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Abstract

Silicon (Si) is one of the most promising anode active materials for the next-generation
high-energy-density lithium-ion batteries (LIBs), due to its high theoretical capacity com-
pared to state-of-the-art graphite (Gr) anode material. However, the utilization of Si-
based anodes in LIBs is limited due to the excessive volumetric changes of Si particles upon
lithiation and delithiation. These volume changes lead to particle pulverization, resulting
in mechanical degradation, unstable solid electrolyte interphase (SEI), and short cycle
life of the battery. To improve the performance of Si-based electrodes, different strategies
have been applied. The co-utilization of Si and Gr active materials (Si/Gr composite
electrodes) and the development of polymeric binder systems with unique chemistries are
two of the most effective strategies to enhance the performance of Si-based anodes.

This thesis focuses on the development of Si-based anodes by optimizing the electrode
formulations to achieve better mechanical and electrochemical performance. In the first
part of this work, a systematic investigation of Si and Gr active material content in the
anode, ranging from pure Gr to pure Si, has been conducted using a dual binder system
of lithium poly(acrylic acid) (LiPAA) and carboxymethyl cellulose (CMC). The ratio of
binders (LiPAA:CMC) was optimized according to the ratio of active materials (Si:Gr).
The electrochemical performance of the electrodes was investigated versus lithium (Li)
metal and nickel manganese cobalt oxide (NMC622). Post-mortem scanning electron
microscopy (SEM) with energy dispersive X-ray analysis (EDX) was performed on the
optimized Si/Gr after lithiation/delithiation at different cycle numbers and C-rates to
investigate the changes in morphology and Si particle degradation. The electrochemical
performance of the high-capacity Si/Gr and NMC622 cell was investigated and optimized
at high temperatures to integrate the cell into a PV-battery system.

In the second part of this work, the optimized Si/Gr anode was further studied using
sustainable and environmentally friendly natural polymeric binders. Chitosan biopoly-
mers with different degrees of acetylation (DA) and polymerization (DP) were utilized
as binders in the Si/Gr anode. After further fine-tuning of the anode formulation with
chitosan binders, cross-linking of chitosan with citric acid monohydrate, combined with
the development of a free-standing electrode, resulted in improved electrochemical perfor-
mance of the cell. The electrochemically cycled Si/Gr anodes were analyzed using X-ray
photoelectron spectroscopy (XPS) to study the surface chemistry of electrodes with and
without chitosan binder. Moreover, the effect of various parameters of the binder solution,
such as pH, was investigated for the state-of-the-art LiPAA binder. The mechanical and
electrochemical performance of the Si/Gr anodes, as well as the cross-linking of LiPAA
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with CMC, sodium alginate (SA), and tragacanth gum (TG), was studied. All binders
were characterized by Fourier transform infrared spectroscopy (FTIR) and thermogravi-
metric analysis (TGA), and the mechanical properties of the electrodes were measured
by a 90-degree peel test. Based on the electrochemical and mechanical properties of the
Si/Gr anodes, the LiPAA binder with a neutral pH exhibited superior performance, es-
pecially at higher C-rates. Overall, this work indicates the importance of the anode’s
chemistry and formulation and its direct effect on the electrochemical performance of the
LIBs.
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1 Introduction and Motivation

The overconsumption of limited natural resources, notably fossil fuels, leads to environ-
mental issues such as resource depletion and climate change. The increase in global
energy demand results in excessive use of petrol and diesel in the transportation sector
and other applications, increasing the emission of greenhouse gases, such as carbon diox-
ide (CO2). Therefore, it is essential to reduce the dependency on fossil fuels by increasing
the use of renewable energy sources, such as solar photovoltaics and wind. However, the
intermittency of renewable sources can lead to a mismatch between demand and supply.
Energy storage systems play a key role in overcoming these intermittencies and balancing
energy supply and demand. Among the various energy storage systems, lithium-ion bat-
tery (LIB) technology is highly promising for the integration of renewable energy sources
and large-scale applications in electric vehicles and smart grid or utility storage devices.
Therefore, much research has been conducted to improve the properties of LIBs, such as
energy density, cycle life, operating temperature range, and safety [1]–[5].

The state-of-the-art LIBs are based on graphite (Gr) as an anode active material, due to
its abundance, low cost, long cycle life, and low operating voltage (∼0.2 V vs. Li/Li+).
However, the low theoretical capacity of Gr (372 mAh g−1, based on LiC6) limits its
application for high-energy battery technologies. Therefore, anode materials need to be
studied and developed that can hold more Li-ions during lithiation. Silicon (Si) is a
promising anode active material with a high gravimetric capacity (3590 mAh g−1, based
on Li15Si4 at room temperature), high abundance, and suitable operating potential (∼
0.2–0.4 V vs. Li/Li+). Therefore, the utilization of Si-based anode materials is of high
interest in research and industry. Nonetheless, the main disadvantage of Si is that it
undergoes massive volume changes (∼ 200–400% vs. 8–12% for Gr), leading to mechani-
cal instability of the electrode, unstable solid electrolyte interphase (SEI), loss of contact
with the current collector, irreversible capacity loss, and short cycle life. Various methods
have been investigated to overcome these challenges and enhance the electrochemical and
mechanical performance of Si-based anodes. The two most promising strategies are the
use of Si/Gr composite electrodes and suitable polymeric binder materials. The Si/Gr
composite electrode merges the benefits of both anode active materials, showing less vol-
ume change compared to the pure Si electrode and higher specific capacity and electrical
conductivity compared to the pure Gr electrode [6], [7]. The optimization of the com-
posite electrode formulation is of high importance in obtaining desirable electrochemical
performance. Binders play a major role in the mechanical stability of the electrodes,
which has a direct impact on the irreversible capacity loss and cycle life of the battery.
Utilizing suitable binder material(s) can accommodate the volume change of Si particles
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1 Introduction and Motivation

upon lithiation/delithiation. Binders can be processed in aqueous or non-aqueous sol-
vents. Some of the non-aqueous solvents are toxic and hazardous to the environment and
human health, and are more expensive compared to water. The drying process of these
toxic non-aqueous solvents is more complicated and time-consuming, and it requires more
energy and cost to collect solvent vapors. Therefore, water-based electrode manufacturing
utilizing natural polymeric binders is beneficial and more environmentally friendly, not
only at the electrode production stage but also for the recycling of the battery [8], [9].

The main goals of this thesis are as follows:

• Develop a high-performance Si/Gr composite negative electrode for LIBs with en-
hanced specific capacity, coulombic efficiency, and cycle life.

• Investigate the influence of certain parameters and changes in the Si/Gr negative
electrode, such as electrode formulation, production process, active materials, and
binder chemistry, on the overall performance of the negative electrode and the bat-
tery cell.

• Identify and optimize natural and abundant biopolymeric binders suitable for Si/Gr-
based systems, while maintaining mechanical integrity during the charge/discharge
process. This includes achieving environmental benefits such as water-based pro-
cessing methods, elimination of hazardous wastes, cost reduction, and contribution
to sustainable electrode and battery technologies.

To fulfill the aims of this study, the following investigations were performed. The Si/Gr
anode formulation was systematically investigated, and the ratio of active materials
(Si:Gr) was optimized to minimize irreversible capacity losses and maintain a stable ca-
pacity (close to the theoretical capacity value) and coulombic efficiency over long-term
charge/discharge. Abundant, sustainable, and water-soluble biopolymeric binders were
investigated in this work to ensure the mechanical stability of the Si/Gr anodes and ac-
commodate the volume change of Si particles upon lithiation/delithiation. The Si/Gr
anode formulation was further optimized according to the different binder chemistries.
The effect of binders on the electrode/electrolyte interface and the battery cell’s overall
performance was also investigated. The capability of Si/Gr-based cells for application in
an integrated PV-battery system was investigated in solar charging experiments with a
perovskite solar cell. The sustainable processing and optimization of the Si/Gr anodes,
and the development of natural biopolymeric binders, can contribute to enhanced electro-
chemical performance of the Si/Gr-based anodes for cost-effective commercial LIBs and
reducing the environmental impacts.
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2 Lithium ion batteries

In this section, a summary of the history and development of lithium-ion batteries (LIBs)
is provided, followed by a detailed explanation of LIBs working principles. In the following
chapters, different components of LIBs, such as anode, cathode, binder, and electrolyte,
are reviewed and explained in detail.

2.1 History

In 1936, several clay jars, containing cylindrical copper and an iron rod, were found near
Baghdad, which dates back to more than 2000 years ago (during the Parthian period in
the Persian Empire). It was suggested by a German archaeologist, Wilhelm König, that
these pots are similar to galvanic cells and can produce a voltage of 1–2 V. These were
the very first concept of batteries and are named Parthian or Baghdad batteries. Later
in 1800, the electric battery was invented by Alessandro Volta, followed by the invention
of the Daniell cell by John Frederic Daniell in 1836. The batteries mentioned so far were
primary batteries, which can only be discharged. In 1859 lead-acid battery was invented
by Gaston Planté, which is a secondary battery and is rechargeable. Nickel-cadmium and
nickel-metal hydride are also among the secondary batteries [10], [11].

Lithium (Li) has a low atomic weight of 6.938 g mol−1 (atomic number of 3), low density
(0.534 g cm−1), high specific capacity of 3860 mAh g−1, and low redox potential of -3.04
V vs. standard hydrogen electrode (SHE). Lithium-metal primary battery (Li∥MnO2)
was commercialized by Sanyo in 1975. Secondary lithium-ion batteries (LIBs) were com-
mercialized by Sony in 1991, in which carbon-based materials have been commonly used
as anode active material. In 2005, Nexelion LIB was developed by Sony, which replaced
the graphite with a tin-based anode (Sn–Co–C), which increased the overall battery ca-
pacity and thus suggested the use of high-capacity alloy anode materials, such as silicon
[12], [13]. Silicon is one of the most promising candidates for replacing state-of-the-art
graphite-based anodes due to its high capacity (3590 mAh g−1, Li3.75Si, at RT), abun-
dance, eco-friendliness, and low operating voltage (ca. 0.2–0.4 V vs Li/Li+). However,
large volume changes during charge/discharge (approx. 280%) limit its usage and require
further electrode optimization [14], which will be discussed in more detail in the following
chapters.
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2 Lithium ion batteries

2.2 Working principles

Batteries are electrochemical cells that store chemical energy and convert it to electrical
energy. In secondary batteries, the conversion between electrical and chemical energy is
reversible. A lithium-ion battery is a rechargeable (secondary) battery that contains a
negative electrode and a positive electrode. These electrodes are separated by an elec-
trolyte, which is typically a lithium salt dissolved in organic solvent(s). The electrolyte
allows the Li ions to transfer from the positive to the negative electrode and vice versa.
A separator is used to prevent the physical contact between the negative and positive
electrodes, which could otherwise result in a short circuit. The porous structure of the
separator is an electron insulator but allows the Li ions to pass through it. The positive
and negative active materials are coated on current collectors, which are aluminum for
the positive and copper for the negative side. The current collectors are ionically insulat-
ing, electrically conductive, and electrochemically stable within the voltage range of the
battery.

Figure 2.1 shows a schematic overview of a LIB in a discharging process. Upon discharge,
the chemical energy is converted to electrical energy via electrochemical reactions at the
electrodes. Oxidation (loss of electron(s)) happens at the negative electrode, while re-
duction (gain of electron(s)) takes place at the positive electrode. Therefore, in battery
science, the negative and positive electrodes are referred to as the anode and cathode,
respectively. The oxidation-reduction reactions are known as redox reactions in electro-
chemistry. Electrons (e−) travel from the negative to the positive electrode via the current
collectors through an external circuit. Meanwhile, lithium ions (Li+) move from the neg-
ative electrode to the positive electrode through the electrolyte. Upon charge, the reverse
process occurs. A potential difference is applied between the two electrodes, leading to
the oxidation of the positive electrode and the reduction of the negative electrode. The
lithium ions travel from the positive electrode, through the electrolyte, to the negative
electrode (lithiation of the negative electrode and delithiation of the positive electrode).
The electrons travel via the current collectors through an external circuit [10], [15].

A state-of-the-art LIB with a graphite negative electrode and a layered transition metal
oxide positive electrode, such as lithium cobalt oxide (LiCoO2), undergoes the following
reactions during the charge/discharge process [16]:

Negative electrode : xLi+ + 6C + xe− ⇌ LixC6 (2.1)

Positive electrode : LiCoO2 ⇌ Li1−xCoO2 + xLi+ + xe− (2.2)

In the battery community, the terms “cycling”or “electrochemical cycling” refer to con-
tinuous charge and discharge of the battery. One cycle is defined as one complete charge
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2.2 Working principles

Figure 2.1: Schematic illustration of the operation principles of a lithium-ion battery
during discharge.

and discharge process.

Voltage

The electrochemical potential difference between the anode and cathode is the voltage of
the battery cell and is the driving force of the electrochemical reactions occurring in the
LIB. If the cell is disconnected from any circuit and no current is applied, the cell voltage
is referred to as the open circuit voltage (OCV). The potential difference can be described
as the difference in Gibbs free energy (∆G). In an electrochemical cell, under equilibrium
conditions, the Gibbs free energy and potential are given by Equation 2.3 [10], [15]:

∆G◦
cell = −z·F ·E◦

cell (2.3)

where z is the number of electrons or ionic species involved in the reaction, F is the
Faraday constant (96485 C mol−1), and Ecell is the potential (voltage) difference between
the electrodes. The standard Gibbs free energy and the equilibrium constant (K) are
related by the following equation [10]:

∆G◦
cell = −RT lnK (2.4)

where R is the gas constant (8.31432 J.K−1.mol−1) and T is temperature (in kelvin).

5



2 Lithium ion batteries

Therefore:

− z.F.E◦
cell = −RT lnK → E◦

cell =
RT

zF
lnK (2.5)

Since:

∆G = ∆G◦ +RT lnQ (2.6)

where Q is the reaction quotient. Therefore:

− z·F ·Ecell = −z·F ·E◦
cell +RT lnQ (2.7)

Ecell = E◦
cell −

RT

zF
lnQ = E◦

cell −
RT

zF
ln

CRed

COx

(2.8)

Equation 2.8 is known as the Nernst equation, where CRed and COx are the concentrations
of reduced and oxidized species, respectively. When an electrode is not inan equilibrium
condition, an overpotential (E − E◦) arises. The Nernst equation shows that the over-
potential of the cell is related to the activity of lithium ions in the positive and negative
electrodes, reflecting the concentration gradient. Under non-equilibrium conditions, the
concentration gradient results in the movement of lithium ions through the electrolyte
and within the electrodes. These diffusion processes are described by Fick’s second law
of diffusion:

δC

δt
= D·δ

2C

δx2
(2.9)

where C is the concentration, D is the diffusion coefficient, x is the distance, and t is
time. The reaction kinetics within an electrochemical cell is described by the Arrhenius
equation:

k = Ae
−Ea
RT (2.10)

where k is the reaction rate, A is a frequency factor or pre-exponential factor, Ea is the
activation energy, R is the gas constant, and T is the temperature .
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2.2 Working principles

Capacity

The term “capacity”is defined as the available electric charge (Q) in an electrode (anode
or cathode), a cell, or a battery. The capacity is usually reported as gravimetric capacity
(Ah kg−1 or mAh g−1) or volumetric capacity (Ah L−1). The theoretical capacity (Qtheo)
of an active material can be calculated by Faraday’s law of electrolysis (Equation 2.11).
Where m is mass (g), I is current (A), t is time (s), M is the molar mass (g mol−1), F is
the Faraday’s constant (96485 C mol−1), and z is the number of electrons involved in the
redox reaction process.

m =
It

Fz
M (2.11)

Since electric charge is the current multiplied by time (Q = It), the Qtheo (in Ah or C) is
defined as below:

Qtheo =
m·z·F
M

= n·z·F (2.12)

where n is the amount of substance (mol).

