bonding, which is caused by the dielectric constant of the compounds. A compound
with a high dielectric constant can typically cause a strong ionic bonding. Additionally, the solubility is
related to the dissolution heat, solvents with a small dissolution heat have a high solubility. Therefore it
is important to select solvents with a low viscosity, a high dielectric constant and an affinity for accepting
or donating an electron pair. Besides, a small molecular volume is mentioned as a beneficial factor for
high solubility [50].

To gain more insight into the mechanisms behind the solvation of the electrolyte salt, molecular models
can be adopted. For example, Von Wald Cresce et al. [52] implemented quantum chemistry calculations
and molecular dynamics simulations to explain preferential solvation of Li-ions by PC versus EC and
a combination of classical molecular dynamics and quantum chemical calculations was adopted by
Hou et al. [20] to investigate the influence of FEC on the electrolyte composition. The conductivity
of a solution can also be determined by simple conductivity measurements. However, the relative
contributions of different compounds within the electrolyte will not be known by this measurement, nor
will be the preferential coordination of the salt with any of the electrolyte’s compounds.

3.4. Cycling behaviour of other additives

To enhance the properties of the electrolyte and the cycling performance of the LIB further, three other
additives are introduced, diallyl pyrocarbonate (DAPC), dimethylacrylamide (DMAA) and (2-cyano-
ethyl)triethoxysilane (TEOSCN). These three additives are chosen, because of two properties that an
additive should have, the ability to form flexible polymers and the accommodation of good ionic con-
ductivity. Flexible polymers commonly have no or only few cross-links in their chain and a low molar
mass. Good ionic conductivity can be obtained by among others, a low viscosity of the electrolyte,
a preferential solvation of Li-ions with the solvent or additive molecules and the formation of highly
conductive species.

The DMAA additive is expected to enhance the ionic conductivity of the electrolyte, due to preferen-
tial solvation of Li-ions by DMAA molecules, and promote the formation of a uniform and stable SEI
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Figure 3.6: Cycling behaviour of full coin cells charged and discharged at a constant current of 0.5C between 3.0 and 4.0V with
the following electrolyte compositions: 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC, 1M LiPFg in EC:DEC
(1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC 1 wt% DAPC, 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC
1 wt% DMAA, 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC 1 wt% TEOSCN. a) Cycling performance b)
Cycling performance (left axis) and coulombic efficiency profiles (right axis) of full coin cells at a 0.5C rate c) charge/discharge
curves at a rate of 0.5C of the 2™ cycle d) Change in time of contribution of capacity gained during constant voltage step with
respect to the total capacity.

layer that effectively passivates the Si anode surface [67]. The TEOSCN additive in the electrolyte is
expected to result in a thin SEI with a low amount of organic species, and thus better chemical and me-
chanical stability due to low solubility and high shear strength of the inorganic species. Furthermore,
the addition of TEOSCN is also expected to enhance the ionic conductivity, as this molecule allows
for the formation of highly conductive LizN [2]. DAPC, as deduced from the properties ascribed to the
compound by a patent of Azagarsamy et al. [3], is expected to form a polymer-rich SEI with good ionic
transport properties. The long term charge/discharge experiments were performed in both full coin
cells and later in full pouch cells to confirm the data obtained from the full coin cells.

3.4.1. Cycling behaviour of other additives in full coin cells

Long term charge/discharge cycling experiments were performed on Si/fNMC-622 full coin cells accord-
ing to cycling protocol 2 to investigate the effect of three other additives, DAPC, DMAA and TEOSCN,
on the cycling behaviour of the battery. As a reference an electrolyte consisting of 1M LiPFg in EC:DEC
(1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC is chosen, because of the good results obtained with this
composition in the earlier experiments. The concentration of VC was reduced to 1 wt%, because of
two reasons; in an experiment by LJT, where the concentration of VC was varied, a concentration of 1
wt% VC gave the best results; and VC has the same functionality as the other additives, so in order to
give a fair comparison with the other additives, of which we add 1 wt%, the same concentration of VC
is added.

Figure 3.6a and b show the cycling behaviour and CE of the batteries at a constant current rate of
0.5C. EL10 shows an initial capacity of 1573 mAh/g of Si anode, and after 100 cycles the capacity



3.4. Cycling behaviour of other additives 33

remains of 67.7% compared to the initial capacity. It can be seen that EL11 has a capacity retention of
72.2% after 100 cycles compared to the initial capacity, EL12 has a capacity retention of 85.4% after
100 cycles compared to the initial capacity and EL13 has a capacity retention of 82.2% after 100 cycles
compared to the initial capacity. The utilisation capacity of Si at the initial cycle is 1546 mAh/g, 1448
mAh/g and 1581 mAh/g for EL11, EL12 and EL13 respectively. The average CE over 100 cycles is
99.41%, 99.42%, 99.70% and 99.62% for EL10, EL11, EL12 and EL13 respectively.

Unlike the other electrolyte compositions, EL11 shows a drop in capacity during the initial cycles. Likely
a significant amount of active Li is lost during these cycles due to the decomposition reactions of the
electrolyte components. Despite, all additives increase the slope of the capacity retention curve com-
pared to EL10 and, consequently, a higher capacity retention after 100 cycles is observed. The in-
creased slope is likely related to the formation of a more stable and flexible SEI layer that allows for
less detrimental irreversible side reactions.

Figure 3.6c and d show the charge/discharge profiles during the second cycle and the contribution of
capacity gained during constant voltage step with respect to the total capacity during long term charge/
discharge cycling of four batteries containing electrolytes with varying compositions. The charge/dis-
charge curves show typical behaviour for a LIB with a NMC cathode and a Si anode. The change
in contribution of the constant voltage charge capacity over the total charge capacity in time is very
comparable for all four electrolyte compositions, however the contribution of EL11 is slightly higher,
because the initial contribution is higher. This is likely due to the lower initial capacity of 1448 mAh/g
compared to the other electrolyte compositions, since it is observed that a lower Si utilisation level
results in a higher contribution of the constant voltage charge capacity to the total capacity.

3.4.2. Cycling behaviour of other additives in full pouch cells

The experiment in section 3.4.1 was repeated in pouch cells to validate the results found in the coin
cell experiment. Long term charge/discharge cycling experiments were performed on Si/NMC-622 full
pouch cells according to cycling protocol 2 to investigate the effect of three other additives, DAPC,
DMAA and TEOSCN, on the cycling behaviour of the battery. Figure 3.7a and b display the cycling
behaviour and CE of the batteries at a constant current rate of 0.5C.