Specific capacity (also known as gravimetric capacity) is defined as the amount of electrical
charge delivered per unit mass, typically expressed in mAh g−1. The terms charge capacity
and discharge capacity refer to the amount of charge that is stored during charging and
discharging of LIB, respectively. The Coulombic efficiency (CE) of LIBs is defined as
the discharge capacity (Qdis) divided by the charge capacity (Qch), as shown in Equation
2.13:

CE =
Qdis

Qch

·100[%] (2.13)

A CE lower than 100% indicates that a portion of the charge is irreversibly lost, resulting
in a higher irreversible capacity (Qirr) in that cycle. Qirr is the difference between the
charge and discharge capacity within a single cycle (Qirr = Qch -Qdis), implying that the
charge capacity cannot be fully recovered in the discharge process due to parasitic side
reactions such as electrolyte decomposition [17].

The current rate, or C-rate is described as the current required to fully charge or discharge
a battery over a specific period of time. For example, when a current of 0.1 A is applied
to a 1 Ah battery, the C-rate is C/10, meaning that the battery would be fully charged
or discharged in 10 hours.
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2 Lithium ion batteries

In commercial LIBs, negative electrodes are usually based on graphite active material, and
positive electrodes are based on lithium transition metal oxides (the electrode materials
will be fully discussed in the following sub-chapters). Due to the difference between the
reversible specific capacity of the active materials in the negative and positive electrodes,
it is necessary to balance the active mass of negative (N) and positive (P) electrodes.
This ensures that both electrodes have similar discharge capacity (Qdis) during battery
operation. A general mass balancing calculation, based on the assumption of an equal
Qdis for the negative and positive electrodes, is shown in Equation 2.14 [18].

Qdis = qN·mN = qP·mP (2.14)

where Qdis is in mAh, q (reversible specific capacity) in mAh g−1, and m (active mass)
in g. Lithium plating is a major safety and aging concern in LIBs, leading to irreversible
capacity loss, and can be prevented by slightly oversizing the capacity of the negative
electrode. The negative to positive capacity ratio (N/P ratio) can influence the long-
term electrochemical performance, energy density, safety, and cost of the battery. If the
N / P ratio is less than 1, there are not enough active sites available on the anode to
accommodate all the lithium ions removed from the cathode, leading to lithium plating
on the anode surface. On the other hand, excessive oversizing of the anode increase the
overall mass and volume in the cell, including inactive masses, and results in reducing
the specific energy of the battery. Therefore, a trade-off between safety (N/P > 1) and
optimizing specific capacity (N/P = 1) is required. In commercial applications, an N/P
ratio of approximately 1.1–1.2 is considered optimal [18]–[20].

Energy density

The gravimetric (specific energy) and volumetric energy density of a LIB are defined as
the energy that can be stored per unit weight (Wh kg−1) and unit volume (Wh L−1),
respectively, as shown in Equations 2.15 and 2.16 [21]:

Gravimetric energy density (Wh kg−1) =
Capacity (Ah)× Voltage (V)

Weight (kg)
(2.15)

Volumetric energy density (Wh L−1) =
Capacity (Ah)× Voltage (V)

Volume (L)
(2.16)
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2.3 Graphite negative electrode

Graphite (Gr) is a state-of-the-art anode active material due to its long cycle life, high
Coulombic efficiency, low working potential (∼ 0.2 V vs. Li/Li+), low cost, high abun-
dance, and low volume change (8–12 %) during charge/discharge. Graphite was developed
as a negative electrode active material for LIBs in 1983 by Yazami and Touzian[22], using
a polymer electrolyte. In 1990, Dahn et al. [23] reported that reversible lithium intercala-
tion happens in graphite anodes using liquid electrolytes, containing ethylene carbonate
(EC) as a co-solvent, due to the formation of a solid electrolyte interphase (SEI) layer
(discussed further in Chapter 2.3.2).

2.3.1 Structural change of graphite upon lithiation and delithiation

Graphite has a layered structure, consisting of stacked graphene layers that are linked
by weak van der Waals forces and π-π interactions. The graphene layers are arranged in
either an ABAB sequence (hexagonal symmetry), which is thermodynamically favored,
or in an ABCABC sequence (rhombohedral symmetry). Graphite has two different types
of surfaces in its layered morphology; basal planes and edge (prismatic) planes, as shown
in Figure 2.2 [24]–[26].

Figure 2.2: (a) A schematic view of graphite’s layered morphology, basal and edge
planes. (b) SEM image of basal and edge planes in graphite (Reproduced
from Ref. [24] with permission from Wiley Online Library. Copyright 2021
and Ref. [25] with permission from Elsevier. Copyright 2014)

The weak van der Waals forces between graphene sheets allow expansion in the dis-
tance between the layers, enabling Li ions to intercalate through the edge planes into the
graphite structure during battery charging. The intercalation mechanism in graphite is
explained by the staging mechanism, which was investigated by Rüdorff and Hofmann
in 1938 [27]. According to this model, stage n is defined as the sequence of intercalated
ions within the graphene layers, where n is the number of graphene layers in between
two adjacent intercalated layers. This concept is schematically shown in Figure 2.3. One
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2 Lithium ion batteries

limitation of this model is that the transition from stage 3 to stage 2 cannot be explained
since it requires the complete deintercalation of Li ions from one layer and their interca-
lation into the next available layer. To overcome this limitation, Daumas and Herold [28]
modified this model as depicted in Figure 2.3. Based on the Daumas and Herold model in
stages 2, 3, and 4, the graphene layers are flexible and can deform around the intercalated
Li ions. This structural flexibility allows the transfer from stage 3 to stage 2, as Li ions
can diffuse within the same intercalation layer.

Figure 2.3: Schematic illustration of intercalation mechanism of Li ions in graphite ac-
tive material, based on Rüdorff-Hofmann and Daumas-Herold models (In-
spired and redrawn from Ref. [26] with permission from Royal Society of
Chemistry. Copyright 2020)

Graphite has a theoretical specific and volumetric capacity of 372 mAh g−1 and 850
mAh cm−3, respectively. The theoretical capacity of graphite is calculated according
to Faraday’s law of electrolysis (equation 2.12). With z =1/6, LiC6 representing the
fully lithiated state, and M =12.011 u, the atomic mass of carbon. Figure 2.4 shows
the electrochemical performance of a graphite anode versus Li metal and the respective
stages for Li ion (de-)intercalation. By increasing the content of intercalated Li ions, the
graphite anode goes through stages 1L, 4, 3, 2L, 2, and 1, respectively. Stage 1 is the
formation of LiC6 (fully lithiated state), which provides the highest capacity. “L”refers
to stages in which Li ions are not organized within the graphene layers. The potential
plateaus in Figure 2.4 indicate the stage transitions [26], [29].

2.3.2 Solid electrolyte interphase (SEI)

During the first few charge/discharge cycles, the low reduction potential of the graphite
anode results in electrolyte decomposition and formation of a passivation layer on the
anode surface, leading to a significant irreversible capacity loss in the initial cycles. The
passivation layer, known as the solid electrolyte interphase (SEI) layer, plays an essential
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2.3 Graphite negative electrode

Figure 2.4: Electrochemical performance of graphite anode half cell and different stages
of Li ion intercalation during lithiation. Inspired and redrawn from Ref.
[26] with permission from Royal Society of Chemistry. Copyright 2020)

role in the subsequent charging/discharging processes. The SEI layer prevents further
electrolyte decomposition, allows Li ions to pass through, and acts as an electrical insu-
lator. Therefore, SEI is necessary for the reversible intercalation of Li ions [30], [31]. The
SEI layer consists of organic and inorganic species. Inorganic species, such as Li2O and
LiF, form a thin and dense layer close to the graphite surface due to the reduction of
electrolyte salt anions. A layer of porous organic species, such as ROLi, ROCO2Li (R =
low-molecular alkyl group), semicarbonates, and polymers, is formed on top of the inor-
ganic layer as a result of electrolyte solvents decomposition [32]. A schematic illustration
of the mosaic model of the SEI layer on the graphite anode is shown in Figure 2.5 [33].
According to Shi et al. [34], Li ion diffusion is faster in the porous organic SEI layer
compared to the inorganic layer. In Gr anodes, the SEI layer formed on basal planes (∼
7 nm) is thinner and contains fewer inorganic species compared to the SEI on edge planes
(∼ 35 nm). This difference can be due to higher Li ions intercalation through the edge
planes, where Li salt anions can decompose and contribute to the formation of inorganic
SEI species [26], [35]. Optimizing the electrolyte formulation, particularly through the
use of electrolyte additives, can improve the stability of the SEI layer, thereby improving
the overall battery performance [26], [36].

Despite many advantageous properties of graphite, its low theoretical capacity (372 mAh
g−1) limits its usage in high-energy battery applications. Therefore, anode active materi-
als that store and release Li ions by electrochemical (de-)alloying mechanism have been
investigated as promising candidates for high-energy-density LIBs.
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Figure 2.5: Schematic illustration of SEI layer on graphite anode (Inspired and redrawn
from Ref. [33] with permission from IOP Publishing. Copyright 1997)

2.4 Silicon negative electrode

Alloy anode active materials are among the most promising candidates for the next-
generation LIBs because of their high energy density. Among these materials, silicon
(Si) has beneficial properties, such as a suitable operating potential of 0.2–0.4 V vs.
Li/Li+, high abundance, and low cost. During lithiation/delithiation, Si undergoes re-
versible alloying/de-alloying with Li ions, forming Li4.4Si at 415°C and Li3.75Si at room
temperature (RT) in fully lithiated state, according to the Li-Si phase diagram (Figure
2.10). These lithiated stated result in capacities of approximately 4200 mAh g−1 and 3590
mAh g−1 at elevated temperature and room temperature, respectively [37], [38]. Si-based
anodes enhance the capacity and energy density of LIBs, since each Si atom can accom-
modate up to 3.75 Li ions at room temperature, whereas Gr can intercalate one Li ion per
six carbon atoms (LiC6). However, despite these advantages, Si has a low electronic con-
ductivity and an enormous volume change of 200–400% (vs. 8–12% for graphite) during
lithiation and delithiation. This large volume change upon electrochemical cycling (Fig-
ure 2.6) leads to Si particle cracking and pulverization, causing mechanical instability of
the electrode film, loss of contact with the Cu current collector, irreversible capacity loss,
short cycle life, and unstable SEI layer. To overcome these issues, several studies have
been performed to improve the performance of Si-based anodes, such as using Si nanos-
tructures [39]–[41], Si nanowires [42], silicon/carbon (Si/C) composite electrodes[43], [44],
etc. Additional strategies include the usage of electrolyte additives [3], [31], [45]–[47], and
suitable polymeric binders [3], [48]–[50], which have been widely investigated to improve
the electrochemical performance and stability of Si anodes[51].

As mentioned above, an effective strategy to enhance the performance of Si anodes is to
combine Si and Gr active materials in a so-called Si/Gr composite (blend) anode, which
results in the synergistic effects of both active materials. The Si/Gr anode is expected
to show a longer cycle life, higher electrical conductivity, a more stable SEI layer, and
reduced volume change compared to pure Si anodes. Moreover, the presence of Si increases
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Figure 2.6: Schematic illustration of Si particles volume expansion upon lithiation

the overall capacity of the electrode compared to pure Gr anodes. An overview of the
synergistic effect of using both Si and Gr active materials in the negative electrode is
shown in Figure 2.7. It should be noted that the preparation process of the Si/Gr anode
and the slurry formulation and optimization are of high importance and have a significant
impact on the capacity and cycling stability of the anode. These aspects will be discussed
in detail in Chapter 4.

Another method to mitigate the large volume change of Si is the use of suitable binders for
Si-based anodes. These binders form a strong network that can accommodate mechanical
stresses due to the volume change of Si particles during electrochemical cycling. Although
binders are considered electrochemically inactive components of LIBs, they play a major
role in the mechanical stability of the electrodes, irreversible capacity losses, and stabiliz-
ing the cycling performance. The effect of binders will be fully discussed in Chapters 2.5,
4, and 5.

2.4.1 Surface chemistry of silicon

Si powder (nm–µm scale) is used for preparing Si-based anodes in LIBs. Once Si particles
get in contact with oxygen and moister at room temperature native oxide film (amor-
phous SiOx) will form on the Si surface (Equations 2.17 and 2.18), containing Si–O–Si
(siloxane) and Si–OH (silanol) functional groups [8], [52], [53]. Therefore, hydroxyl (–OH)
terminations exist on the surface of the Si particles, forming thermodynamically stable
SEI species such as LiOH and Li2O. The SEI layer of Si-based anodes contains LixSiOy

due to the reactions of the native oxide layer [54].

Si + O2 → SiO2 (2.17)
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Figure 2.7: Overview of the synergistic effect of using silicon/graphite blend anodes in
LIBs (Inspired by Ref. [7])

2Si + 2H2O → SiO2 + 2H2 (2.18)

Si is more hydrophilic compared to Gr and therefore, Si oxidation can happen during
slurry formation, in the presence of water, leading to the generation of gas (production
of H2) in the slurry, especially in large production scales. Contact of Si particles with the
solvent (water) and carbon black (CB), as well as the reaction of O2 with the defects on
the Si surface (caused by mechanically grinding the Si particles), can lead to Si oxidation
during slurry preparation [52]. The Li salts in the electrolyte, such as LiPF6, decompose
during electrochemical charge/discharge (Equations 2.19 and 2.20), which can react with
the Si oxide native film.

LiPF6 → LiF + PF5 (2.19)

PF5 +H2O → POF3 + 2HF (2.20)

The Si oxide native film and Si surface go through chemical and electrochemical reactions
shown in Equations 2.21 to 2.24, leading to the formation of the SEI layer on the surface
of the anode [3], [55], [56].
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SiO2 + 4Li+ + 4e− → Si + 2Li2O (2.21)

Si + xLi+ + xe− → LixSi (2.22)

ySiO2 + xLi+ + xe− → (y − 1)Si + LixSiO2y (2.23)

SiO2 +HF → SiOxFy +H2O (2.24)

Figure 2.8 shows the differential capacity (dQ/dV) vs. voltage analysis (explained in
Chapter 2.8.1) for the Si half-cell at the first cycle. Fears et al. [55], [57] investigated the
SEI layer formation of Si anodes via X-ray photoelectron spectroscopy (XPS) and showed
that above 0.6 V SEI layer formation starts and continues to grow during SiO2 (0.4 V)
and Si (0.2 V) lithiation, forming products such as Li2CO3, LiF, and Li4SiO4 or Li2Si2O5.
These lithiation products strongly affect the properties of the SEI layer. For example,
Li4SiO4 has low ionic conductivity and reduces the Li-ion diffusion in the SEI [58]. The
SEI layer formed on Si electrodes at the lithiated state is thicker compared to graphite
[59].

Figure 2.8: Differential capacity (dQ/dV) vs. voltage curve for a thin film Si half-cell
at the first cycle. Shape marks show the electrochemical reactions: SEI
layer formation (green circle), SiO2 lithiation (orange square), irreversible
lithiation (blue square), Si lithiation/delithiation (red triangle) (Reproduced
from Ref. [57] with permission from Royal Society of Chemistry. Copyright
2016)
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Cao et al. [56] studied the potential dependence of the SEI layer formation on the native
oxide surface on the Si anodes. Figure 2.9 shows a schematic illustration of the SEI
layer formation on the Si anode at different voltages upon lithiation. Based on the XPS
measurements performed by Cao et al. [56], at open circuit voltage (OCV), the native
oxide film is covering the surface of the Si electrode. At 0.8 V, the organic SEI layer and
a small amount of electrolyte decomposition products are formed, but the native oxide
layer is not reacted. At 0.7 V, the native oxide layer starts to lithiate and form LixSiOy.
The lithiation of the native Si oxide film will also result in the formation of Si and lithium
silicide (LixSi). At 0.6 V, the top inorganic SEI layer starts to form due to electrolyte
decomposition, which mostly contains LiF. The bottom SEI continues to grow up to 0.3
V by further reduction of the native oxide to LixSiOy, and the formation of Li2O starts.
At 0.2 V, Li2O is formed in the bottom inorganic SEI layer [56], [60]–[62].

Figure 2.9: Schematic illustration of SEI layer formation on Si native oxide film in a
Si anode at different voltages (Adapted and redrawn from Ref. [56] with
permission from Elsevier. Copyright 2019)

The functional groups present on the surface of Si can chemically react with binders
containing functional groups such as carboxyl (–COOH) by forming hydrogen bonding
and/or ion-dipole interactions, which will be fully discussed in Chapter 2.5.

2.4.2 Electrochemical lithiation/delithiation of silicon

The reaction between Li and a metal or an alloy compound is generally divided into two
different types: (1) solid-solution reactions and (2) addition reactions. In both types,
Li-ions are added to the reactant phase without removing the reactant’s components
(Equation 2.25) [63], where M is the reactant, which can be a compound or an element.

Li + xM ↔ LiMx (2.25)

In solid-solution reactions, the lithiated LiMx has the same phase or structure as M. In
addition reactions, the phase of the LiMx product is different from the phase of the M
reactant. Lithiation/delithiation of crystalline Si is an addition reaction, in which an
amorphous LixSiy phase forms. The amorphous lithiated Si phase can accommodate a
high amount (x = 3.4 ±0.2) of Li per Si atom, therefore, high capacity and volume change
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are observed. Based on the Gibbs phase rule, in a closed system, the degree of freedom
(f) is defined as f = C − P , where C is the number of components and P is the number
of phases. In a binary Li-M system with a solid-solution reaction, C = 2 and P = 1,
the electrical potential is a degree of freedom and a function of Li concentration, which
is represented as a slope in the voltage profile. Whereas, in an addition reaction, C = 2
and P = 2, f = 0, and the electrical potential is under equilibrium and does not depend
on the composition. Therefore, a plateau in the voltage profile is observed in the regions
where two phases co-exist [63], [64].

Figure 2.10: a) Si-Li phase diagram (Reproduced from Ref. [65] with permission from
Springer. Copyright 2009), b) Voltage profile of crystalline Si upon lithia-
tion/delithiation at 415°C (dotted line) and room temperature (solid line)
(Reproduced from Ref. [66] with permission from Wiley Online Library.
Copyright 2013). High temperature data are from Ref [38].

Wen and Huggins [38] showed that based on the Li-Si phase diagram (Figure 2.10a) at
415°C, Li and Si electrochemically react and produce Li12Si7, Li7Si3, Li13Si4, and Li22Si5
at 332, 288, 158, and 44 mV respectively. This results in a stepped galvanostatic voltage
profile, according to the coulometric titration measurement [38], which is shown in Figure
2.10b (dotted line). Elevated temperatures enhance the formation of crystallized equilib-
rium intermetallic phases, however, this process is different at room temperature (RT),
as it is also shown in Figure 2.10b (solid line) and depends largely on the Si particle size
and depth of lithiation. The voltage profile for charge/discharge of crystalline Si at RT
shows a flat plateau at ∼0.1 V vs. Li/Li+, which is because of the existence of two phases:
lithiated amorphous LixSiy and non-lithiated crystalline Si. The difference between the
voltage profile at room temperature and the equilibrium voltage profile at high temper-
ature is due to the electrochemical solid-state amorphization, which happens at room
temperature. This leads to the formation of metastable a-LixSiy, since the formation of
the equilibrium intermetallic LixSiy phase is kinetically not favorable at room temperature
(due to higher Gibbs free energy). Figure 2.11 shows the four different possibilities that a
metal electrode can get lithiated electrochemically. Figure 2.11a shows the plating of Li
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metal on the surface of the electrode, which can happen when alloying is thermodynam-
ically not favored or when Li ions travel at a high rate and the alloying reaction cannot
take place. In Figure 2.11b, the supersaturation of the alloy has happened. Figure 2.11c
shows the conventional alloying, leading to the formation of solid solutions or crystalline
compounds based on the equilibrium phase diagram. However, if the crystalline Li-M
phase is not kinetically favored and the amorphous phase with lower Gibbs free energy
can form, amorphization happens according to Figure 2.11d [67], [68].

Figure 2.11: Electrochemical lithiation of a metal (M) electrode: a) Li plating, b) Su-
persaturation, c) Alloy formation (equilibrium), d) Solid state amorphiza-
tion (Adapted and redrawn from Ref. [67] with permission from Elsevier.
Copyright 2003)
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2.5 Binders

Binders have a remarkable impact on the mechanical stability of the electrodes, leading
to less irreversible capacity loss and stable cycling performance of the battery. Binders
are divided into two groups: aqueous (water-based) and non-aqueous. Poly (vinylidene
difluoride) (PVDF) is a conventional non-aqueous binder used for both anodes and cath-
odes. It is soluble in N-methyl-2-pyrrolidone (NMP), which is a toxic, not environmentally
friendly, and expensive solvent (compared to water). In addition to health hazards, NMP
has a boiling point of 203 ◦C; therefore, the drying process of NMP-containing electrodes
requires higher temperatures, longer processing times, and specialized equipment for col-
lecting and disposing of the toxic vapors. On the other hand, aqueous binders enable
environmentally friendly and cost-effective slurry processing and electrode fabrication.
Therefore, many investigations have been carried out to replace non-aqueous binder sys-
tems with aqueous binders. Aqueous binders derived from natural and organic sources
are known as natural binders, such as carboxymethyl cellulose (CMC), chitosan, alginate,
etc. [50], [69], [70]. These binders are introduced in this chapter and discussed in more
detail in Chapters 4 and 5.

2.5.1 Enabling characteristics of polymer binders for silicon-based
electrodes

As discussed in Chapter 2.4, binders used in Si-based electrodes play a critical role in
maintaining the mechanical stability of the electrode upon volume changes associated
with lithiation and delithiation, which greatly impacts the electrochemical performance
of Si-based anodes in high-performance LIBs. The enormous volume change of Si particles
upon electrochemical cycling can lead to particle pulverization and repeated destruction
and reconstruction of the SEI layer, resulting in high electrolyte consumption, SEI layer
thickening, and irreversible capacity loss. In this thesis, the term “accommodate”describes
the function of binders that exhibit mechanical elasticity, stretchability, and ductility upon
Si volume change, while remaining attached to the surface of Si particles and the current
collector (Figure 2.12). Binders that accommodate the volume change of Si particles
enhance the interfacial adhesion strength between the binder and active material and
maintain the mechanical integrity and electrical conductivity of the electrode [49], [71],
[72]. This reduces stress and damage to the anode film, as well as the capacity loss of the
battery.

Extensive research has been conducted on polymeric and bio-derived water-based binders
for Si-based anodes. For example, Choi et al. [73] developed a spider silk binder that
can accommodate the massive volume change of Si and enhance the cycling stability of
the battery cell. Other investigations have developed multi-component binder systems
(containing more than one type of binder) to better accommodate the volume changes of
Si particles. For instance, Kang et al. [74] developed a binder system containing poly-
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Figure 2.12: Schematic illustration of the key properties of a suitable binder for Si-based
electrodes.

acrylamide (PAM), CMC, styrene butadiene rubber (SBR), and poly(tetrafluoroethylene)
(PTFE), which enhanced cycling performance and reduced electrolyte consumption com-
pared to anodes with a single binder. Figure 2.12 shows the key properties of an ideal
binder material, particularly for Si-based electrodes. As mentioned earlier, adhesion and
elasticity of the binder are highly important parameters for binder performance. Further-
more, the chemical structure and functional groups of the binders significantly influence
the physical and chemical properties of the binder, as well as its compatibility with Si
active material [75], [76]. The binder solution also impacts the dispersion of active and
conductive materials within the slurry, as well as the slurry viscosity. Binders need to be
chemically stable in contact with the electrolyte and have electrochemical and thermal
stability within the operating voltage and temperature ranges of the battery. Moreover,
the ionic and electronic conductivity of the binder also impacts the electrode’s perfor-
mance upon lithiation and delithiation [77], [78]. Other factors, such as sustainability,
abundance, and cost, are highly important in the selection of binder materials for specific
applications [79].
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2.5.2 Molecular level functionality of bio-derived polymer binders for
silicon-based electrodes

The interaction of the functional groups of the polymeric binders and Si active material
can affect the mechanical and electrochemical stability of the anode films by allowing
better accommodation of the Si volume change upon the charge and discharge process.
Therefore, it is crucial to study the functional groups of the polymeric binders.

Carboxyl (–COOH) and hydroxyl (–OH) functional groups are important binding sites
commonly found in polymeric binders. Carboxyl groups, consisting of carbonyl (C=O)
and hydroxyl groups attached to a C atom, are polar and water-soluble. However, longer
carbon chains increase the hydrophobicity of the molecule. Carboxylic groups can ac-
cept and donate hydrogen bonds due to their carbonyl and hydroxyl groups, respectively.
Binders containing carboxylic or hydroxyl groups form polar hydrogen bonds with the na-
tive SiOx surface layer, thereby enhancing the adhesion. Carboxymethyl cellulose (CMC)
[80]–[82], sodium alginate (SA) [83], [84], and polyacrylic acid (PAA) [85]–[90] are among
the commonly used binders in Si-based electrodes, due to their abundance of carboxyl and
hydroxyl functional groups. Carboxyl groups of the binders can also improve the elec-
trolyte absorption in battery electrode[91]. Amino (–NH2) functional groups in polymeric
binders can interact with the surface of Si particles. These groups can also be cross-linked
with PAA, citric acid, or glutaraldehyde, to form a 3D binder network that can improve
the mechanical and electrochemical performance of Si-based anodes [8], [92]–[94]. The
catechol functional group (C6H6O2) results in excellent wetness-resistant adhesion [95],
[96]. Ryou et al. [96] conjugated mussel-inspired adhesive catechol groups to PAA and
alginate backbones in Si nanoparticle (NP)-based and Si/Gr anodes. Catecholic adhesion
and hydrogen bonds improved the cycling performance and capacity retention of the an-
odes. Moreover, the catecholic interaction with the surface of Si NP allows more Si NP
to actively participate in the lithiation/delithiation process, thus increasing the capacity
of the anode.

Carboxymethyl cellulose (CMC)
CMC is a semiflexible linear polymer derived from cellulose and is one of the most abun-
dant biopolymers on Earth. In CMC, some of the hydroxyl groups are substituted with
carboxymethyl groups (–CH2COOH) (Figure 2.13a). The degree of substitution (DS) in
CMC is defined as the number of substituted hydroxyl groups in one monomer. The
highest DS is three because of the three hydroxyl groups per carbon ring [80], [97], [98].
In a study by Wang et al. [99], it was shown that DS influences the specific capacity
and cycle life of Si-based anodes using nano-silicon. A DS of 0.55 was identified as the
optimum value in their research.

Polyacrylic acid (PAA)
PAA contains carboxyl groups and is a high-performing binder for Si-based anodes, en-
hancing the Coulombic efficiency and cycle life of the cell [86], [88]. Carboxylic groups
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in PAA can dissociate in water with the addition of alkaline hydroxides such as LiOH,
NaOH, or KOH. The neutralization degree can be adjusted by the amount of alkaline
hydroxides (AOH) in the binder solution, as shown in Equation 2.26 [100]:

−[CH2 − CH(COOH)]n − +xAOH →
−[CH2 − CH(COOH)]n−x − [CH2 − CH(COOA)]x + H2O (2.26)

The pH of the binder solution can be controlled by adjusting the degree of neutralization.
The addition of AOH increases the pH of the PAA solution from acidic to basic [100].
PAA is commonly used as lithium polyacrylic acid (LiPAA) or sodium polyacrylic acid
(NaPAA). The chemical structure of LiPAA is shown in Figure 2.13b. The addition
of alkaline hydroxides and the pH adjustment can directly influence the physical and
chemical properties of the slurry and the electrode [86], [100].

Sodium alginate (SA)
Alginate is a linear natural polysaccharide derived from algae, commonly used in the form
of its sodium (Na), Sodium alginate (SA) (NaC6H7O6) [101], as shown in Figure 2.13c.
SA is water-soluble and contains a high number of hydroxyl and carboxylic groups, which
can form hydrogen bonds and ion-dipole interactions with Si particles [101], [102].

Tragacanth gum (TG)
Tragacanth gum (TG) is one of the most abundant polysaccharides and is biocompatible,
biodegradable, and rich in carboxyl and hydroxyl groups. TG is a natural gum that is used
as a stabilizer, thickener, emulsifier, moisturizer, and water-soluble binding agent in the
textile, pharmaceutical, and food industries [103]–[106]. TG has been studied as a binder
for graphite anodes [107], carbon-based materials for electrochemical capacitors [108],
and high-voltage lithium nickel manganese oxide (LNMO) cathode [109]. The chemical
structure of TG is shown in Figure 2.13d.

Chitosan
Chitosan biopolymer is produced by the partial deacetylation of chitin (poly(β-(1→4)-
N-acetyl-D-glucosamine)) according to Figure 2.14. Chitin is one of the most naturally
abundant polysaccharides after cellulose and the most abundant nitrogen-containing or-
ganic compound in nature [110], [111]. Chitin is lightweight, and due to its superior
mechanical properties, such as high strength and toughness, it is one of the major load-
bearing components in the stiff tissues of the exoskeleton of diatoms, sponges, corals, and
mainly arthropod cuticles and shells of crustaceans (such as shrimps, crabs, and lobsters).
In these structures, chitin fibers are within a protein network, along with calcium car-
bonate and silica [110]. Chitin’s structure is similar to cellulose, in which the hydroxyl
groups are replaced by acetamide groups (–NHCOCH3), and it is not soluble in water
[112], [113].
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Figure 2.13: Chemical structure of a) Carboxymethyl cellulose (CMC), b) Lithium poly-
acrylic acid (LiPAA), depending on the degree of neutralization/pH, num-
ber of carboxyl groups or Li substituted carboxyl groups may vary, c)
Sodium alginate (SA) and, d) Tragacanth gum (TG)

To extract chitin, acid and alkaline treatments are performed to remove calcium car-
bonate and proteins, respectively. The (partial) deacetylation of chitin under alkaline
conditions (concentrated NaOH) or enzymatic hydrolysis results in the production of chi-
tosan, which is the most important derivative of chitin [111]. Due to the hydrophobicity
of acetyl groups (CH3CO) chitin does not dissolve in aqueous solutions, however, chitosan
can be dissolved in dilute aqueous acid solutions, such as acetic acid, by converting the
glucosamine unit (R–NH2) into its protonated form (R–NH+

3 ) [93], [111], [114]. Chitosan
biopolymer consists of acetylated (N-acetyl-D-glucosamine (GlcNAc)) and deacetylated
units (β-(1,4)-linked D-glucosamine (GlcN)) (Figure 2.14). The degree of acetylation
(DA) is described as the percentage of monomeric acetylated units (Equation 2.27). DA
determines the chemical and physical properties of the chitosan biopolymer [50], [110],
[115]. Acetyl groups and the DA can affect the mechanical properties of chitin and chi-
tosan. Acetyl groups can contribute to the hydrogen bond formation and stabilization
of the hydrogen bond network, which enhances the fracture resistance of the biopolymer
[110]. Acetyl, hydroxyl, and amino groups in chitosan form hydrogen bonds and dipole-
dipole interactions with the surface of the active material and the Cu current collector,
thereby improving the mechanical and electrochemical performance of the anodes [92],
[116], [117].

DA =
n(GlcNAc)

n(GlcNAc) + n(GlcN)
· 100% (2.27)

The degree of polymerization (DP) refers to the number of monomeric units in the chi-
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tosan biopolymer (Equation 2.28) and is correlated with its molecular weight (MW ). The
mechanical properties of polymers, such as tensile strength, are directly influenced by DA,
DP, and MW . The research conducted in this thesis on chitosan biopolymeric binder is
fully described in Chapter 5.1.