EL10 shows an initial capacity of 1799 mAh/g of Si anode, and after 100 cycles the capacity remains
of 84.2% compared to the initial capacity. It can be seen that EL11 has a capacity retention of 90.8%
after 100 cycles compared to the initial capacity, EL12 has a capacity retention of 55.6% after 100
cycles compared to the initial capacity and EL13 has a capacity retention of 79.1% after 100 cycles
compared to the initial capacity. The utilisation capacity of Si at the initial cycle is 1762 mAh/g, 1740
mAh/g and 1805 mAh/g for EL11, EL12 and EL13 additive respectively. The average CE over 100
cycles is 99.74%, 99.85%, 99.07% and 99.65% for EL10, EL11, EL12 and EL13 respectively.

The pouch cell results do not entirely confirm the results obtained by the coin cell data. EL13 follows the
same trend as EL10. EL12 diverges from the trend and shows capacity fade already after approximately
30 cycles. A cause for this quick capacity fade could be the relatively little amount of electrolyte, 3 g/Ah,
present in a pouch cell compared to a coin cell with 25 g electrolyte/Ah. It is demonstrated on Li metal
half cells that an excess of electrolyte can extend the cycle life, since it takes longer before all electrolyte
is reacted in irreversible side reactions [8, 33]. Since, in pouch cells no excess of electrolyte is present,
it is likely that the SEI formed in the presence of DMAA did not prevent irreversible side reactions that
have resulted in capacity fade . Nevertheless, EL11 does confirm the coin cell data, since an enhanced
cycling performance compared to EL10 is observed.

Figure 3.7c and d display the charge/discharge profiles during the second cycle and the contribution of
capacity gained during constant voltage step with respect to the total capacity during long term charge/
discharge cycling of four batteries containing electrolytes with varying compositions. The charge/dis-
charge curves show typical behaviour for a LIB with a NMC cathode and a Si anode. The change in
contribution of the constant voltage charge capacity over the total capacity in time is very comparable
for all four electrolyte compositions. The increase in the contribution of the constant voltage charge
capacity that can be seen for EL12 is related to the capacity fade of the cell during cycling.
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Figure 3.7: Cycling behaviour of full pouch cells charged and discharged at a constant current of 0.5C between 3.0 and 4.0V with
the following electrolyte compositions: 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC, 1M LiPFg in EC:DEC
(1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC 1 wt% DAPC, 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC
1 wt% DMAA, 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC 1 wt% TEOSCN. a) Cycling performance b)
Cycling performance (left axis) and coulombic efficiency profiles (right axis) of full pouch cells at a 0.5C rate c) charge/discharge
curves at a rate of 0.5C of the 2" cycle d) Change in time of contribution of capacity gained during constant voltage step with
respect to the total capacity.
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3.4.3. Discussion on the cycling behaviour of other additives

The results obtained in the coin cell experiment of section 3.4.1 were not well repeatable in pouch cells.
Recently several studies have been published addressing the complications of translating fundamental
research, usually performed in Li half coin cells, to the practical adoption of new ideas in commercially
produced pouch cells [8, 33, 38]. The question arises whether the coin cell results can accurately predict
the cycling behaviour of the same electrolyte composition in a pouch cell. Three parameters, being
cathode loading, electrolyte amount, and Li metal amount, can greatly influence the cycling behaviour
of the lithium half-cell [8, 33].

Two variables can be excluded in this reseach and assumed to be constant, leaving only the electrolyte
amount as a variable. The cathode loading, or the areal capacity of the cathode, in this research is
constant 3.5 mAh/cm?. The cells used for testing the cycling behaviour were full cells, which means
no Li metal was used. Consequently, the only variable parameter in this experiment is the electrolyte
amount, specifically the electrolyte-capacity ratio.

The coin cells are in a so-called 'flooded state’ with an excess of electrolyte, which might enhance the
cycle life of the full coin cell. In a full pouch cell 3 g electrolyte/Ah is used, while in a coin cell the
ratio is 8 times higher, with 25 g electrolyte/Ah. For Li metal cells it has been demonstrated that an
excess of electrolyte can extend the cycle life, since it takes longer before all electrolyte is reacted in
irreversible side reactions [8, 33]. In a full SI/NMC-622 coin cell a SEl is formed, which should prevent
irreversible side reactions from happening, but it is also demonstrated that the SEI keeps on expanding
during prolonged cycling [48] and, consequently, electrolyte is consumed during the SEI formation [65].
Therefore, it is likely that a flooded state of electrolyte might also enhance the cycle life in full coin cells
similarly to Li metal cells, while this behaviour would not be seen in a full pouch cell.

Another aspect that deserves to be discussed is the procedure of manufacture of the batteries, since
the procedure of manufacture determines for a large part the functionality of the cell. Full coin cells are
likely less well reproducible than pouch cells due to easy misalignment of the anode and the cathode,
resulting in a lower capacity than theoretically expected and differences in capacity between cells of
equal material. Murray et al. [38] made suggestions to optimize the manufacture of full coin cell, which
are: to use anode and cathode disks of equal diameter; to use a single separator of BMF (Polypropylene
Blown Micro Fiber), which is thicker and more compressible than a Celgard separator; to construct the
cell with a vacuum pen rather than tweezers. With the incorporation of these suggestions, the full coin
cells likely predict the performance of new materials in a commercial pouch cell better.

However, the pouch cell manufacture process was not optimized yet at the start of this research. There-
fore, no reliable charge/discharge cycle data was obtained in section 3.2 and section 3.3 by the exper-
iments repeated in pouch cells. Thus parts of the experiments cannot be used to draw conclusions on
and from previous statements it is obvious that coin cell data needs to be analysed with care. After this
realisation, improvements were implemented and, before the start of the experiments in section 3.4, the
pouch cell build process was optimized to be more reproducible. Therefore, the differences in cycling
behaviour between coin cells and pouch cells observed in this chapter can be discussed here.

Especially EL12 shows different behaviour in a pouch cell compared to a coin cell. It is likely that
irreversible reactions take place on the anode side that cause capacity fade. DMAA is reported to
preferentially solvate Li-ions compared to DMC and DEC solvents [67], therefore, it can be assumed
that DMAA additive is the largest contributor to the SEI layer. The molecular structure of DMAA reveals
a large side-group within the expected polymer structure. Just like the methyl-group of PC, the side-
group of DMAA may result in an SEI structure with large cavities, which allow for the penetration of
the electrolyte and allow for the continuous decomposition of the electrolyte and consumption of the
Li-ions, resulting in the observed capacity fade [51]. Molecular dynamics models might provide insights
into the expected structure of the SEI in the presence of DMAA.
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Figure 3.8: Change in Direct Current Internal Resistance in full coin cells at 40% SOC a) for instantaneous processes with
electrolyte compositions: 1M LiPFg in pure DEC, 1M LiPFg in pure DMC, 1M LiPFg in pure EMC b) for diffusive processes with
electrolyte compositions: 1M LiPFg in pure DEC, 1M LiPFg in pure DMC, 1M LiPFg in pure EMC c) for instantaneous processes
with electrolyte compositions: 1M LiPFg in pure DEC 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg in pure DMC 2 wt% AN 5 wt%
FEC 2 wt% VC, 1M LiPFg in pure EMC 2 wt% AN 5 wt% FEC 2 wt% VC d) for diffusive processes with electrolyte compositions:
1M LiPFg in pure DEC 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg in pure DMC 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg in
pure EMC 2 wt% AN 5 wt% FEC 2 wt% VC.