DP = n+ 2 (2.28)

Figure 2.14: Partial deacetylation of chitin to chitosan. (Reproduced from Ref. [50]
(Hamzelui et al.) with permission from Wiley Online Library. Copyright
2022)

2.5.3 Interactions between active materials and polymeric binders

The chemistry of polymeric binders directly influences the adhesion strength between the
binder and electrode, and the cohesion of the electrode film [69]. Covalent bonds form
when two atoms share an electron pair. The Si–O and Si–OH on the surface of Si particles
covalently bond with the polymeric binders by chemically reacting with their functional
groups. During the electrode drying process at elevated temperatures, esterification may
occur between OH groups on the Si surface and COOH groups of the binders, such as
CMC with a neutral pH [118]. In an investigation by Mazouzi et al. [119], it is suggested
that the esterification reaction is enhanced at ∼pH 3. Decreasing the pH neutralizes SiO−

and COO− groups to SiOH and COOH, respectively, and therefore, favors the esterifica-
tion [119]. PAA binder covalently bonds with OH groups on the Si oxide surface layer
[120]. Another example is glyoxalated polyacrylamide (GxPAAm) binder, which forms a
covalent bond with Si under acidic conditions (pH ∼4) [121]. Polysaccharides containing
carboxylic groups in their side chains, such as CMC and pectin, can form covalent bonds
with the oxide layer on the Si surface. Yoon et al. [122] investigated pectin as a binder
for Si-based anodes, and suggested that due to its elastic nature and strong covalent bond
with Si, pectin accommodates the volume change of Si particles during charge/discharge.
However, despite the strong adhesion provided by covalent bonds, these bonds are irre-
versible and cannot be recovered upon breaking. In contrast, dynamic covalent bonds
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can form between the polymer binder and Si active material with the help of external
factors such as catalysts, heat, or pH [21], offering partial self-healing capability. Oth-
erwise, mechanical stress caused by the large Si volume change upon charge/discharge
leads to a plastic rupture of covalent bonds. Hence, binders that form covalent bonds are
not always ideal for the Si-based anodes. Alternatively, supramolecular interactions are
reversible, dynamic, and recover once broken (self-healing), however, these interactions
are weaker compared to covalent bonds. The recovery of supramolecular interactions de-
pends on the strength of the interactions. Figure 2.15 illustrates the chemical bonds and
supramolecular interactions and their adhesion properties in Si-based anodes [69].

Figure 2.15: Chemical bonds and supramolecular interactions and their adhesion prop-
erties in Si-based anodes. (Inspired and redrawn from Ref. [69], with
permission from Royal Society of Chemistry. Copyright 2018)

Van der Waals force is among the weakest supramolecular interactions that occur upon
temporarily induced dipoles in two molecules, which can dissociate under small mechanical
stress. These weak bonds result in low reversibility and show a low driving force to
recover [69]. For example, the state-of-the-art PVDF binder; the weak Van der Waals
force between the binder and active material cannot maintain the stability of Si-based
anodes upon high volume change of Si particles during charge/discharge [123].

Dipole-dipole bonding occurs between molecules with permanent dipoles. Biomaterials
and biopolymers usually contain functional groups containing oxygen and nitrogen, which
can form dipole-dipole bonds with the oxides on the Si surface. Therefore, biomaterials
such as proteins and amino acids can be suitable binders for Si-based anodes due to their
polar functional groups [124]. Another example is the chitosan binder, with hydroxyl and
amine polar groups that form a dipole-dipole interaction with the surface of the Si active
material [116].
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Hydrogen bonding is a strong and reversible supramolecular interaction and is among
the favorable bonds between the polymeric binders and Si active material, due to strong
adhesion, strong recovery, and self-healing properties [69]. Biopolymers and natural
polysaccharide binders with –COOH and –OH groups can form hydrogen bonds with
the native Si oxide film [117]. Hydrogen bonds can form along the polymer backbone,
such as carboxymethyl fenugreek gum (CFG) binder, which was developed for Si-based
anodes by Qiu et al. [125]. CFG contains carboxyl and hydroxyl groups on its backbone
chain, which form strong hydrogen bonds with the Si surface, resulting in homogeneous
anode films. In polymeric binders with longer chains, hydrogen bonds form between the
functional groups at the side-chain of the binder and the surface of Si. The hydrogen
bond at the side-chain provides strong physical adhesion to the Si particles in the form
of single, double, or quadruple hydrogen bonding [21].

Ion-dipole interaction is a strong supramolecular interaction that provides strong ad-
hesion and self-healing ability [126]. CMC and sodium alginate, which contain hydroxyl
and carboxylate groups, can form ion-dipole bonds as well as hydrogen bonds with the
silanol groups on the oxide layer of Si particle surfaces [69].
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2.6 Positive electrode

The positive electrode is the main source of lithium in LIBs, in which Li ions are ex-
tracted and inserted during the charge and discharge processes. Minimal structural
changes should occur to the cathode host structure during electrochemical cycling to
ensure stable performance. Therefore, the majority of commercial cathode materials are
intercalation-type, which are classified into three categories based on their structure and
dimensionality of Li ion transport: (1) layered, (2) spinel, and (3) olivine. The crystal
structures of these three groups are shown in Figure 2.16 [127].

Figure 2.16: Schematic structure of different cathode materials: a) Layered, b) Spinel,
and c) Olivine. (Reproduced from Ref. [127] with permission from the
Royal Society of Chemistry. Copyright 2014.)

Layered oxide cathodes are mostly used in high-energy battery applications. Lithium
cobalt oxide (LiCoO2, LCO), with a high theoretical specific capacity of 274 mAh g−1

and operating potential of ∼4 V vs. Li/Li+, was the first investigated commercial ox-
ide cathode with a stable electrochemical performance. However, its high costs, thermal
safety issues, and limited practical capacity of ∼140 mAh g−1 have led to the devel-
opment of substitutional cathode oxides such as lithium nickel cobalt manganese ox-
ide (LiNi1−y−zMnyCozO2) (NMC). NMC contains less cobalt, has lower costs, and a
higher capacity of ∼160-200 mAh g−1 compared to LCO. NMC can have different sto-
ichiometries and therefore, different properties depending on the ratio of Ni, Mn, and
Co. Ni increases the capacity but lowers the capacity retention and thermal stability,
and safety. Co improves the electronic conductivity and rate capability, but increases
the costs. Mn enhances safety, lowers costs, and improves rate capability. Different
stoichiometries of NMC materials such as NMC111 (LiNi0.33Mn0.33Co0.33O2), NMC532
(LiNi0.5Mn0.3Co0.2O2), NMC622 (LiNi0.6Mn0.2Co0.2O2), and NMC811 (LiNi0.8Mn0.1Co0.1O2)
have been investigated to move toward Ni-rich cathodes and reduce the content of Co [128],
[129].

Spinel oxide cathodes, such as lithium manganese oxide (LiMn2O4, LMO), have a three-
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dimensional structure that facilitates Li ion movement, improves electrical conductivity,
and enhances capacity retention compared to LCO. An advantage of using Mn is its lower
cost relative to Co. However, cathode degradation and Mn dissolution can happen during
the charge/discharge of the battery, which can lead to the migration of Mn to the anode
and blocking the path of Li ion intercalation into the graphite anode, therefore, reducing
the cycle life. It was suggested that substituting a small amount of Li (∼5 at%) with Mn
leads to Mn-Mn interactions and reduces the Mn dissolution [129]–[131].

Olivine cathodes, such as lithium iron phosphate (LiFePO4, LFP), are another type of
cathode material. LFP has an operating voltage of ∼3.5 V vs. Li/Li+, specific capacity
of ∼170 mAh g−1, low cost, and good sustainability. It also shows a long cycle life and
shelf life due to the stability of the polyanionic phosphate network, however, this comes
at the cost of lower gravimetric and volumetric energy density [132]–[134].
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2.7 Electrolyte

The electrolyte is a medium that enables the movement of Li ions between the electrodes,
therefore, it should be ionically conductive and electronically isolating. Commercial liquid
electrolytes usually consist of lithium salt, organic solvent, and additives. A suitable
electrolyte should be stable in the operating electrochemical and temperature windows
and be chemically and electrochemically stable against the other battery components (such
as anode, cathode, and separator). The negative and positive electrodes have different
electrochemical potentials, which are shown in Figure 2.17 as µA and µC , respectively. A
suitable electrolyte should have a wide electrochemical stability window (Eg), in which
no oxidation or reduction takes place, resulting in large output voltages as it is depicted
in Figure 2.17 [135], [136]. Oxidation and reduction reactions between the electrodes and
electrolyte lead to the formation of interphases, such as the SEI layer, which is explained
in Chapter 2.3.2. Due to the significant volume change of Si particles and chemical
reactivity of LixSi phases with the electrolyte [137], the SEI layer on Si-based anodes is
of high importance to prevent further electrolyte degradation, therefore, enhancing the
capacity retention and cycle life of the battery. As a result, many investigations have
focused on improving the electrolyte formulation in Si-based LIBs.

Figure 2.17: Schematic illustration of electrolytes in LIBs. Eg is the thermodynamic
stability window of the electrolyte. µA and µC are the electrochemical
potentials of the anode and cathode. (Reproduced from Ref. [135] with
permission from the Royal Society of Chemistry. Copyright 2023.)

A mixture of two or more solvents is typically used in electrolytes. These solvents should
remain in a liquid state within the operating temperature range, exhibit chemical stabil-
ity against other battery components, have low viscosity (to facilitate ion transport), a
high dielectric constant, and be able to dissolve suitable concentrations of lithium salt.
As shown in Figure 2.17 [135], [136], salt-solvent interactions (ion-dipole) lead to the dis-
solution of the salt into anions and cations. In commercial cells, the electrolyte solvent
system is usually a mixture of cyclic, such as ethylene carbonate (EC), and linear car-
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bonates, such as ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and diethyl
carbonate (DEC) [45].

The lithium salt used in most commercial LIBs is lithium hexafluorophosphate (LiPF6).
However, LiPF6 is very sensitive to traces of moisture and temperatures above 70 ◦C,
which limits its usage due to safety and degradation issues. Other lithium salts such
as lithium bis(fluorosulfonyl)imide (LiFSI) and lithium bis(oxalate)borate (LiBOB) are
being investigated as alternatives or additions to LiPF6 salt [45].

The addition of small amounts of additives to the electrolyte can enhance different prop-
erties of LIBs, such as cycle life, thermal stability, safety, and cost, depending on the
application. Additives have a significant impact on the properties of the SEI, especially
in Si-based anodes. Suitable additives should be low-cost, environmentally friendly (green
chemistry), and ionically conductive [3], [46]. Vinylene carbonate (VC) and fluoroethy-
lene carbonate (FEC) are among the most widely used electrolyte additives. VC has
been reported to improve the cycle life and thermal stability of Si-based anodes. Studies
have shown that VC undergoes electrochemical polymerization, forming a poly(VC) on
the surface of Si-based anodes, which makes the SEI layer denser and mechanically flex-
ible [138]–[140]. FEC enhances the composition and structure of the SEI layer, leading
to improved electrochemical performance. Figure 2.18 shows the chemical structures of
solvents and additives in LIB electrolytes.

Figure 2.18: Chemical structures of cyclic carbonate (EC), linear carbonates (DMC,
DEC, and EMC), and additives (VC, FEC, and TEOSCN) used in LIB’s
electrolytes.
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2.8.1 Electrochemical characterization

Electrochemical characterization involves measuring the potential, charge, or current to
evaluate the electrochemical behavior of the battery and its components under different
conditions. In a two-electrode setup, the cell consists of a working and counter electrode,
and the potential measured across these two electrodes is referred to as the cell voltage. In
full-cell configurations, these electrodes correspond to the battery’s negative and positive
electrodes. To measure the electrochemical properties of negative and positive electrodes
individually, the electrodes are measured against Li metal, known as the half-cell con-
figuration. The setups for both half-cell and full-cell configurations are schematically
illustrated in Figure 3.5.

Galvanostatic charge/discharge measurement provides information about the material’s
durability and the stability of the cell. The test is carried out at constant current density
(mA cm−2) within a defined voltage range and is repeated over multiple cycles. The
charge and discharge currents are expressed as C-rate (Chapter 2.2), which influences the
measured capacity and performance of the electrochemical cell [141]. To evaluate the elec-
trochemical stability and rate performance of the electrode components, rate capability
measurements are conducted by performing galvanostatic charge/discharge at different
C-rates for a specific number of cycles. In the final step, the capacity is re-evaluated at
the initial C-rate to calculate the capacity recovery of the cell.

Understanding the degradation mechanisms of LIBs is of high importance, as they corre-
late with the capacity loss within the cell. The measurement of capacity vs. voltage helps
to better understand the degradation mechanisms of the electrodes. One method involves
using a three-electrode setup, with a Li metal reference electrode. However, adding a ref-
erence electrode to LIBs interferes with the cell’s performance, and a Li metal electrode
may not deliver a constant potential as required for a reference electrode. Other methods
that do not require the addition of a reference electrode are differential capacity (dQ/dV)
or differential voltage (dV/dQ) analysis [142]. The voltage vs. capacity curve in full-cells
carries thermodynamic information of both negative and positive electrodes. The peaks
from the dV/dQ and dQ/dV curves show the phase transitions and phase equilibria, re-
spectively [143]. The intensity, shape, and integrated area of the peaks in dQ/dV vs. V
plot can provide information about the different redox reactions during charge/discharge.
For example, Figure 2.19 shows the dQ/dV plot of a Si-alloy (3M material used in this
work) anode half-cell at cycles 5 and 50. In Si-based anodes at the first cycle, crystalline
Si (c-Si) transforms to amorphous Si (a-Si), therefore, the peaks for the first cycle are
different than the rest of the cycles (depicted in Figure 2.8). Figure 2.19 shows that the
first (at 0.2–0.3 V) and second (at 0.08–0.10 V) lithiation peaks result in the formation
of a-Li2.0Si and a-Li3.5Si, respectively. Loveridge et al. [144] suggest that if the formation
of c-Li3.75Si phase happened during lithiation, it would delithiate at ∼0.45–0.5 V. The
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reverse processes happen in delithiation by conversion of Li3.5Si to Li2.0Si at ∼0.25 V and
delithiation of Li2.0Si and Li3.75Si at ∼0.45–0.5 V [144], [145].

Figure 2.19: Differential capacity analysis (dQ/dV) vs. voltage (V) for Si-alloy (3M
material which was used in this work) anode half-cell at cycles 5 and 50.
The structural and phase transformations at different voltages are depicted.

2.8.2 Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Thermogravimetric analysis (TGA) measures mass changes as a function of temperature
or time under different gas atmospheres, such as argon (Ar), nitrogen (N2), or air. When
samples are exposed to isotherm or dynamic temperature changes, mass loss can occur
during decomposition, desorption, and phase transformation of the material, while an
increase in mass indicates oxidation or reaction of the material with the atmosphere. TGA
is useful for investigating the thermal stability, moisture content, and the temperature
required for the removal of residual water from battery binders and electrodes. Derivative
thermogravimetry (DTG) is the first derivative of the TGA curve and helps to determine
distinct weight loss regions and identify the temperature at which thermal processes, such
as decomposition, occur. Differential scanning calorimetry (DSC) is often measured in
parallel with TGA and determines the heat flow as a function of temperature. DSC can
identify endothermic (heat absorbed by the sample) and exothermic (heat released to the
atmosphere) processes. TGA/DSC technique is useful for investigating battery materials
such as polymeric binders and active materials in terms of thermal properties, safety, and
solvent interactions [87], [146].
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The TGA, DSC, and DTG curves of CMC polymeric binder are shown in Figure 2.20
a, b, and c, respectively. The TGA curve shows a residual mass of 39.48% at 500 ◦C,
similar to literature values[147]. The first weight loss region, below 110 ◦C, is attributed
to the loss of free adsorbed water. The second weight loss region has two main steps, as
indicated by the DTG curve: 1) loss of adsorbed water and 2) thermal decomposition and
degradation of CMC (exothermic). The water loss in the second step is related to water
trapped in the internal layers and attached to the polymer chain, which requires more
energy and time to evaporate [148].

Figure 2.20: a) TGA, b) DSC, and c) DTG of CMC polymeric binder

2.8.3 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy is a technique used for characterizing
materials by identifying their functional groups. When infrared (IR) light is absorbed by
molecules, it causes molecular bond vibration depending on the energy level. This results
in a unique spectrum, which is the material’s fingerprint. FTIR collects the spectra of all
wavelengths in one measurement, and the raw signal is mathematically processed using
Fourier transform (FT) to present the intensity as a function of wavenumber. Attenuated
total reflectance (ATR) is a standard mode for measuring FTIR spectra. In ATR-FTIR,
the sample is placed on an ATR crystal with a high refractive index, such as diamond,
germanium, or zinc selenide. The IR light passes through the crystal and is partially
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absorbed on the sample’s surface (a few microns). The reflected light is then detected
to generate the spectrum. The transition energies required for changing the vibrational
energy state of functional groups are typically in the mid-IR range (4000–400 cm−1).
Changes in chemical structure can be observed as variations in peak intensity or shifts in
peak position.

Figure 2.21 shows the different regions of an FTIR spectrum of a CMC polymer binder.
Higher wavenumbers (2500–4000 cm−1) correspond to single bonds. Triple and double
bonds can be observed in lower regions of 2000-2500 cm−1 and 1500–2000 cm−1, respec-
tively. Signals at lower wavenumbers (650–1500 cm−1) are due to the molecular vibrations,
which can be used for the overall characterization and identification of the molecule [149],
[150].

Figure 2.21: FTIR spectrum of CMC polymeric binder used in this work. The various
common types of bonds and the approximate regions are marked. (Inspired
and redrawn from Ref. [149] with permission from Elsevier. Copyright
2017.)

2.8.4 Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX)

In scanning electron microscopy (SEM), a focused electron beam scans the sample’s sur-
face and results in the generation of different signals that are collected by the detector.
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Secondary electrons and backscattered electrons are among the common SEM imaging
modes. Secondary electrons originate from atoms near the sample’s surface and provide
information about the sample’s morphology and surface topography. Backscattered elec-
trons result from the elastic interactions of the electron beam with the sample, originatng
from deeper regions of the sample. Backscattered electrons are sensitive to the atomic
number of the sample. In samples with higher atomic numbers, more backscattered elec-
trons are detected and therefore, the image appears brighter compared to lower atomic
numbers.
When the electron beam strikes the sample, it can remove an electron from the sample’s in-
ner shell, creating a vacancy. This vacancy is filled by an outer shell electron with a higher
energy level, releasing the excess energy as a characteristic X-ray photon. The energy of
the X-ray photon is characteristic of a particular element. These energies are detected
by energy dispersive X-ray spectroscopy (EDX), to investigate the elemental composition
of the sample [151], [152]. SEM and EDX are powerful tools for investigating battery
electrodes in both pristine state and in post-mortem analysis after lithiation/delithiation.
SEM/EDX analysis of surface and cross-section of the sample enables deeper understand-
ing of the morphological changes and potential chemical reactions within the electrodes
[153].

2.8.5 X-Ray photoelectron spectroscopy (XPS)

X-Ray photoelectron spectroscopy (XPS) is a non-destructive and surface-sensitive (depth
of ∼10 nm) characterization method that investigates the elemental composition and
chemical state of elements. The sample is subjected to a low-energy X-ray under ultra-
high vacuum conditions (10−9–10−8 Pa), leading to the emission of electrons from the
sample’s atoms. The number of electrons and their energy provide information about
the elements, their concentrations (number of emitted electrons), as well as the chemical
bonds and valence state of the atoms. The results are presented in the XPS spectrum with
binding energy on the x-axis and the count of electrons on the y-axis [154], [155]. XPS
can be used in LIB research for a deeper investigation of the SEI layer and to understand
the influence of different battery components, such as binders and electrolytes, on SEI
formation and composition[46], [156]. The XPS results form this work are presented in
Chapter 5.1.4.
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3.1 Negative electrode preparation

In this section, the process of preparing the Si/Gr anodes is explained, and different
binders and slurry formulations have been investigated and optimized. The different
steps of the anode manufacturing process are schematically shown in Figure 3.1. All
the chemicals and materials used in this work are listed in Table A.1, in the Appendix
section.

Figure 3.1: Anode manufacturing process, from slurry to coin cell preparation.

3.1.1 Binder preparation

The first step prior to slurry preparation, is producing the binder solutions. Different
binders such as lithium polyacrylic acid (LiPAA), carboxymethyl cellulose (CMC), chi-
tosan, sodium alginate (SA), and tragacanth gum (TG) were used in this work. The
preparation of different binder solutions is explained below.
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Lithium Poly(acrylic acid)(LiPAA)

LiPAA binder was prepared by firstly diluting poly(acrylic acid) (PAA, 25 wt% solution
in water, MW=240,000, Acros) in deionized (DI) water. Afterwards, 80% of the stoichio-
metric value of lithium hydroxide monohydrate (LiOH.H2O, battery grade, Alfa Aesar)
was added step by step, and the solution was stirred at < 60 ◦C, until obtaining 10 wt%
LiPAA with a neutral pH value between 7 and 8.

Different pH values of LiPAA were investigated in this work, such as pH 4, 6, 8, and 9.
The molar ratio of LiOH.H2O to PAA was adjusted to synthesize LiPAA with different
neutralization degrees (x in PAAH1−xLix). The pH of the LiPAA solution was measured
at different LiOH.H2O to PAA molar ratios, as depicted in Figure 3.2.

Figure 3.2: The pH of the LiPAA binder solutions measured at different LiOH.H2O to
PAA molar ratios

Carboxymethyl cellulose (CMC), Sodium alginate (SA), Tragacanth gum (TG)

CMC (MW : 400,000, DS = 0.85–0.9, MTI), SA (Sigma-Aldrich), and TG (Sigma-Aldrich)
were prepared by dissolving the polymeric binder in DI water to achieve a 2.5 wt% or 4.5
wt% solution.

CMC, SA, and TG were cross-linked with LiPAA with neutral (between 7 and 8) and
acid pH (pH4). For preparing anodes with the cross-linked binders the Si/Gr-20 and
Si/Gr-60 formulations (Figure 3.3) were used. The ratio of LiPAA to CMC, SA, or TG
was the same as the Si to Gr ratio. The anodes with LiPAA/CMC (Chapter 3.1.3) and
pure LiPAA were also measured for comparison. The anodes were dried under vacuum
at 150 ◦C for two hours to enhance the thermal cross-linking of the binders by forming
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covalent ester bonds between free carboxylic acid groups of binders and the OH group on
the Si surface [157]. Afterwards, the samples were dried overnight at 80 ◦C under vacuum
(Buchi, Glass oven B-585).

Chitosan

In collaboration with the Institute of Biology and Biotechnology of Plants (IBBP) at the
University of Münster, five different chitosan samples were received. These samples were
prepared from a chitosan sample with DP=1618 and DA=1.7 (Chitosan 134, Mahtani
Chitosan Pvt. Ltd., Veraval, Gujarat, India) by washing, nitric acid depolymerization,
and acetic anhydride re-N-acetylation protocols, which are described in ref [115]. Different
chitosan modifications used in this work are summarized in Table 3.1.

Table 3.1: Different chitosan samples investigated in this work.

Sample Degree of acetyla-
tion(DA) [%]

Degree of polymer-
ization(DP)

Molecular
weight(MW ) [kDa]

DA50 47.8 1618 293.0
DA30 28.8 1618 293.0
DA0-1 1.7 1154 183.6
DA0-2 1.7 147 24.2
DA0-3 1.7 189 30.4

Chitosan binder solutions were prepared by dissolving chitosan in 0.5 wt% acetic acid
(Rotipuran 100%, p.a, Carl Roth) solution to achieve a 2 wt% chitosan binder solution.
Five different chitosan samples were used in this work (Table 3.1) with degrees of acetyla-
tion (DA) of 0% (DA0), 30% (DA30), and 50% (DA50). Chitosan with DA0 was produced
with three different DPs (DA0-1, DA0-2, and DA0-3).

Chitosan binder (DA50) was further investigated by cross-linking with citric acid (CA)
(Sigma-Aldrich). CA was added to the 2wt% DA50 binder solution at DA50:CA mass
ratios of 9:1, 8:2, 7:3, and 6:4. After preparing the Si/Gr anodes with DA50/CA binder,
thermal cross-linking was attempted by drying the anodes overnight at 80 ◦C under vac-
uum.

3.1.2 Slurry preparation and coating process

Si/Gr anodes were prepared by using Si-alloy (SixFeyCz, 1200 mAh g−1, with a density of
3.17 g/cc and surface area of 12 m2/g) (G7, 3M Germany), hereafter referred to as Si, and
graphite (MagE3, Hitachi, Japan) as active materials. Polymeric binders (Chapter 3.1.1)
and SuperP carbon black (Imerys Graphite & Carbon), as conductive additive, were mixed
with the active materials to form the slurry. The slurries were mixed in three steps, each
for 20 minutes at 800 rpm, using a planetary micro mill (Pulverisette 7, Fritsch), where the
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materials were mixed in a plastic jar without using milling media. First, binder solution(s)
and SuperP were mixed followed by the addition of active material(s) in the next steps.
After the slurries were prepared, they were tape cast on a copper (Cu) current collector
(10 µm, 8.12 g/cc, Schlenk) using a coating unit (CUF 5, SUMET, Germany) which
pulls the draw bar at 5.0 mm/s. Different draw-bar gaps (125, 250, 300, 350 µm) were
used for achieving different thicknesses of the electrode film. Anodes were dried at room
temperature for 24 hours after coating and afterward calendered (SUMET, Germany),
using 8.0 N/mm at 1.0 m/s. The electrodes were punched with a high-precision electrode
cutter (EL-CELL) in 14 mm and 16 mm diameters for preparing half-cells and full-cells,
respectively. The punched electrodes were dried overnight at 80 ◦C under vacuum (Buchi,
Glass oven B-585). Different slurry formulations are described in the next sections. Figure
3.1 schematically shows the electrode manufacturing process.

3.1.3 Si/Gr anodes with different Si to Gr ratios

For optimizing the Si to Gr ratio, electrodes with different Si and Gr contents (from pure
Gr (Gr-90) to pure Si (Si-88)) were prepared. The LiPAA and CMC binders were used as
a dual polymeric binder system, and the LiPAA:CMC ratio was the same as Si:Gr ratio.
Based on the Si percentage by weight (wt%) in the electrodes, the anodes were named
Si/Gr-10 (10 wt%S i), Si/Gr-20 (20 wt% Si), Si/Gr-40 (40 wt% Si), Si/Gr-60 (60 wt%
Si), and Si/Gr-70 (70 wt% Si). The Si/Gr and pure Si anodes consist of 88 wt% active
material(s), 2 wt% conductive additive, and 10 wt% binder(s). The pure Gr electrode
consists of 90 wt% active material (Gr), 5 wt% binder (CMC), and 5 wt% conductive
additive. The detailed electrode formulations are depicted in Figure 3.3. The results from
this section are further explained in Chapter 4.

3.1.4 Si/Gr anodes with chitosan binder

Initially, the same formulation as Si/Gr-20 (Chapter 3.1.3) was used for anodes with
different chitosan binders (Table 3.1). Although the films with this slurry formulation
exhibited sufficient cohesion, their adhesion to the Cu foil was not sufficient and the films
did not fully adhere to the current collector. Therefore, the binder amount was gradually
reduced from 10 wt% to 4 wt%. Binder concentrations of 9, 8, 7, 6, and 5 wt% binders
were also tested, with 4 wt% resulting in the most suitable adhesion to the Cu foil. Hence,
anodes with a chitosan binder were produced with the following formulation: 21.36% Si
(G7, 3M Germany) and 72.64% Gr as active materials, 2 wt% SuperP as a conductive
additive, and 4 wt% binder (2 wt% chitosan in 0.5 wt% acetic acid solution). Si/Gr anodes
with chitosan binder were further investigated as free-standing electrodes by coating the
slurry onto a separator (Whatman GF/C). In the absence of the Cu current collector,
the initial anode formulation with 10 wt% binder was used. Si/Gr anode has a loading
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3.1 Negative electrode preparation

Figure 3.3: Different compositions (in wt%) of Si/Gr anodes used in this work, the
results are explained in Chapter 4 (Reproduced from Ref. [44] (Hamzelui
et. al) with permission from Elsevier. Copyright 2021)

and areal capacity in the range of 2.2–2.9 mg cm−2 and 1.2–1.4 mAh cm−2, respectively.
Figure 3.4 shows the anode formulations with and without Cu current collector.
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3 Experimental section

Figure 3.4: Si/Gr electrode formulation with chitosan binder coated on Cu foil and
glass microfiber sheet separator (free-standing electrode). The results are
shown in Chapter 5.1. (Reproduced from Ref. [50] (Hamzelui et. al) with
permission from Wiley Online Library. Copyright 2022)

3.2 Electrolyte mixing and coin cell assembly

In this work, an electrolyte formulation of 1.2 M lithium hexafluorophosphate (LiPF6)
in ethylene carbonate (EC):ethyl methyl carbonate (EMC) (3:7, w/w) with 10 wt% flu-
oroethylene carbonate (FEC) additive was used. For optimizing the performance of the
cells at high temperature, 1M LiPF6 in EC:diethyl carbonate (DEC) (1:1, w/w) with
5 wt% FEC, 2 wt% vinylene carbonate (VC), and 1 wt% (2-cyanoethyl)triethoxysilane
(TEOSCN) was used [46].

Coin cells (type 2032 (20 mm diameter and 3.2 mm thickness)) were assembled in an argon-
filled glovebox (O2 and H2O < 0.5 ppm), and 90 µl electrolyte was used in each coin cell.
Half-cells were built by using the Si/Gr electrode vs. Li metal counter electrode (Si/Gr∥Li
metal), and full-cells were produced using Si/Gr negative electrode (anode) and NMC622
positive electrode (cathode) (NMC622∥Si/Gr). Figure 3.5 shows the construction of half-
cells and full-cells. Two different types of NMC622 cathode were used in this work, one
type with a loading of 6.4 mg cm−2 and an areal capacity of 1 mAh cm−2 (Custom Cells,
Germany) and another type, used in the full-cells with the chitosan containing anodes,
(Chapter 5.1) with a loading of 6.7 mg cm−2 and an areal capacity of 1.15 mAh cm−2

(MEET, Germany).

The electrochemical performance of the coin cells was measured galvanostatically using
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3.3 SEM/EDX measurements

Figure 3.5: Schematic illustration of the construction of coin cells. a, b) Half-cells with
anode coatings on Cu foil and separator, respectively, c) Full-cell

a Neware BTS4000-5V10mA. The potential window was set to 0.9–0.01 V vs. Li/Li+

for half-cells. In full-cells, two different potential windows of 2.5–4.35 and 2.8–4.35 V
were tested in Chapters 4 and 5, respectively. All cells were subjected to an open circuit
potential (OCV) for 24 hours prior to the measurements. Formation cycles were performed
at 0.05C for 5 cycles. The long-term electrochemical performance was measured at 0.1C
or 0.2C. Rate capability measurements were performed in C-rates ranging from 0.05C to
5C. Measurements at various temperatures were performed, such as room temperature
(RT), 45 ◦C, and 60 ◦C. For all the electrochemical measurements 3–5 coin cells were
cycled, and the average result is shown in the results sections (Chapters 4 and 5).

3.3 SEM/EDX measurements

The SEM/EDX measurements were performed at two different institutes and with differ-
ent devices. Part of the measurements were done at the Center for Ageing, Reliability
and Lifetime Prediction of Electrochemical and Power Electronic Systems (CARL) and
the other part was carried out at the Central Facility for Electron Microscopy (GFE) at
RWTH Aachen University.

At CARL, surface scanning electron microscopy (SEM) measurements were performed
using a Supra 55 system (Carl Zeiss Microscopy), and an accelerating voltage of 5 or 10
kV. Samples were prepared according to their atmosphere sensitivity. Pristine electrodes
were cut to the desired pin stub size without further precautions, while lithiated electrodes
were prepared in an Ar-filled glovebox and transferred to the SEM using a transfer shuttle
(Kammrath & Weiss). Energy-dispersive X-ray spectroscopy (EDX) measurements were
performed using an Ultim Extreme (Oxford Instruments). For cross-section SEM/EDX
analysis, a Zeiss Crossbeam 350 (Carl Zeiss Microscopy) was used and cross-section sam-
ples were prepared with a next generation focused ion beam (FIB). The SEM resolution
goes down to 0.9 nm at 15 kV, and the FIB resolution is 3 nm in depth at 30 kV. An
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EDX Oxford Ultim Max 100 detector was used for chemical composition analysis.