3.5. Evolution of the Internal Resistance

DCIR experiments were integrated within the cycling protocol, hence, they were performed during the
cycling behaviour tests of the cells. On all cells discussed in the sections 3.2 to 3.4 DCIR experiments
were performed. The results of these experiments are shown hereafter.

DCIR experiments at 40% SOC were performed on full Si/NMC-622 coin cells with electrolytes EL1,
EL2 and EL3 and electrolytes EL4, EL5 and EL6. Measurements were done after every 25 charge/dis-
charge cycles according to DCIR protocol 1. Thus, DCIR has been measured at 20, 40 and 60% SOC
and we have found that the results at 20, 40 and 60% SOC are similar. Therefore, we have decided to
only incorporate the DCIR at one state of charge in this report, 40% SOC. The change in resistance in
the cells as a function of the amount of cycles is shown in Figure 3.8.

Figure 3.8 shows that the diffusive resistance as well as the instantaneous resistance is at least twice
as high for the batteries without additives compared to the batteries with additives. Kim et al. [25]
found that the resistance of the SEIl on a Si anode becomes 5 times smaller when FEC is added to the
electrolyte mixture, thus the overall resistance measured by DCIR is also likely to decrease by using
FEC and VC additives. Accordingly, the decrease in resistance can likely be attributed to the formation
of a more stable, electronically insulating SEI layer, which is likely also thinner since detrimental side
reactions are impeded.

Another remarkable feature is that the resistance increases tremendously when roll-over occurs. Roll-
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Figure 3.9: Change in Direct Current Internal Resistance in full coin cells at 50% SOC a) for instantaneous processes and b) for
diffusive processes with electrolyte compositions: 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg
in PC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 2 wt% VC, 1M LiPFg in PC:EC:DEC (1:1:1 vol%) 2 wt% AN 5 wt% FEC 2 wt% VC,
1M LiPFg in pure DEC 2 wt% AN 5 wt% FEC 2 wt% VC.

over is the process of instant, rapid capacity fade of the battery. We have observed this feature for
many experiments and throughout the experiments performed for the purpose of this thesis. Possible
explanations of the roll-over could be the consumption of Li, causing degradation of the cathode, for ex-
ample by transition metal dissolution, or electrolyte consumption or drying up, leading to high viscosity,
or consumption of FEC, which is reported earlier to cause sudden capacity fade [14].

DCIR experiments at 40% SOC were also performed in full SI/NMC-622 coin cells containing ELS,
EL7, EL8 and EL9 after every 25 charge/discharge cycles according to DCIR protocol 1. The results
are shown in Figure 3.9. It can be seen that the instantaneous resistance of EL6 is higher than the
instantaneous resistance of EL8 and EL9, which might be attributed to the lower Si utilisation level
of EL6 (~1500 mAh/g) compared to EL8 and EL9 (~1800 mAh/g), as shown in Figure 3.5a. Since
less Si material is active in this cell, the Ohmic resistance of the cell might be higher. EL8 shows a
slightly higher resistance than EL9, which is likely caused by the lower capacity retention of the cell
during cycling and thus the likely degradation of the electrode material. Similarly, the quick capacity
fade observed for EL7 is likely the cause of the increase in resistance.

Furthermore, it is noticeable that the diffusive resistance during charge is always higher than during
discharge. This is likely caused by the solid state diffusion of Li-ions within the electrodes. A Li-ion
diffusion coefficient (D;;+) of 2.3-10"3 and 8.2:10"3, correlating to the two-step reaction mechanism,
for solid state diffusion of Li-ions in the anode upon charge was found in section 3.1. The D;;+ in the
NMC cathode is found to be 10 times higher during discharge, as a value of 7.9-10"2 was found as
shown in Figures A.2 and A.3 and Table A.2. The significantly higher D, ;+ in the NMC cathode during
discharge implies a lower diffusive resistance. Another explanation might be a different driving force for
Li-ion diffusion during charge compared to discharge. Upon charge of the battery an extra force, in the
form of an applied potential, needs to be applied for Li-ion diffusion to take place, however, discharge is
an autonomous process, for which no extra force needs to applied. Thus, the higher diffusive resistance
upon charge might also be caused by a thermodynamic effect. This same feature is also clearly visible
in Figure 3.8, Figure 3.10 and Figure 3.11.

Lastly, DCIR experiments at 50% SOC were performed in full Si’/NMC-622 coin cells containing EL10,
EL11, EL12 and EL13 after every 25 charge/discharge cycles according to DCIR protocol 2 to determine
the change in resistance in the battery as a function of the amount of cycles and the results are shown
in Figure 3.10. The same experiment was repeated full SI’'NMC-622 pouch cells and these results are
shown in Figure 3.11. The diffusive resistance for both the coin cell test and the pouch cell test display
the same stable behaviour over time, with as pointed out before a larger resistance during charge than
during discharge. The instantaneous resistance shows more interesting behaviour, namely a sudden
drop in the resistance after the first 25 cycles, which can be observed for all cells in Figure 3.10, for
EL11 in Figure 3.11 and for EL6 and EL9 in Figure 3.9.
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The decrease in instantaneous resistance might be caused by a better wetting of the active electrode
material with electrode after a number of cycles, an increase in the active surface area of the Si particles
or a change in the SEIl composition. It might have been the case that for some of the cells, the electrolyte
was not well dispersed yet over the electrode’s surface during the initial cycles. During cycling, the
electrolyte disperses more evenly over the electrode’s surface and therefore, more Si is activated and
the resistance occurring from the active surface area of the electrode decreases.

Another mechanism that results in an increase in the active surface area is cracking of the Si anode. It
has been observed that the resistance over the cell changes with SOC during lithiation and delithiation
in a W-shaped fashion, where the highest electronic resistances are found at the end and beginning
of lithiation and delithiation (around 0 and 100% SOC) and the lowest electronic resistances are found
between 40 and 80% [41]. As the biggest cracks are observed between 40 and 80% SOC, it can be
assumed that the increase in cracks can be related to an increase in active surface area and con-
sequently results in a decrease in resistance. It is a possibility that the cracks formed during cycling
are not recovered fully and thus it is likely that the formation of cracks results in an increase in active
surface area as the Si anode particles are divided into smaller particles.