At GFE, the surface and cross-section morphology of Si/Gr electrodes were studied before
and after lithiation/delithiation by scanning electron microscopy (SEM) using a Gemini
SEM 300 (Carl Zeiss Microscopy). For imaging and analysis, the SEM was operated
at 15kV, and secondary electron (SE) and backscattered electron (BSE) images were
collected. For cross-section measurements, samples were prepared by Ar-ion polishing
using a SM-09010 cross-section polisher by JEOL. EDX measurements were performed
using an UltimMax 65 SDD-detector and Aztec (V. 6.0) software (Oxford Instruments).

3.4 TGA/DSC measurements

Thermal properties of the binders were investigated by TGA measurements using a Met-
tler Toledo TGA/DSC 1. The measurements were performed in a temperature range of
25 to 500 ◦C at 5 ◦C/min under a nitrogen atmosphere. Aluminum crucibles and lids
(40 µl, Mettler Toledo) were used for the measurement. Three blank measurements were
performed prior to the actual measurements, and the blank curve was automatically sub-
stracted from the measurement curve. The data were evaluated using STARe software
(Mettler Toledo).

3.5 FTIR measurements

FTIR analysis was performed on different polymeric binder materials using a Bruker
Vertex 70 in attenuated total reflection (ATR) mode in an argon-filled glovebox (O2 and
H2O < 0.5 ppm) and under dry room conditions (dew point < 55 ◦C, room temperature
∼22 ◦C). The measurements were performed in the wavenumber range of 4000−400 cm−1

at a resolution of 4 cm−1 for 50 scans. The data were evaluated using OPUS software.

3.6 Adhesion measurements

An adhesion or peel test was performed on Si/Gr electrodes with different binders to
evaluate the adhesion of the coating to the current collector and cohesion within the
coating film. The adhesion test can be a good indicator of binder’s adhesive properties
[158]. The measurement was done at a 90◦ angle as schematically shown in Figure 3.6.
The tests were performed on the electrodes using a Mark-10 ESM303 instrument using
a double-sided tape (3M VHB). The electrodes were dried at 80 ◦C and cut into 1 cm
width before the measurements, and the length of the measurement tape was 10 cm.
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3.7 Inductively coupled plasma atomic emission spectroscopy (ICP-OES)

The electrodes were pulled at a speed of 10 cm/min, and the load (N) versus time was
measured using MESURgauge software.

Figure 3.6: Schematic illustration of adhesion test measurements with 90◦ angle used
in this work.

3.7 Inductively coupled plasma atomic emission
spectroscopy (ICP-OES)

Inductively coupled plasma atomic emission spectroscopy (ICP-OES) measurements were
performed on LiPAA binders with different pH using an iCAP PRO ICP-OES system
and QTEGRA software (Thermo Fisher Scientific). An automated dilution system based
on ASX-560 SDX autosampler was used. LiPAA binders with different pH values were
coated on a Cu current collector and dried at room temperature. The binders were then
separated from the Cu foil and investigated using ICP-OES measurements to analyze the
Cu content in the samples.

3.8 XPS measurements

XPS measurements were carried out at Münster Electrochemical Energy Technology
(MEET), University of Münster, to investigate the surface chemistry of cycled Si/Gr
anodes with chitosan DA50 and LiPAA/CMC binders after 3 cycles at 0.05C (results are
explained in Chapter 5.1.4). The XPS instrument (Axis Ultra DLD, Kratos, U.K.) was
used, and samples were transferred into the device using a sealed transfer system. Al Kα
radiation energy of 1486.3 eV with an emission angle of 0◦ relative to the surface normal
was used. Core-level spectra were recorded using a pass energy of 20 eV, with a filament
current of 10 mA and a voltage of 12 kV. A neutralizer was used for compensation of
charging. Casa XPS software (Version 2.3.16 PR 1.6, Casa Software Ltd., U.K.) was used
for fitting the XPS spectra. Gaussian/Lorentzian lineshapes (GL(30) in CasaXPS, prod-
uct of Lorentz and Gaussian function with 30% Lorentz component) were used for fitting
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XPS data. An exception was the graphite sp2 peaks in the C spectrum, which we fitted
with an asymmetric lineshape (in CasaXPS LF lineshape) due to the asymmetric peak
shape. The asymmetry parameters were based on pure graphite reference measurements.
For calibrating the binding energy of the spectra, the C 1s C-C peak (i.e., 284.5 eV) was
used as an internal reference.
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4 Customizing and optimization of
silicon/graphite negative electrode

4.1 Optimization of the anode formulation

This chapter is based on the results of the publication entitled “Customizing Active Mate-
rials and Polymeric Binders: Stern Requirements to Realize Silicon-Graphite Anode Based
Lithium-Ion Batteries”, which was published during this thesis by Hamzelui et al. [44].
The contents and figures of this chapter are reproduced and modified from Ref. [44] with
the permission of Elsevier, copyright 2021.

Enhancing the electrode’s formulation and manufacturing process are among the main
factors in reducing the costs of LIBs and increasing their volumetric energy density. The
cost of materials, especially anode and cathode active materials, plays a major role in
the overall manufacturing costs of LIBs. Therefore, it is highly important to use abun-
dant and environmentally friendly materials in both the anode and cathode coatings to
reduce environmental impacts and costs [159]. Slurry mixing, coating, drying, and calen-
dering contribute to ∼28% of the entire manufacturing costs [160]. Therefore, improving
the formulation and production process is important for cost reduction and enhancing
cell performance. The development of next-generation batteries, with advanced and sus-
tainable chemistries, begins at the laboratory scale, where the material properties and
composition are investigated and optimized.

As discussed in Chapter 2.4, the use of Si/Gr composite (or blend) anodes in combina-
tion with suitable polymeric binders is highly promising for improving the performance
of Si-based anodes. The addition of Si, with its high theoretical capacity, to the Gr
active material increases the energy density of LIB compared to pure Gr anodes. The
co-utilization of Si and Gr combines the advantages of both anode active materials, as
depicted in Figure 2.7. In Si/Gr electrodes, Si particles are homogeneously distributed
within a graphite matrix, which maintains the electrical contact between the Si particles
and accommodates the volume change, resulting in enhanced electrochemical performance
of the anode. Berckmans et al. investigated the cost calculations for NMC622∥Gr and
NMC622∥Si/Gr cells and reported that using Si can increase the energy density from 155
Wh/kg to 205 Wh/kg. The total cost breakdown indicates that the negative electrode
cost decreases from 24% to 19% by using Si-based anodes [161].
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4 Customizing and optimization of silicon/graphite negative electrode

This work investigates the effect of the Si to Gr ratio on the electrochemical performance of
the Si/Gr anode half-cells (Si/Gr∥Li) (Chapter 4.1.1). A dual binder system consisting of
LiPAA and CMC is used in these electrodes, as Si and Gr chemistry require different poly-
meric binder materials due to their different physical and chemical properties. Therefore,
an optimal binder for Gr electrodes may not be an ideal binder for Si-containing anodes.
CMC and LiPAA are commonly used binders for Gr and Si, respectively. The optimized
Si/Gr anode formulation is further investigated by fine-tuning the ratio of LiPAA to CMC
in Chapter 4.1.2. Finally, the performance of the optimized Si/Gr anode was evaluated in
a full-cell using NMC622 cathode (NMC622∥Si/Gr) in Chapter 4.8. All electrochemical
measurements in this chapter use 1.2 M LiPF6 EC:EMC (3:7) + 10 wt% FEC electrolyte.
The formulations of the anodes used in this chapter are summarized in Table 4.1.

Figure 4.1: Schematic illustration of Si/Gr blend anode and LiPAA/CMC binder sys-
tem.

Table 4.1: Different anode formulations used in this chapter.

Anode Si (wt%) Graphite (wt%) LiPAA (wt%) CMC (wt%) SuperP (wt%)
Gr-90 0 90 0 5 5

Si/Gr-10 10 78 8.86 1.14 2
Si/Gr-20 20 68 7.73 2.27 2
Si/Gr-40 40 48 5.45 4.55 2
Si/Gr-60 60 28 3.18 6.82 2
Si/Gr-70 70 18 7.95 2.05 2
Si-88 88 0 10 0 2

4.1.1 Optimization of the active materials

Different Si to Gr ratios (from pure Gr to pure Si) (Table 4.1) were investigated, and the
slurry preparation and coating procedure are explained in Chapter 3.1.3. The theoretical
total capacity (Qtot) of each anode formulation is calculated based on Equation 4.1. Where
QGr and QSi are the theoretical specific capacities of Gr and Si, respectively. Grwt% and
Siwt% are the weight percentages of Gr and Si within the active material, respectively.
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4.1 Optimization of the anode formulation

Qtot = QGr ·Grwt% +QSi · Siwt% (4.1)

Figure 4.2a shows the capacity and coulombic efficiency (CE) vs. cycle number for Si/Gr
anode half-cells with 10, 20, 40, 60, and 70 wt% Si. Based on Equation 4.1, anodes with
10, 20, 40, 60, and 70 wt% Si show 89.47, 97.19, 86.39, 81.43, and 77.83% of their Qtot

in the first cycle. The Si/Gr-20 anode half-cell (Si/Gr-20∥Li) has the closest value to its
theoretical capacity, which can be due to the uniform distribution of Si particles within
the coating and slightly limited volume change in the Si/Gr blend anode. Localization
of Si particles, non-uniform coatings, and large volume change of Si particles (especially
at higher Si contents) can result in limited silicon utilization, higher difference from the
theoretical capacity, decrease in cycle life, and electrochemical instability of the Si/Gr∥Li
cells. After 500 cycles, the order of capacity retention (with respect to the 2nd cycle) is
Si/Gr-10 (98.32%) > Si/Gr-20 (85.95%) ≫ Si/Gr-40 (39.19%) ≈ Si/Gr-60 (39.47%) ≫
Si/Gr-70 (4.15%), which almost decreases with increasing the Si content. The Si/Gr-20∥Li
cell shows a capacity retention of 80.06% after 900 cycles. Anodes with more than 40 wt%
Si show a rapid capacity loss at ∼ 200 cycles. It should be noted that the results are highly
dependent on the type of active materials and binders as well as the formulation, slurry
preparation, and coating methods. Small changes in the electrode production procedure
can result in changes in the electrochemical and mechanical properties of the anode.

To investigate the reversibility and long-term cycling performance of the Si/Gr∥Li cells,
the Coulombic efficiency (CE) of the cells was calculated. Minimal changes in CE can
result in a significant capacity loss, which can also be related to rapid electrolyte con-
sumption. Usually, a capacity retention of 80% and CE of 99.96% after 500 cycles is
required for commercial applications, such as the electric vehicle (EV) industry [162].
The initial CE of the anode half-cells with 10, 20, 40, 60, and 70 wt% Si are 87.17%,
86.06%, 85.08%, 84.90%, and 84.95%, respectively. The CE of the first cycle of Si-based
anodes is reported to be in the range of 65–85%, which is lower compared to graphite
electrodes (90–94%) [163]. This is due to the significant loss of active Li+ in the first cycle
for SEI layer formation. The Si/Gr∥Li cells in this work show CEs higher or in the upper
range of the reported values. For industry applications, an initial CE higher than 85% is
usually accepted for carbon and Si anode [164], which can be seen for Si/Gr-10∥Li and
Si/Gr-20∥Li cells. After initial cycles and stabilization of the SEI layer, the CE increases
to 99.73% at the 900th cycle for Si/Gr-20. This can be due to the volume change of Si
particles, which leads to pulverization and loss of electrical contact. The expansion of the
electrode also leads to the compression of the separator, pore shrinkage, and limitation of
Li+ transport [165].

Irreversible capacity (Qirr) helps to better investigate the parasitic side reactions in each
cycle and is defined as the difference between lithiation and delithiation capacity in one cy-
cle (Equation 4.2). The value of Qirr is predominantly related to SEI layer (re)formation,
especially during the initial cycles, as well as irreversible Li metal plating and Li trap-
ping. A lower Qirr shows that fewer side reactions and charge loss are occurring, which is
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4 Customizing and optimization of silicon/graphite negative electrode

Figure 4.2: a) Capacity and Coulombic efficiency vs. cycle number, b) Accumulated
irreversible capacity vs. cycle number, and c) Accumulated irreversible
capacity vs. Si content of the electrodes at different cycle numbers, for
Si/Gr anode half-cells with different Si to Gr ratio at 0.1C

desirable for a practical battery cell [17]. Accumulated irreversible capacity (QAIC) is the
sum of Qirr during a specific number of lithiation/delithiation (n), as shown in Equation
4.3, which indicates the active lithium loss due to irreversible Li ion consumption. A
lower QAIC indicates better electrochemical performance and CE, among other factors.
However, it should be noted that the active lithium loss is not always directly equal to or
proportional to QAIC. Some parasitic reactions do not result in loss of active lithium in
the cell, but increase the QAIC. Reactions such as SEI formation, lithium metal plating,
loss of active material, and lithium trapping consume active lithium. On the other hand,
redox shuttle mechanism, metal dissolution deposition, and H2 formation are among the
parasitic reactions that do not contribute to the active lithium loss [17], [166].

Qirr = QLithiation −QDelithiation[mAh] (4.2)
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QAIC = Σn
1Qirr(n)[mAh] (4.3)

Figure 4.2b shows the QAIC over the cycle numbers for the Si/Gr∥Li cells with different
Si to Gr ratios. The QAIC curve for anode half-cells with 10 and 20 wt% Si shows a linear
behavior, while for Si contents higher than 40 wt%, a sigmoidal shape is observed. The
initial slopes of Si/Gr-10 and Si/Gr-20 are very similar, while for higher Si contents, a
higher slope is observed. The initial QAIC increases from 0.121 mAh for Si/Gr-10 to 0.685
mAh for Si/Gr-70, indicating a higher capacity loss in the first cycle for anodes with a
higher amount of Si. The increase in the initial slope and QAIC at higher Si contents is
due to ongoing SEI formation. In Si/Gr-20 the QAIC is 1.996 mAh at the 500th cycle
(∼13.77 times higher than the initial QAIC) and 3.546 mAh at the 900th cycle (∼24.46
times higher than the initial QAIC). For Si/Gr-70, the slope of the curve decreases after
∼70 cycles, indicating fewer decomposition reactions. After ∼240 cycles, a sharp increase
in the slope is observed, which is related to the severe capacity loss of this cell (Figure
4.2a). Figure 4.2c shows the QAIC vs. Si content for three different cycle numbers of 50,
250, and 500. A linear behavior is observed for cycles 50 and 250, meaning that with the
increase in Si content, the QAIC increases. At the 500th cycle Si/Gr-20 electrode shows a
higher QAIC compared to Si/Gr-40, which is also observed in Figure 4.2b. However, based
on the electrochemical cycling results in Figure 4.2a it is observed that Si/Gr-20 shows
higher capacity at the 500th cycle, which is 74.94% of the theoretical capacity value. This
value is reduced to 28.92% for the Si/Gr-40. Based on the sigmoidal shape of Si/Gr-70
in Figure 4.2b, it can be predicted that a sharp increase in QAIC is observed with rapid
capacity loss in Figure 4.2a. The same trend can be expected from other electrodes,
during their rapid capacity loss. Therefore, Si/Gr-40 at 500th might have a similar flat
stage as Si/Gr-70 between cycles 100–250, and at higher cycle numbers rapid increase in
QAIC can be expected. Therefore, based on the capacity and QAIC results in Figure 4.2,
Si/Gr-20 shows a more stable electrochemical performance.

The kinetics and potentials of lithiation and delithiation are different for Si and Gr active
materials. The differential capacity (dQ/dV) analysis provides information on the elec-
trochemical activity and degradation phenomena of the electrodes. The characteristics
of the dQ/dV peaks, such as intensity, shape, position, and integrated area, can indi-
cate different redox reactions and phase transformations related to (de)alloying of Si and
(de)intercalation of Gr.