Lastly, the composition of the SEI layer may have changed after 25 cycles, consequently the type of
species may have changed, the distribution of species might be more homogeneous and the size of
the pores might have changed. It is observed that mostly organic compounds further degrade into
smaller, inorganic compounds, which typically have a higher ionic conductivity [48, 60]. Besides, the
further degradation of the SEI compounds and the transformation of the SEI layer upon cycling, might
results in a more homogeneous layer and a different distribution of the pores and pore sizes. A logical
conclusion can be made that an increase in porosity or pore size, enhances the Li-ion diffusivity in
the SEI layer [17]. Furthermore one can assume that a more homogeneous layer also benefits the
pathways for Li-ion diffusion towards the Si anode.

Additionally, overall the areal instantaneous resistance in the pouch cells is approximately 5 - 15 Q-cm?
lower than in the coin cells. This is likely related to the differences in cell assembly between the coin
cell and the pouch cell. The difference might be explained by a higher contact resistance and higher
resistance for Li-ion transport through the electrolyte for the coin cells. The coin cell layers are held
together and connected to the case on one side by a spring. As the spring cannot be perfectly centred
upon assembly, a pressure distribution over the electrodes surface is likely, which results in higher
resistance compared to the pouch cell, where the contacts are directly connected to the electrodes.
Besides, a coin cell contains two layers of separator, of which one thick glass fibre layer, while a pouch
cell only contains one layer of the thinner Celgard 2500 separator. Therefore, the diffusion of Li-ions
between the anode and the cathode is subjected to a higher resistance.

3.5.1. Discussion on Direct Current Internal Resistance results

DCIR is used quite often in industry as the technique is relatively simple, quick, easy and efficient.
However, DCIR does not appear in the works cited in this report, so it can be assumed that in sci-
entific publications this technique is not encountered often. In stead, often a combination of only CV
and EIS complementary to long term charge/discharge tests is used to investigate the electrochemical
behaviour of a battery. This might be because the technique might not be well-known in the scientific
community or the fact that it is not possible to differentiate between different processes that cause a
change in resistance, but the results of DCIR are quick and easy to obtain and the interpretation of the
results is straightforward, unlike EIS, which is prone to the bias of the researcher. In this research we
implemented DCIR to provide a first indication on the change in internal resistance of the battery as
the result of different electrolyte compositions.

Unfortunately, due to the protocols used to perform the DCIR measurements, the results of the DCIR
measurement are found to be easily misinterpreted. We have found that the SOC at which DCIR is
measured changes as a result of the protocols used. When DCIR protocol 1 was used, in which the cell
was charged for 2h at a current rate of 0.2C, the cell should be at 40% SOC when the DCIR experiment
is performed. However, the battery tester calculates the current needed to obtain a constant current
rate of 0.2C based on the capacity of the cell during formation, so when capacity fade happens, DCIR
is not measured at a SOC of 40%, but at a higher SOC. For example, at 80% capacity retention, the
DCIR measured after 2h, is measured at a SOC of 50%.
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Contrarily to DCIR protocol 1, where the SOC at which is measured increases over time, we found that
for DCIR protocol 2, the SOC at which is measured decreases over time. In section 3.4, the protocol for
the DCIR measurement was changed to DCIR protocol 2, where we charge to 3.6V and add a constant
voltage step at this potential. For most batteries 3.6V represents about 50% SOC, if you look at the
charge/discharge curves of the battery during the initial cycles. However, upon prolonged cycling, the
capacity decreases and the over-potential required to charge the battery increases. Thus, the charge/
discharge curves over a set of cycles, see Figure A.4 in the appendix, show that after a significant level
of capacity fade, the cell will be at a lower SOC at 3.6V.

It is assumed here that the instantaneous resistance measured by DCIR is not largely dependent on
the SOC, because this resistance is determined largely by the internal resistance of the battery driven
by Ohmic processes, but that the diffusive resistance is dependent on the SOC of the battery. The
diffusive resistance is determined by the relaxation of the potential after a current pulse. The shape
of the characteristic relaxation curve is likely dependent on the solid state diffusion of Li driven by
the concentration gradient of Li in the Si particle. The concentration of Li present in the Si particle is
dependent on the Si utilisation level of the battery and on the SOC of the battery. Note that the batteries
show significant variations in Si utilization levels varying between ~1000 mAh/g and ~1900 mAh/g.

The conductivity of Si varies depending on the concentration of Li alloyed to Si. At a higher Si utilization
level of the battery, the concentration of Li inside the Si is higher for the same SOC, so the conductivity
of Si is different [42]. When capacity fade happens and the actual SOC at which DCIR is measured is
higher than the assumed SOC, Si is in a higher lithiated state, so the concentration of Li in Si is higher
and thus the conductivity will alter. The diffusion ability of Li and the conductivity of Si are likely to
change depending on the Si utilisation level and the SOC. Consequently, the shape of the relaxation
curve and, thus, the diffusion resistance measured by DCIR will change. Therefore, it is not possible
to distinguish between the effects of the diffusion through the SEI and the diffusion in the Si.

As for DCIR protocol 1, the SOC at which is measured increases over time, and for DCIR protocol 2, the
SOC at which is measured decreases over time, the diffusive resistance is expected change according
to the SOC of the battery. Si itself has a poor electrical conductivity of less than 10° S cm™' [1], while
lithium has a much higher conductivity. Thus, upon lithiation of the Si anode, the electrical conductivity
of the material is expected to increase. Pollak et al. [42] found that the conductivity of the amorphous
Si layer increases significantly upon lithiation with a peak around 0.12 V vs Li/Li*. The highest lithiated
phase was found to be less conductive than the phase, likely corresponding to a-Li,Si phase, which
is formed around 0.12 V vs Li/Li*. Thus, depending on the SOC of the battery, the conductivity of the
Si anode varies significantly. As conductivity is the reverse of resistivity (6 = 1/p), upon lithiation the
resistivity of the Si anode changes. Besides, for a cell with a higher Si utilisation level, and thus a higher
concentration of Li in the Si, the resistance is also expected to be different from a cell with a lower Si
utilization level.

3.6. Evolution of the Solid Electrolyte Interphase Resistance in sym-

metric coin cells

EIS is performed on symmetrical coin cells after charging the cell to 0V, both after assembly of the
battery and after 25 cycles, containing solely pure Si anodes with four different electrolyte composi-
tions: EL10, EL11, EL12 and EL13. Since, other properties of the additive and the SEI formed by its
decomposition products will definitely also have an influence on the cycling behaviour of the battery, as
they are listed in section 1.1.5, EIS is used besides solely long term charge/discharge experiments and
DCIR. With the use of EIS, a distinction can be made between the contribution of different processes in
a cell with respect to the resistance in the cell, thus the evolution of the SEI resistance can be measured
and the abilities of the additives to form a good passivating layer on the electrode can be analysed.
The obtained EIS spectra are analysed with the use of both DRT analysis and analysis with the use of
an EC. DRT analysis was performed on the impedance data, as shown in Figure 3.12, and impedance
spectra are displayed in Figure 3.15 in Nyquist plots.

An equivalent circuit is proposed as presented in Figure 3.13. The choice for this specific equivalent
circuit stems from an article by Pan et al. [41], who related DRT analysis to impedance spectra rep-
resented in Nyquist plots. From calculated activation energies and time constants derived from the
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DRT data, predominant polarization losses were obtained. These losses were found to be contact
impedance, SEl layer related impedance and charge transfer impedance.

From the DRT analysis that was performed on the impedance data obtained from symmetrical coin
cells, four time constants can be distinguished, which can be related to the predominant polarization
losses. From the plots in Figure 3.12, time constants for the electrochemical processes are found at
7~ 107*5,10735,10~15 and 10°>s. These time constants can be related to characteristic polarization
losses in the battery as described by Pan et al. [41]. Respectively, the processes relate to contact
impedance or electrical and magnetic effects, SEI layer impedance, charge transfer impedance and
relaxation and diffusion as described in an article by Danzer [11] and shown in Figure 3.14. Therefore,
the equivalent circuit (Figure 3.13) can be explained as follows.

R is the solution resistance between the electrodes [28], represented by the uncompensated Ohmic
loss of the battery [41]. The resistance Ry originates from the current collector, the electrolyte and the
separator and together can be classified as bulk resistance [10]. R, is classified as contact resistance
originating from the contact loss of the Si electrode [41]. R, is classified as the SEI resistance and, as
the name describes, this is the resistance arising from the resistance to alternating current by the SEI
layer. Rj is classified as the charge transfer resistance, which is connected parallel to constant phase
element Qg3, originating from the double layer effect on the interphase between the SEI layer and the
Si particles [11, 28, 41].

Q, and Q3 are CPE’s, which originate from the non-ideal capacitor behaviour, thus they display a
frequency dispersion and are characterised by depressed semi-circles in the Nyquist plots [28]. The
last element is W, the Warburg element. The impedance of the Warburg element originates from the
mass transfer of the Li particles inside the Si deposition layer [10]. A semi-infinite Warburg impedance
element shows a tail with a 45° incline, but the Nyquist plots in Figure 3.15 show tails with steeper
inclines. Therefore, a finite-length Warburg impedance is assumed as a diffusion model as proposed
by Levi and Aurbach [31]. This element, characterised by the addition of a capacitor in series with the
Warburg element, can be explained by the finite thickness of the Si deposition layer and thus the finite
diffusion of Li particles until the particles hit the Cu current collector. The accumulated lithium at the
current collector surface will cause a capacitor type behaviour [31].

A fit with the equivalent circuit of Figure 3.13 was performed on the impedance spectra of Figure 3.15
with X/|Z] as shown in Table 3.2. The values for the circuit elements obtained by the EC-fit are com-
pared with the values obtained with DRT in Tables A.3, A.4, A.5 and A.6. The SEl resistance (R,) after
formation of the battery is 18.18 Q, 31.11 Q, 16.10 Q and 13.84 Q for EL10, EL11, EL12 and EL13
respectively. After 25 cycles the SEI resistance is 8.48 Q, 20.49 Q, 8.76 Q and 7.54 Q for EL10, EL11,
EL12 and EL13 respectively. R, of EL11 is higher compared to EL10, EL12 and EL13, which is likely
caused by a high amount of active lithium consumption during the first cycles for the formation of the
SEl layer, which is supported by the small capacity fade during the first cycles observed in the full coin
cell long term charge/discharge tests in section 3.4.1. Additionally, a decrease in R, in observed after
25 cycles, unlike the expected increase in R, due to an expected increase in SEI thickness [48, 49].

The observed R, decrease might be caused by a change in SEI composition, homogenisation of the
SEI layer or a higher porosity after 25 cycles. Stetson et al. [48] observed a reduced superficial SEI
electronic resistivity after 10 cycles on a crystalline Si wafer with the use of SSRM. As more elec-
tronically insulating organic and/or polymeric compounds decompose into more conductive inorganic
compounds, the reduced resistivity was related firstly to a change in chemical composition at the inter-
phase. For example, a lithium ethylene dicarbonate (LEDC)-rich SEI, typically formed in the presence
of EC in the electrolyte, is observed to further decompose into LiF and Li,CO5 [60]. Wang et al. [53]
reported that a change in chemical composition of the SEI has an effect on the ionic conductivity, for
example, a mixture of LiF and Li,COj is believed to enhance the ionic conductivity of the SEI. Secondly,
they related the reduced resistivity to a better mixed SEI phase, resulting from a reduced segregation
of the SEI component by the continuous volume changes.

Furthermore, itis reported that a higher porosity of the SEI layer can enhance the Li-ion diffusion through
the SEI[17]. Guan et al. [17] performed a simulation study on the micro-structural morphology evolution
of the SEI on a graphite anode and showed that the Li-ion diffusion coefficient in the SEl increases with
an increased porosity of the SEI layer. A change in porosity was attributed to a morphological change
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Figure 3.13: Electrical equivalent circuit for fitting of the symmetrical coin cell impedance spectra [41].
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Figure 3.14: Ranges of characteristic time constants for in green dynamic, frequency dependent processes of an electrochemical
system and in blue battery test methods [11].

Table 3.2: Error (X/|Z|) found for the fits of the EIS data with the EC for EL10, EL11, EL12, EL13 and their duplicates. The EIS
measurement failed for the duplicates of EL11 and EL12 after the formation cycles.

EL10 EL10 duplicate EL11 EL11 duplicate EL12 EL12 duplicate EL13 EL13 duplicate

Formation 3.814E-3 7.352E-3 2.528E-3 7.319E-3 8.511E-3 8.743E-3
25cycles 5.329E-3 3.701E-3 0.7785E-3 1.509E-3 3.552E-3 0.892E-3 6.218E-3 4.379E-3
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Figure 3.15: Electrochemical Impedance spectra displayed in Nyquist plots of symmetrical coin cells with pure Si anodes and
electrolyte compositions a) EL10 b) EL11 c) EL12 and d) EL13.
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in the composition of the SEI layer. Therefore, it is also possible that a morphological change, perhaps
a homogenisation of the SEI layer, caused an increased porosity and thus a lower resistivity. Thus, it is
likely that the chemical composition and distribution of compounds changed during 25 cycles, resulting
in a lower R,.

3.6.1. Discussion on Electrochemical Impedance Spectroscopy results
Electrochemical Impedance Spectra need to be analysed with care as they are prone to misinterpre-
tations. The results might be adjusted, consciously or unconsciously, by the interpretation of a biased
researcher. In the case of analysis with the use of an EC, it is very important that a EC which has a
physical meaning is chosen. Therefore, it is very important that the researcher constructs a physically
meaningful model of the system that is studied and is able to explain the components of the EC. The
physical model used in this research is constructed with the existing knowledge on the battery system
and the electrolyte/SEl/electrode interphases.