Figure 4.3a shows the normalized (dQ/dV)/Q vs. V for Si/Gr∥Li cells with different
Si:Gr ratios, as well as pure Gr (Gr-90) and pure Si (Si-88) electrodes. To compare the
samples with different Si-content, dQ/dV was normalized for each charge and discharge
process (based on the measured capacity), to clearly present the changes in electrode
potential. The (dQ/dV)/Q vs. V is plotted at the 50th cycle, to ensure the stability of
the SEI layer due to limited electrolyte degradation and regulated volume change after a
certain number of (de)lithiation. The lithiation of Si-88∥Li cells shows peaks at ∼0.23 V
and ∼0.08 V, corresponding to the conversion of a-Si to a-Li2Si and a-Li2Si to a-Li3.5Si,
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Figure 4.3: Normalized differential capacity (dQ/dV)/Q vs. V for a) Different Si to Gr
ratios at the 50th cycle, and b) Si/Gr-20 at cycle numbers 3, 50, 100, 500,
and 900th cycle

respectively. Upon delithiation, Li ions are extracted at higher potentials of ∼0.28 V
and ∼0.47 V, leading to the phase transitions of a-Li3.5Si to a-Li2Si and a-Li2Si to a-Si,
respectively, as described in Chapter 2.8.1. The broad signals in the Si-88 peaks indicate
low (de)lithiation kinetics. The Gr-90∥Li cell shows peaks in the range of 0.2–0.07 V
and 0.11–0.23 V for Li intercalation and de-intercalation (C6 + xLi+ + xe− ⇌ LixC6),
respectively [144], [167], [168]. It is observed that the characteristic peaks of Si become
more pronounced with increasing Si content in the Si/Gr anode.

Si/Gr-20∥Li cell exhibits a long cycle life of more than 900 cycles. To verify that the
electrochemical activity of active materials is maintained after long-term cycling, the
dQ/dV plot for Si/Gr-20∥Li at different cycles is shown in Figure 4.3b. The peaks related
to Gr and Si active materials are clearly observed after 900 cycles, confirming that the
obtained capacity is due to (de)lithiation of active materials and not due to Li plating
and stripping.

Figure 4.4a shows the discharge capacity and CE of Si/Gr-20∥Li, Si-88∥Li, and Gr-90∥Li
cells. The Si/Gr-20∥Li cell exhibits enhanced electrochemical performance, such as better
cycle life, cycling stability, and CE, compared to Si-88∥Li, and higher capacity compared
to Gr-90∥Li. This confirms the contribution of both active materials to the overall electro-
chemical performance and the synergistic benefits of Si and Gr chemistry. The Si-88∥Li
cell shows stable performance up to ∼140 cycles, followed by a rapid loss of capacity.
The long-term cycling and rapid capacity loss of Si-88∥Li after ∼140 cycles is shown in
Figure A.1 in the Appendix. Figure 4.4b shows the accumulated irreversible capacity of
Si/Gr-20∥Li, Gr-90∥Li, and Si-88∥Li cells. It can be observed that Gr-90 and Si/Gr-20
show linear behavior with a similar slope. The Si-88∥Li cell demonstrates a QAIC similar
to Si/Gr-70 (Figure 4.2b). It exhibits a high initial slope, followed by a lower slope region
(stabilization) between 60 and 120 cycles, and an increase in QAIC with a steep slope after
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Figure 4.4: a) Discharge capacity and Coulombic efficiency vs. cycle number and b)
Accumulated irreversible capacity of Si/Gr-20, Gr-90, and Si-88 anode half-
cells

∼140 cycles. This is in agreement with the results in Figure 4.2a, which show a rapid loss
of capacity and CE for Si-88∥Li after ∼140 cycles.

The QAIC in the first cycle for Gr-90∥Li, Si/Gr-20∥Li, and Si-88∥Li is 0.149, 0.145, and
1.18 mAh, respectively, implying that the initial QAIC of Si-88∥Li is almost 8 times higher
than the initial QAIC of Si/Gr-20∥Li. There are different sources for QAIC, some of which
are related to active lithium loss. The amount of QAIC can depend on temperature,
electrode potential, electrode surface area, and electrolyte consumption, which can lead
to electrolyte drying, increased impedance, and decreased rate capability of the cell [17],
[169].

Figure 4.5: Rate capability of a) Gr-90, Si/Gr-20, and Si-88 half-cells at C/20 to 1C
and b) Si/Gr-20 half-cell at C/20 to 5C

Figure 4.5a shows the rate capability of Gr-90∥Li, Si/Gr-20∥Li, and Si-88∥Li cells at
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different C-rates from C/20 to 1C. The Si/Gr-20∥Li and Gr-90∥Li cells exhibit stable
electrochemical performance at different C-rates, while the Si-88∥Li cell shows a rapid
capacity decay and unstable performance at different C-rates. After cycling at 1C, the
cells were cycled again at C/10 to investigate capacity recovery after deep (de)lithiation
at 1C. For Si/Gr-20, the rate capability was measured by further charging/discharging
the cell up to 5C (Figure 4.5b). The capacity recovery of Si/Gr-20∥Li cell is 99.37% and
98.67% at C/10 after deep charge/discharge at 1C and 5C, respectively.

All results of the electrochemical performance of the Si/Gr∥Li cells suggest that Si/Gr-20
is the optimized Si/Gr anode formulation, with a high initial capacity (compared to its
theoretical capacity), high CE, stable QAIC, and very stable long-term cycling for more
than 900 cycles at a high capacity retention value (>80%).

4.1.2 Optimization of the binders content

Investigating composite electrodes with two or more active materials chemistries requires
optimization of the polymeric binders. Due to the difference in physical and chemical
nature of Si and Gr, the use of a blended polymeric binder system or a single binder with
synergistic effects is required. Therefore, a suitable binder for Gr may not necessarily be
the optimal choice for Si. The surface reactivity and chemistry of Si require supramolec-
ular polymeric binders with abundant polar functional groups such as –OH, COO−, NH2,
etc., as described in Chapter 2.5. LiPAA and CMC were reported to be suitable binders
for Si and Gr, respectively [8], [90], [170], [171]. PAA contains a larger number of –
COOH/COO− moieties compared to CMC, which can form stronger H-bonding with the
surface of Si [90], [172]. The mixture of LiPAA and CMC in an optimized ratio can meet
the distinct requirements of both Si and Gr active materials.

Figure 4.6 shows the chemical structure of LiPAA and CMC, as well as the LiPAA to CMC
ratios used in this work for Si/Gr-20 anode, for further optimizing the binder formulation.
The investigated LiPAA to CMC ratios are the following: 2.27:7.73 (same as Si to Gr),
1:1, 7.73:2.27 (same as Gr to Si), 1:0 (only LiPAA), and 0:1 (only CMC).

Figure 4.7a shows the long-term cycling performance of Si/Gr-20∥Li cells with different
LiPAA to CMC ratios. It is observed that the electrode using LiPAA to CMC ratio of
2.27:7.73 (same as Si to Gr ratio) exhibits better cycling stability with a high capacity
retention of 97.85% after 120 cycles and CE of 86.05% and 99.67% at the 1st and 120th

cycle, respectively.

Figure 4.7b shows the rate capability of Si/Gr-20∥Li cells with different LiPAA to CMC
ratios at C/20 to 1C. The initial capacities are in the order of: QLiPAA/CMC(2.27:7.73) >
QLiPAA > QCMC > QLiPAA/CMC(1:1) > QLiPAA/CMC(7.73:2.27), linked to the active material,
especially Si, utilization. The better performance of LiPAA/CMC(2.27:7.73) can be ex-
plained by better adhesion properties and wettability of the electrode compared to the
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Figure 4.6: a) Chemical structures of LiPAA and CMC, b) LiPAA to CMC ratio (in
wt%) for Si/Gr-20 anode

other electrodes with single or dual binder system. LiPAA/CMC(2.27:7.73) exhibits sta-
ble rate capability up to 1C and superior capacity recovery of 99.71% at C/10. It is
also observed that LiPAA as a single binder system shows a better performance than a
single CMC binder at different C-rates. The results confirm that the optimized amount
of LiPAA and CMC binder follows the ratio of Si and Gr active material in the Si/Gr
blend electrode.

In summary, Si/Gr blend electrodes with different Si to Gr and LiPAA to CMC ratios
have been investigated. The electrochemical performance of Si/Gr∥Li cells showed that 20
wt% Si (Si/Gr-20) and LiPAA to CMC ratio of 2.27:7.73 are the optimal values for active
materials and binders, respectively. These findings highlight the importance of slurry
formulation and optimization of both active materials and binder systems in a Si-based
anode.

4.1.3 Validation of the optimized anode in full-cell configuration

Although the study of Si/Gr∥Li cells provides important information on the stability
and cycling performance of the anode, optimized parameters need to be further studied
in a full-cell configuration (NMC622∥Si/Gr). The development of high-energy-density
rechargeable batteries requires high-capacity and/or low-potential anodes coupled with
a high-capacity and/or high-voltage cathode. Therefore, a high-capacity anode does not
necessarily increase the overall capacity of the full-cell (Equation 4.4) [2], [163], [173].
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Figure 4.7: a) Long-term electrochemical cycling performance and Coulombic efficiency
at C/10 and b) Rate capability of Si/Gr-20 anode half-cell with different
LiPAA to CMC ratios

1

QCell

=
1

QA

+
1

QC

(4.4)

where QA and QC are the capacity of the anode and cathode respectively.

In this work, a high-capacity Si-based anode and high-energy NMC622 cathode were
assembled and examined in a full-cell as a promising development towards next-generation
high-energy-density LIBs [174], [175].

For full-cell investigations the optimized anode (Chapters 4.1.1 and 4.1.2) was assembled
in a coin cell configuration with an NMC622 cathode (NMC622∥Si/Gr-20). The cells were
initially charged/discharged at C/20 for five cycles using a 1.2 M LiPF6 in EC:EMC (3:7)
+ 10 wt% FEC electrolyte to build up a stable SEI layer, followed by charge/discharge at
C/5 in the potential range of 2.5–4.35 V to investigate the long-term performance of the
cells. The rate capability was measured at different C-rates ranging from C/10 to 5C.

Figure 4.8a shows the voltage vs. capacity curve obtained during galvanostatic charge and
discharge from cycles 2 to 300. In order to better understand the degradation phenomena
and electrochemical performance, the dQ/dV vs. V curve is shown in Figure 4.8b. It is
difficult to directly indicate the contribution of both electrodes in the full-cell from the
dQ/dV plot. According to Ohm’s law (V = I.R), the shift of the peak position to higher
voltages indicates an increase in the internal resistance. The widening of the peaks is
related to the chemical changes in the electrodes, and the changes in peak intensity are
related to the electrochemical changes within the cell [174], [176], [177]. It is observed
in Figure 4.8b that the peaks are shifted to higher potentials, widened, and have lower
intensity with increasing cycle number, implying an increase in resistance and lower elec-
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trochemical performance at higher cycle numbers. At the initial charging, a sharp peak
is observed at 3.7 V, which may be attributed to the electrode/electrolyte interphase and
gas formation. The intensity of this peak decreases with increasing cycle number.

Figure 4.8c shows the capacity, Coulombic efficiency, and accumulated irreversible capac-
ity of the NMC622∥Si/Gr-20 cell. Capacity retention of 99.04% and 74.30% is observed
in the 2nd and 50th cycle, respectively. The Coulombic efficiency in the 1st and 2nd cy-
cles are 96.59% and 98.38%, respectively, and increases to 99.79% and 99.57% at the
300th and 500th cycle, respectively. The low initial Coulombic efficiencies in full-cells are
linked to the anode’s SEI layer formation and ongoing parasitic reactions on the cathode
side. The accumulated irreversible capacity shows a higher slope up to 40 cycles, which
can be related to the electrode/electrolyte interphase formation. Afterwards, the slope
decreases and stays steady, indicating fewer parasitic reactions and irreversible active
lithium loss. Figure 4.8d shows the rate capability measurement at C-rates ranging from
C/10 to 5C of the NMC622∥Si/Gr-20 cell, which exhibits 81.93% capacity recovery after
deep charge/discharge at 5C.

Figure 4.8: a) Charge-discharge profile and b) dQ/dV vs. V plot at different cycles,
c) Cycling performance, Coulombic efficiency and accumulated irreversible
capacity, and d) Rate capability at C/20, C/10, C/5, C/2, 1C, 2C, 3C and,
5C for NMC622∥Si/Gr-20 full cells.

Voltage efficiency (VE) is defined as the ratio of average discharge voltage (Vd) to average

57



4 Customizing and optimization of silicon/graphite negative electrode

charge voltage (Vc) and energy efficiency (EE) is defined as the ratio of discharge energy
density (Ed) to charge energy density (Ec) as shown in equations 4.5 and 4.6.

V E =
Vd

Vc

× 100[%] (4.5)

EE =

´ td
0

VdId dt´ tc
0
VcIc dt

× 100[%] (4.6)

At a constant current equation 4.6 could be simplified as below:

EE = CE

´ td
0 Vd dt

td´ tc
0 Vc dt

tc

= CE
Vd

Vc

= CE · V E[%] (4.7)

Therefore, both VE and CE have a direct impact on the value of EE. CE depends on
the properties of the electrode, such as particle size, porosity, specific surface area, and
mechanical stability, which can impact the formation of SEI and cathode electrolyte in-
terphase (CEI) as well as their stability. The operating parameters (temperature, voltage
range, C-rate) and electrolyte properties also affect the CE. VE depends on different pa-
rameters such as lithium storage mechanism (intercalation vs. alloying materials), active
materials properties (particle size, specific surface area), material stability (structural or
phase changes), electrode properties (formulation, thickness, porosity, etc.), electrolyte
formulation, and operating parameters (temperature, C-rate) [178].

Figure 4.9 shows the VE and EE for selected cycle numbers in the NMC622∥Si/Gr-20 full-
cell. In the 2nd cycle, VE shows a value of 94.78% and it slightly decreases to 93.41% at the
300th cycle. The obtained EE is higher than 93% after 300 cycles, and CE at the 2nd cycle
is 98.38%, which increases to 99.65% and 99.79% after 150 and 300 cycles, respectively.
EE values are higher than the values reported for different anode/cathode materials [179],
as well as the values reported for Si/Gr electrodes (∼89%) [178], confirming the enhanced
results of this work.

4.1.4 Summary

In summary, the performance of the negative electrode was improved by optimizing the
anode formulation, active materials (Si/Gr), and polymeric binders (LiPAA/CMC) ratios.
The electrochemical performance of the Si/Gr anodes was investigated in Si/Gr∥Li and
NMC622∥Si/Gr cells. The results prove the importance of optimizing Si to Gr and LiPAA
to CMC ratios. Based on the initial discharge capacity, capacity retention, and CE
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Figure 4.9: Voltage efficiency (VE), energy efficiency (EE), and Coulombic efficiency
(CE) of the NMC622∥Si/Gr-20 full cell at selected cycle numbers.

of Si/Gr∥Li with different Si to Gr ratios, the configuration with 20 wt% Si (Si/Gr-
20) and LiPAA/CMC ratio of 2.27:7.73 was identified as the optimal combination of
materials and binders. The Si/Gr-20∥Li cell exhibits stable electrochemical performance
with over 900 cycles at C/10, achieving a capacity retention of 80.06%. The rate capability
measurements showed a capacity recovery of 98.67% after deep charge/discharge at 5C.

The electrochemical performance of NMC622∥Si/Gr-20 was investigated in long-term cy-
cling and rate capability measurements. The Key electrochemical efficiencies, such as
CE, VE, and EE, were investigated. After 300 cycles the cells show VE and EE higher
than 93%, which are higher than the reported values in the literature. However, the
full-cell configurations in this study were not fully optimized, particularly on the cathode
side. The performance gap between Si/Gr∥Li and NMC622∥Si/Gr cells suggests that Li
loss governs the degradation mechanism and significantly contributes to aging. Further
cathode optimization is expected to improve the overall cell performance.
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4.2 SEM/EDX analysis of silicon/graphite anodes

The optimized Si/Gr anode (Si/Gr-20, described in Chapter 4.1.1) was analyzed with SEM
and EDX before electrochemical cycling (pristine electrode) to investigate the morphology
and the distribution of the particles after coating the electrode. After electrochemically
cycling the Si/Gr anodes, the coin cells were disassembled, and SEM/EDX measure-
ments were conducted on the cycled anode to study the changes in morphology after
lithiation/delithiation (Figure 4.10). In both cases, surface and cross-section SEM/EDX
analysis was performed. Cross-section imaging can provide further information about
particle size, porosity, and thickness of the electrodes.