The drop in resistance was assumed to be related to a change in SEI composition, homogenisation of
the SEI layer or a higher porosity, which can be validated by analysing the SEI layer after formation
and after 25 cycles. SEM and cross-section SEM will show how the morphology changes and can
be combined with BET analysis to measure the specific surface area, average pore size, pore volume
and the porosity of the SEI layer. Thus the change in porosity and pore size can be correlated with
the change in morphology and also with the change in SEI resistance. Cross-section SEM, possibly
combined with energy-dispersive X-ray spectroscopy (EDX), will also show the homogeneity of the SEI
layer. Lasty, XPS and NMR analysis show which species are present in the SEI and, thus, can be used
to analyse the change in SEI composition.

A drop in the instantaneous resistance was observed after 25 cycles for full coin cells with EL10, EL11,
EL12 and EL13 measured by DCIR, which might be correlated to the drop in resistance observed with
EIS. We can assume that the resistance measured by DCIR is largely impacted by a change in SEl layer
composition during cycling, as R4, Rz and Zgg are quite stable over 25 cycles compared to R,. After
25 cycles the instantaneous resistance measured by DCIR stabilized. Therefore, this stabilisation of
the instantaneous resistance measured by DCIR, if correlated to a change in SEI resistance measured
by EIS, might indicate a stabilisation of the SEI layer composition after 25 cycles. In order to confirm
this statement, impedance measurements should also be performed after 50, 75 and 100 cycles.

Nevertheless, the assembly of the symmetrical coin cells may have caused noise in the obtained data.
The pouch cells that were assembled for the production of the symmetrical coin cells, were assembled
with EL9, so no DAPC, DMAA or TEOSCN was added to the electrolytes yet. During formation of the
pouch cells a SEI was formed from the decomposition products of EL9. The electrodes were washed
with DMC to remove the SElI layer, before assembly of the symmetrical coin cells, but it is very likely that
a residue of the SEI layer still remained on the electrode surface. Consequently, the symmetrical coin
cells may have had a SEI layer consisting of the decomposition products of EL9, combined with the
decomposition products of EL10, EL11, EL12 and EL13 . Note here that the only difference between
EL9 and EL10 is 1 wt% VC, so it can be assumed that no effect on the formation of the SEI layer is
expected in this cell.

Another factor is the SOC at which the EIS measurement is performed. Pan et al. [41] show the
dependence of the SEI resistance and the charge transfer resistance on the SOC of the battery. They
have shown that the SEI resistance can be up to 2 orders of magnitude higher at the beginning and end
of lithiation and delithiation compared to approximately 50% SOC. Therefore, it is important to measure
the EIS always at the same SOC and in comparing results from one research to another to carefully
look at the conditions under which the EIS is measured.

In this research, the battery was charged or discharged to 0V with an additional constant voltage step
at OV until the current was below 0.01C, likewise to how the desired SOC in DCIR protocol 2 was
obtained. In section 3.5.1 it was discussed that the desired SOC is not always the actual SOC at which
is measured depending on the capacity fade of the cell. However, no significant capacity fade was
observed during cycling of the symmetric coin cells, as can be seen in Figure A.5. Therefore, the SOC
at which was measured after formation of the cell and after 25 cycles can be assumed to be the same.

The EC chosen in Figure 3.13 is controversial to EC’s often deployed in literature on LIBs with a Si
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Figure 3.16: Modelled Nyquist plot and corresponding electrochemical equivalent circuit of a LIB system. Reprinted from [10].

anode. In many studies an EC like in Figure 3.16 is used, correlating the first (semi)circle in the Nyquist
plot to the SEI resistance and the second (semi)circle to the charge transfer resistance [10, 25, 56].
Thus, Ry in this research would in the case of this EC correlate with Rgg; and R, with R, which would
give an entirely different interpretation of the results. Nevertheless, Choi et al. [10] and Wang et al. [56]
do stress that the EC representing a LIB electrochemical system and corresponding EIS spectra vary
depending on electrode characteristics, cell type, storage and cycling conditions.

Thus, since the DRT results correspond mostly with the EC of Figure 3.13, in this report that EC is
chosen. Analysis with DRT is useful, because it is a model-free approach, it only requires the analysis
of peaks. A peak corresponds to a single polarization process, while frequency-dependent electrode
processes often overlap in a Nyquist plot [11]. This method revealed the presence of another process
at a high frequency, that is overlooked in the EC of Figure 3.16.



Conclusions

The aim of this research project was to investigate what effect the electrolyte composition has on the
cycle life of a LIB with pure Si anode. This subject was investigated by performing long-term charge/
discharge tests, DCIR, CV and EIS tests on batteries with different electrolyte compositions. Firstly,
the effect of the addition of frequently used additives, FEC and VC, on the cycle life was experimentally
determined, secondly the effect of the addition of cosolvents, PC and EC, and lastly the effect of other
additives, DAPC, DMAA and TEOSCN. It can be concluded that an altered electrolyte composition does
have an effect on the cycle life, supported by changes in initial specific capacity, capacity retention and
resistance in the battery.

It was observed that the capacity retention improved by more than 100 cycles when the additives FEC
and VC were added to the electrolyte mixture of LiPF¢ dissolved in a pure linear carbonate solvent. The
improved capacity retention was attributed to a more favourable SEI that allowed for less irreversible
capacity losses. Furthermore, it was observed that the addition of additives significantly lowered the
resistance within the battery, which eases the reversible Li-ion diffusion between the anode and the
cathode. The addition of cosolvents has shown to improve the Si utilisation level from ~ 1500 mAh/g
to ~ 1700 mAh/g. This improvement was attributed to the preferential solvation of Li-ions with EC and
PC, which allowed for easier diffusion of the Li-ions between the anode and the cathode. However,
the capacity retention did not improve from the addition of the cosolvents. Thus the cycle life might not
directly be improved by the addition of PC and EC to the electrolyte composition.

Lastly, it was observed that DAPC improved the capacity retention for more than 100 cycles from
67.7% to 72.2% in a full NMC-622/Si coin cell and from 84.2% to 90.8% in a full pouch cell compared
to EL10. The improved capacity retention is attributed to the expected formation of a polymer-rich SEI
with good ionic transport properties. A remarkable feature of the DAPC-based electrolyte is the high
SEl resistance during the initial cycles, likely caused by a high amount of active lithium consumption
during the first cycles for the formation of the SEI layer, and the drop in resistance after 25 cycles,
likely caused by a change in SEI composition. Thus, in order to form a stable and robust SEl, the
SEIl needs to be formed from preferable decomposition products, that mitigate the anode’s swelling,
prevent penetration of electrons and allow for diffusion of Li-ions, very quickly during the first cycles,
which results in some loss of active lithium.

In further research is it recommended to systematically built on the subject of the study. The processes
in the battery are complex and not easily understood, therefore the amount of variables per test need to
be minimized. Before the start of experimental testing, it is recommended to model the interactions of
the electrolyte components with each other. This will give insights in the contribution of the electrolyte
components to the conductivity, which is found to be an important factor in the initial specific capacity
of the battery. Moreover, it is suggested to model the decomposition of the electrolyte to gain more
understanding in the SEI composition.

47
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The modelled SEI composition needs to be confirmed with experiments. Techniques like XPS and NMR
can be enforced to experimentally determine the composition of the SEI layer. Finally, the effect of the
investigated SEI composition on the cycling performance of the battery needs to be experimentally de-
termined. During these experiments, the researcher must take care of the reproducibility and reliability
of the results. It is therefore recommended to perform these tests in full pouch cells rather than (half or
symmetric) coin cells, so that the results are representative for LIB produced by battery manufacturers.
This is important for the society to take over the promising results obtained in the research community,
so that society implements these ideas in its products and green energy driven products are promoted.
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Figure A.1: Cyclic Voltammogram of Si anode half-cell at scan rates ranging from 0.005 mV/s till 0.20 mV/s.

Table A.1: Calculation of the intercept with the y-axis and the slope of the peak current vs square root of the scan rate for the Si
anode sample.

Value Standard Error  t-Value Prob>[t|
anodic peak 1 Intercept -2.57764E-4 6.00439E-5 -4.29292  0.01272
Slope 0.28468 0.01442 19.73907  3.88553E-5
anodic peak 2 Intercept -3.74903E-4 1.04852E-4 -3.57553  0.02326
Slope 0.22297 0.02518 8.8533 8.98807E-4
cathodic peak 1 Intercept -7.38128E-5 1.40886E-4 -0.52392  0.62802
Slope -0.20342 0.03384 -6.0113 0.00386
cathodic peak 2 Intercept 4.73521E-4  9.23214E-5 5.12905 0.00684
Slope -0.38253 0.02217 -17.25056 6.6263E-5

Table A.2: Calculation of the intercept with the y-axis and the slope of the peak current vs square root of the scan rate for the
NMC-cathode sample.

Value Standard Error  t-Value Prob>|t|
Intercept -2.33334E-4 1.9480E-4 -1.19777 0.28468
anodic peak Slope 0.32183 0.02022 15.91936 1.78028E-5
D+ 1.98E-10
Intercept -2.22162E-4 1.09346E-4 -2.03174  0.09789
cathodic peak Slope -0.06438 0.01135 -5.67383  0.00237
Dy i+ 7.90E-12
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Figure A.2: Cyclic Voltammogram of NMC-622 cathode half cell at various scan rates.
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versus the square root of the scan rate with a linear fit (with equation y = ax + b).
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Figure A.4: Charge/discharge curves over the cycle life of a full coin cell with electrolyte composition 1M LiPF6 in EC:DEC (1:1
vol%) 2 wt% AN 5 wt% FEC 1 wt% VC cycled at a constant current rate of 0.5C.
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Figure A.5: Cycling performance of symmetrical Si anode coin cells charged and discharged at a constant current of 0.5C
between -0.35V and 0.35V with the following electrolyte compositions: 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1
wt% VC, 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC 1 wt% DAPC, 1M LiPFg in EC:DEC (1:1 vol%) 2 wt%
AN 5 wt% FEC 1 wt% VC 1 wt% DMAA, 1M LiPFg in EC:DEC (1:1 vol%) 2 wt% AN 5 wt% FEC 1 wt% VC 1 wt% TEOSCN.
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Table A.3: EIS results for Electrolyte EL10. Values and standard deviation for different equivalent circuit elements obtained by fit
with an equivalent circuit and a Distribution of Relaxation Times map. After 25 cycles R4 could not be observed anymore in the
DRT map and this resistance is likely included in Rg. Therefore, values for R are not shown in the table. EC fit/DRT gives the
ratio of the average value obtained by EC fit over the average value obtained by DRT. The value should be as close as possible
to 1. This resembles how well the both analyses correspond with each other.

cycles element average EC fit average DRT average both EC fit/DRT

formation R (Q) 5.07+0.16 5.41+0.03 5.24+0.20 0.94
Ry (Q) 2.97+0.71 1.73+£1.17 2.35+1.15 1.72
Qq (Fs* ') 8.06E-03+8.05E-03 1.74E-04+1.18E-04 4.12E-03+6.93E-03 46.39
ay 0.97+0.00 0.88+0.02 0.93+0.05 1.10
R, (Q) 17.9610.43 18.394£0.98 18.18+0.79 0.98
Q, (Fs* ') 1.42E-041+0.32E-04 1.58E-04+0.14E-04 1.50E-04+0.26E-04 0.89
a, 0.81+0.02 0.80+0.01 0.81+0.02 1.02
Rs (Q) 2.04+1.06 4.16+0.06 3.10+1.30 0.49
Q; (Fs*') 9.40E-05+8.16E-05 6.77E-02+5.68E-02 3.39E-02+5.25E-02 0.00
as 0.80+0.11 0.75+0.08 0.77+0.10 1.06
Sy (Qs?l) 7.0410.55 14.67+2.14 10.8614.12 0.48
Co (F) 0.18+0.01 0.15+0.02 0.17+0.02 1.18

25cycles R (Q) 5.48+0.49 5.79+0.44
R (Q) 2.87+0.12
Qq (Fs**) 4.73E-0314.72E-03
ay 0.74+0.22
R, (Q) 8.33+1.57 8.62+1.56 8.47+1.57 0.97
Q, (Fs*') 5.44E-04+0.98E-04 3.66E-04+0.45E-04 4.55E-04+1.17E-04 1.49
a, 0.69+0.01 0.79+0.00 0.74+0.05 0.88
Rs (Q) 1.9810.28 2.05+0.49 2.02+0.40 0.97
Q; (Fs*™') 3.05E-0412.99E-04 6.23E-02+3.79E-02 3.13E-02+4.10E-02 0.00
as 0.99+0.01 0.75+0.00 0.87+0.12 1.31
sy (Qs 21) 5.64+0.26 9.90+0.33 7.77+2.15 0.57
Co (F) 0.21+0.02 0.13+0.01 0.1710.04 1.56
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A. Additional figures

Table A.4: EIS results Electrolyte EL11. Values and standard deviation for different equivalent circuit elements obtained by fit
with an equivalent circuit and a Distribution of Relaxation Times map. A correct EIS measurement was not performed after
formation for the duplicate, so a standard deviation is not shown. After 25 cycles R4 could not be observed anymore in the DRT
map and this resistance is likely included in Rg. Therefore, values for R4 are not shown in the table. EC fit/DRT gives the ratio
of the average value obtained by EC fit over the average value obtained by DRT. The value should be as close as possible to 1.
This resembles how well the both analyses correspond with each other.

cycles element average EC fit average DRT average both EC fit/DRT

formation R (Q) 6.31 6.64 6.47+0.17 0.95
Ry (Q) 1.34 0.81 1.08+0.27 1.66
Qq (Fs*') 1.62E-04 2.11E-04 1.86E-04+0.24E-04 0.77
ay 0.82 0.92 0.87+0.05 0.90
R, () 30.15 32.06 31.11+£0.96 0.94
Q, (Fs*') 1.51E-04 1.75E-04 1.63E-04+0.12E-04 0.86
a, 0.81 0.79 0.80+0.01 1.03
Rs () 2.45 4.07 3.26+0.81 0.60
Q; (Fs*') 1.41E-05 8.03E-02 4.01E-02+4.01E-02 0.00
a; 0.90 0.78 0.84+0.06 1.16
s; (s 21) 7.87 14.65 11.26+3.39 0.54
Co (F) 0.21 0.14 0.18+0.04 1.50

25cycles R; (Q) 6.23+0.04 7.15+0.41
Ry (Q) 2.58+1.04
Q, (Fs*') 3.88E-04+3.86E-04
aq 0.7910.17
R, (Q) 19.5412.40 21.45+1.11 20.49+2.10 0.91
Q, (Fs*') 2.64E-04+0.39E-04 2.95E-04+0.08E-04 2.80E-04+0.32E-04 0.89
a, 0.81+0.04 0.78+0.00 0.80+0.03 1.04
Rs () 1.9340.28 1.70£0.08 1.8210.24 1.14
Qs (Fs*™') 1.17E-05+0.42E-05 9.39E-02+1.28E-02 4.70E-02+4.78E-02 0.00
a; 0.93%0.03 0.78+0.02 0.86+0.08 1.19
s (Qs 21) 7.46+0.20 11.77+1.24 9.62+2.33 0.63
Co (F) 0.28+0.07 0.10+0.01 0.1940.10 2.70
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Table A.5: EIS results for Electrolyte EL12. Values and standard deviation for different equivalent circuit elements obtained by
fit with an equivalent circuit and a Distribution of Relaxation Times map. A correct EIS measurement was not performed after
formation for the duplicate, so a standard deviation is not shown. After 25 cycles R4 could not be observed anymore in the DRT
map and this resistance is likely included in Rg. Therefore, values for R4 are not shown in the table. EC fit/DRT gives the ratio
of the average value obtained by EC fit over the average value obtained by DRT. The value should be as close as possible to 1.
This resembles how well the both analyses correspond with each other.

cycles element average EC fit average DRT average both EC fit/DRT

formation R (Q) 5.48 5.67 5.57+0.09 0.97
Ry (Q) 3.47 0.99 2.23+1.24 3.50
Qq (Fs*') 2.64E-05 1.68E-04 9.74E-05+7.10E-05 0.16
ay 0.86 0.87 0.87+0.01 0.98
R, () 15.74 16.47 16.10+0.36 0.96
Q, (Fs*') 1.46E-04 1.71E-04 1.59E-04+0.12E-04 0.86
a, 0.83 0.81 0.82+0.01 1.03
Rs () 1.80 2.89 2.35+0.54 0.62
Q; (Fs*1) 2.71E-02 2.45E-02 2.58E-02+0.13E-02 1.1
a; 1.00 0.82 0.91+0.09 1.22
Sy (9571) 4.74 8.82 6.78+2.04 0.54
Co (F) 0.18 0.25 0.22+0.03 0.73

25cycles R; (Q) 5.80+0.07 6.78+0.64
Ry (Q) 2.111+0.04
Q, (Fs*') 5.59E-02+5.58E-02
aq 0.72+0.27
R, () 8.66+0.56 8.86x0.10 8.76x0.41 0.98
Q, (Fs*') 4.65E-04+0.29 4.59E-04+0.40E-04 4.62E-04+0.35E-05 1.01
a, 0.75+0.02 0.76+0.02 0.75%0.02 0.98
R (Q) 2.5040.30 2.20+0.60 2.35+0.50 1.14
Qs (Fs*') 3.42E-05+2.29E-05 5.30E-02+2.23E-02 2.65E-02+3.08E-02 0.00
a; 0.86+0.07 0.78+0.00 0.82+0.06 1.10
Sy (9571) 4.96+0.13 7.371£0.22 6.16+1.22 0.67
Co (F) 0.19+0.01 0.16+0.00 0.18+0.02 1.21
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A. Additional figures

Table A.6: EIS results for Electrolyte EL13. Values and standard deviation for different equivalent circuit elements obtained by fit
with an equivalent circuit and a Distribution of Relaxation Times map. After 25 cycles R4 could not be observed anymore in the
DRT map and this resistance is likely included in Rg. Therefore, values for R are not shown in the table. EC fit/DRT gives the
ratio of the average value obtained by EC fit over the average value obtained by DRT. The value should be as close as possible
to 1. This resembles how well the both analyses correspond with each other.

cycles element average EC fit average DRT average both EC fit/DRT

formation R (Q) 5.15+0.01 5.24+0.01 5.20+0.06 0.98
Ry (Q) 2.24+0.27 2.22+0.27 2.23+0.61 1.01
Qq (Fs* ') 5.07E-03+0.01E-03  1.04E-04+0.12E-04 2.58E-03+4.35E-03 48.83
ay 0.91+0.00 0.83+0.00 0.87+0.07 1.10
R, (Q) 13.53+£1.70 14.15+£1.70 13.84+1.35 0.96
Q, (Fs* ') 1.53E-0410.14E-04 1.69E-04+0.14E-04 1.61E-04+0.57E-04 0.91
a, 0.82+0.00 0.80+0.00 0.81+0.07 1.02
Rs (Q) 3.1810.37 3.44+0.37 3.31x1.12 0.92
Qs (Fs*') 1.39E-02+0.11E-02 1.65E-02+0.11E-02  1.52E-02+0.99E-02 0.84
as 0.90+0.00 0.83+0.00 0.87+0.05 1.09
Sy (Qs?l) 5.8411.41 11.97+1.41 8.91+3.33 0.49
Co (F) 0.21+0.03 0.20+0.03 0.20+0.02 1.05

25cycles R (Q) 5.21+0.36 5.64+0.26
Ry (Q) 1.1940.36
Qq (Fs**) 9.77E-0319.75E-03
ay 0.96+0.04
R, (Q) 6.13+1.50 8.95+0.11 7.54+1.77 0.68
Q, (Fs*') 3.13E-0410.25E-04 4.25E-04+0.09E-04 3.69E-04+0.59E-04 0.74
a, 0.89+0.03 0.79+0.00 0.84+0.06 1.13
Rs () 5.87+1.02 2.66+0.19 4.26+1.76 2.20
Q; (Fs*') 1.71E-03+1.64E-03 2.79E-02+0.08E-02 1.48E-02+1.32E-02 0.06
as 0.62+0.15 0.78+0.02 0.70+0.13 0.80
Sy (Qs?l) 5.59+0.36 7.45£0.12 6.52+0.97 0.75
Co (F) 0.23+0.00 0.16+0.00 0.2040.03 1.43
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