Figure 4.10: Schematic illustration of postmortem SEM analysis on the Si/Gr anodes

4.2.1 Pristine anode

Figure 4.11 shows SEM images from the surface of the Si/Gr-20 pristine anode after cal-
endering. Measurements were conducted in secondary electron (SE) and backscattered
electron (BSE) modes at two different magnifications. SE imaging captures the electrons
originating from the near surface regions (a few nm) and provides information about the
surface morphology. As observed in Figure 4.11 a and c, the slurry is distributed homo-
geneously and covers the surface of the current collector. This homogenous distribution
of the slurry is also observed in the panorama cross-section SEM image in Figure 4.12a.
Pores are visible in both surface and cross-section SEM images in Figure 4.11 and 4.12,
but no cracks are observed in these films. It should be noted that SEM measurements
were performed on 2–3 samples, and several areas were investigated per sample, which
consistently showed similar morphology and particle distribution. BSE imaging captures
electrons from deeper below the surface (a few µm) and contains information about the
composition of the sample, but has a lower image resolution. In BSE images, a contrast
between the elements with different atomic numbers is observed. More BSEs are detected

60



4.2 SEM/EDX analysis of silicon/graphite anodes

in the elements with higher atomic numbers, and therefore, the image is brighter com-
pared to the lower atomic numbers. Figure 4.11 b and d, as well as Figure 4.12b, show
the SEM images in BSE mode from the surface and cross-section of Si/Gr-20 samples,
respectively. The contrast between Si (atomic number 14) and Gr (carbon, atomic num-
ber 6) active material is observed, appearing as light and dark grey particles, respectively,
which is also confirmed by the EDX layered mapping in Figure 4.12c.

For a better understanding of the Si material (Si-alloy, 3M), electrodes were prepared with
only Si active material, (Si-88 in section 4.1), and the electrode morphology and particle
distribution are investigated by SEM/EDX, as depicted in Figure 4.13. EDX mapping
in Figure 4.13 b and c confirms the presence of Si-Fe alloy and carbon in the Si-alloy
material (SixFeyCz), which is consistent with the observations from Figure 4.12c. Based
on the cross-section SEM/EDX investigations, the Si-Fe alloy particle size ranges from ∼
0.35 to 10 µm.

Figure 4.11: SEM images of the surface of pristine Si/Gr-20 anode, captured in a,c) sec-
ondary electron (SE) mode, and b,d) backscattered electron mode (BSE)
at different magnifications

To study the effect of calendering on the morphology of Si/Gr anodes, the electrode
surfaces were investigated using SEM. Based on Figure 4.14, calendered electrodes exhibit
more closely packed particles and a flatter surface. Calendering is commonly applied on
commercial electrodes to enhance the volumetric energy density (Wh L−1) by compacting
more active material in the unit volume [180]. The Si active material undergoes a large
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Figure 4.12: Pristine Si/Gr-20 anode a) panorama SEM cross-section image, b) SEM
cross-section image, c) EDX layered mapping, indicating iron (Fe), copper
(Cu), silicon (Si), oxygen (O), and carbon (C)

Figure 4.13: Pristine Si(Si-alloy, 3M) material used in this work: a) Cross-section SEM
image, b) EDX layered mapping image, c) EDX elemental mapping for
carbon (C), iron (Fe), oxygen (O), and silicon (Si)
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volume change during lithiation and delithiation, and the presence of a certain amount of
porosity within the electrodes is essential. On the other hand, high porosity can reduce the
contact area of the active particles, which reduces the stability of the anode. Therefore,
it is highly important to optimize the porosity of the electrode and balance the energy
density and cycling performance.

Figure 4.14 a and b show the BSE and SE SEM images of Si/Gr anodes before and after
calendering, respectively. Different areas on the surface of the electrodes were analyzed
using EDX, confirming that the light and dark grey particles in BSE images are Si and Gr,
respectively. The EDX results are depicted in Figure A.2 (Appendix). Figure 4.14 c and
d provide magnified SEM images of the anode surface before and after calendering. The
morphology of Si and Gr particles, including basal and prismatic planes, is clearly visible
before calendering (Figure 4.14c). It is observed that after calendering, the electrodes
have flatter and smoother surfaces and particles are more densely packed compared to
the uncalendered samples.

4.2.2 Post-mortem analysis

To better understand the structural change of the Si particles after electrochemical cy-
cling, surface and cross-section SEM/EDX of the Si/Gr electrodes were investigated after
lithiation and delithiation. Figure 4.15 shows the electrochemical performance of Si/Gr∥Li
cells at C/10 for up to 1200 cycles, and at C/5 and C/2 for up to 100 cycles. Red marks
indicate cycles 20, 500, and 1200 at C/10, corresponding to the anodes investigated by
SEM/EDX in this research.

Figure 4.16a shows the EDX surface mapping of the pristine Si/Gr-20 anode and the
distribution of Si, C, O, and Fe. Si particles are uniformly distributed across the surface.
The Si/Gr electrodes were analyzed with SEM/EDX after electrochemical cycling (Si/Gr-
20∥Li cells at C/10). The Si/Gr-20∥Li cells were disassembled at the lithiated state after
20 and 500 cycles, and SEM/EDX mapping was performed on the lithiated anodes (2–
3 samples were prepared for each SEM/EDX measurement). The EDX mappings of the
Si/Gr anodes after 20 and 500 cycles are observed in Figure 4.16 b and c, respectively. The
intensity of the oxygen signal is increased after lithiation, as shown in Figure 4.16b and c.
The surface oxygen can originate from the oxygen-containing species on the surface of the
lithiated electrode and the SEI layer, such as Li2O. The growth of oxygen-rich domains
can be related to the ongoing reformation and growth of decomposition products. A
fluorine (F)-rich layer is also observed on the surface of lithiated Si/Gr anode in Figure
4.16 b and c, which can be due to LiPF6 decomposition products and the inorganic SEI
species, such as LiF and LiPFxOy. An increased distribution of O and F over the surface
area is observed at higher cycle numbers, as depicted in Figure 4.16d. The presence of
phosphorus (P) on the surface could be due to residual LiPF6 salt or its P–F containing
decomposition species. The higher magnification of the SEM images and EDX mapping
of Figure 4.16 is provided in the Appendix (Figure A.3).
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Figure 4.14: Surface SEM images of pristine Si/Gr-20 anode a,c) before calendering
the electrode and b,c) after calendering the electrode, EDX analysis of
the pristine Si/Gr anode before and after calendering is depicted in the
Appendix (Figure A.2)

To investigate structural changes in Si/Gr electrodes after long-term cycling, the cross-
section SEM and EDX analysis were performed after 1200 cycles, as shown in Figure 4.17.
Significant morphological changes and gradual loss of Si volume fraction are observed in
these images. Similar morphologies and degradation patterns have been reported by Vo-
rauer et al. [181] and Kumar et al. [182], studying the 3M Si-alloy materials. Three
distinct degradation stages are observed in the Si particles as shown in Figure 4.17 b,
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Figure 4.15: Electrochemical performance of the Si/Gr-20∥Li cells cycles at C/10, C/5
and C/2. The red marks on the C/10 graph are at 20 cycles, 500 cycles,
and 1200 cycles, where postmortem SEM/EDX analysis was performed on
the Si/Gr anode.

marked with green, orange, and red circles and named stage 1, stage 2, and stage 3, re-
spectively. Upon electrochemical cycling, the large volume changes of Si particles result in
particle pulverization and degradation, leading to morphology changes of Si particles and
their surrounding. Figure 4.17c provides a higher magnification of the green and orange
areas marked on Figure 4.17b, showing stages 1 and 2 of Si-degradation. Figure 4.17d
focuses on the red area marked on Figure 4.17a, representing stage 3 of Si degradation,
where the Si particles are pulverized and distributed. Depending on the size of the Si
particles, the cycle number, and lithiation state, the particles may undergo one of the
three degradation stages mentioned above. The repeated stress and volume changes of Si
particles during lithiation and delithiation result in the formation of cracks and pores in
the vicinity of Si particles. These defects may lead to the redistribution of Si particles and
modification of the structure and morphology of the electrode. A comparison of Figure
4.17 and Figure 4.12, shows less porosity in the anode after electrochemical cycling and
more closely packed particles, which may be due to changes in structure and redistribution
of Si particles. Figure 4.17e shows the cross-section SEM and EDX (results depicted in
Figure A.4 in the Appendix section) of Si/Gr anode after ∼1200 cycles. Regions 1, 2, and
3 exhibit a high Si signal, which shows the presence of Si particles in these areas. Region
4 shows a strong C signal, indicating the Gr particles. Region 5, with a similar structure
to Figure 4.17d, shows a high level of O, followed by Si and C, illustrating stage 3 in Si
particle degradation. Figure 4.17f shows a cross-section of the pristine anode, where the

65



4 Customizing and optimization of silicon/graphite negative electrode

Si particles are intact.

To investigate the effect of C-rate on the morphology changes and degradation of Si/Gr
electrodes, further SEM/EDX investigation was performed on Si/Gr electrodes after lithi-
ation/delithiation in Si/Gr-20∥Li configuration at C/5 and C/2 for 100 cycles. The cross-
sectional SEM images were studied as shown in Figure 4.18. The morphological changes
of Si particles are consistent with those observed in Figure 4.17. In Figure 4.18 a1-a3,
the Si/Gr anode was lithiated/delithiated at C/5 for 100 cycles. The intact Si particles
and particles at the initial degradation stage (stage 1, marked in green) are observed
along with the particles at the higher stages of degradation (stage 2, marked in orange).
The Si-core is visible, indicating that the particles have not reached stage 3 degradation
in these images. Figure 4.18b1-b3 shows the Si/Gr anode lithiated/delithiated at C/2
for 100 cycles, indicating a severe degradation of Si particles (stage 3, marked in red).
However, the extent of degradation, shrinking of Si core, and pulverization of Si parti-
cles in Figure 4.18 b1-b3 is less severe than after 1200 cycles, Figure 4.17. Figure 4.18
b1-b3 may capture the onset of morphological changes and redistribution of Si particles,
which leads to the final degradation morphology observed in Figure 4.17. The observed
Si redistribution may affect long-term capacity retention, as shown in Figure 4.15. As
observed in Figure 4.17 and 4.18, not all Si particles undergo the same degree of stress
and degradation. This variation suggests that some particles may not fully participate
in the lithiation/delithiation process, which can explain the gap between the theoretical
capacity and the practical capacity of the Si/Gr anodes.

Additional SEM/EDX analysis was performed on NMC622∥Si/Gr-20 full-cells after 100
cycles at C/2. Figure 4.19a shows the cross-section SEM/EDX analysis of the Si/Gr-20
anode, where the redistribution and degradation of Si particles exhibit a pattern similar to
that observed in the half-cell configuration. Figure 4.19b shows the EDX mapping (of the
highlighted region in Figure 4.19a), and Figure 4.19c shows the individual EDX elemental
mapping. The presence of oxygen at the border of Si particles indicates ongoing chemical
reactions between the electrolyte and Si particles. These reactions might be related to
the reformation and growth of the SEI and degradation layer due to the breakdown and
redistribution of Si particles upon electrochemical cycling. The inhomogeneous stress
distribution due to these chemical reactions can enhance the formation of cracks and
pores and accelerate the degradation of Si particles [181].
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Figure 4.16: EDX mapping of a) Pristine Si/Gr-20 electrode, and Si/Gr electrodes after
lithiation/delithiation in Si/Gr∥Li cell configuration at C/10 after b) 20
cycles and c) 500 cycles, d)Element distribution of O and F in the whole
EDX spectrum (mass%) for pristine, 20 cycles and 500 cycles
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Figure 4.17: Cross-section SEM analysis of Si/Gr-20 electrodes after ∼ 1200 cycles in a
Si/Gr∥Li cell configuration at C/10 a) Si/Gr anode after cycling, b) Three
different stages of Si degradation is marked on the image, c, d, e) Higher
magnification of Si particles degradation, and f) Pristine Si/Gr anode.
EDX analysis is depicted in the Appendix (Figure A.4)
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Figure 4.18: Cross-section SEM images of Si/Gr anodes after lithiation/delithiation in
Si/Gr∥Li after 100 cycles at a1-a3) C/5 and b1-b3) C/2
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Figure 4.19: Cross-section a) SEM image, b) Layered EDX mapping, and c) Elemental
EDX mapping of Si/Gr anodes after 100 cycles at C/2 in NMC622∥Si/Gr
full-cell
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4.3 Integration of the optimized silicon/graphite
anode-based lithium-ion battery in a photovoltaic
charging battery system

This chapter is based on the results from the publication entitled “Toward the Integration
of a Silicon/Graphite Anode-Based Lithium-Ion Battery in Photovoltaic Charging Battery
Systems”, which was published during this thesis by Hamzelui et al. [183]. The content
and figures of this chapter are reproduced and modified from Ref. [183] with permission
from American Chemical Society, Copyright 2022. This work was in collaboration with
IEK-5, Forschungszentrum Jülich. The battery development was performed at ISEA, and
the PV-Battery integrated system design and solar charging experiments were performed
by IEK-5. Detailed information on the perovskite solar cell and solar charging set-up is
fully discussed in Ref [183].

Solar photovoltaic (PV) energy generation depends on the weather conditions during
daylight hours, resulting in a mismatch between supply and demand [184]. Combining
or integrating PV with batteries is an environmentally friendly solution to overcome the
intermittency of solar generation and to produce and store sustainable energy. The in-
tegration of PVs and batteries not only stabilizes the output but also minimizes wiring
and power management. PV-Battery integration can be implemented in various configu-
rations and scales, depending on the application. In directly coupled PV-Battery system,
a proper voltage matching of the PV and battery is critical, which can provide the op-
portunity to eliminate the need for maximum power point tracking (MPPT) [185], [186].
The batteries used in a PV-Battery system must be cost-effective and operate under ele-
vated temperatures [187]. Typically, the module temperature is in the range of 30–60 ◦C
(reaching a maximum of 70 ◦C) depending on the climate zone.

As discussed theoretically in Chapter 2.4 and experimentally in Chapter 4.1, the co-
utilization of Si and Gr, combined with an optimized polymeric binder system, can over-
come the limitations of each active material, by leveraging their synergistic properties. In
this chapter, the NMC622∥Si/Gr cell developed in Chapter 4.1.3 is further optimized for
high-temperature operation and integration into PV-battery system. This optimization
includes the use of additives, such as fluoroethylene carbonate (FEC), vinylene carbonate
(VC), and (2-cyanoethyl)triethoxysilane (TEOSCN) additives [46], [174]. Using suitable
electrolyte additive improves the electrochemical performance and stability of the cell at
elevated temperatures [46], making the batteries more suitable for PV integration.

A perovskite solar cell (PSC) has been used in this work, due to its high efficiency and
suitability for small-scale applications and coupling with coin-cell scale batteries, which
is challenging to achieve with wafer-based Si PV devices. No specific voltage matching
development was performed for direct matching of the PSC and battery. Therefore, a
direct-current—direct-current (DC-DC) boost converter with MPPT has been used for
effective coupling between the battery and the PSC [188].
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Figure 4.20: Schematic illustration of PV-Battery setup, using a perovskite solar cell,
DC-DC converter, and LIB

4.3.1 Battery development

To optimize a full-cell for integration into the PV-battery system, electrolyte, anode,
and cathode optimization is necessary. In this work, the electrolyte system consists of
1 M LiPF6 in EC:DEC (1:1), with 5 wt% FEC, 2 wt% VC, and 1 wt% TEOSCN[174].
The FEC additive significantly influences the electrolyte degradation and SEI formation
process. VC improves the cycle life, thermal stability, and SEI layer formation of the
Si-based anodes. However, despite all the advantages of FEC and VC, there are some
critical disadvantages. For example, VC forms a thicker SEI layer on Si-based anodes and
increases the impedance of the cell. FEC increases the gassing at elevated temperatures,
which results in the consumption of the FEC additive, therefore, reducing the performance
of the cell. TEOSCN has been reported to improve the electrochemical performance of
the cell under high temperatures [46], [174]. Therefore, the combination of FEC, VC, and
TEOSCN electrolyte additives results in synergistic effects that improve the overall cell
performance.

The optimized Si/Gr anode developed in Chapter 4 paired with an NMC622 cathode
with a loading of 6.4 mg/cm2 was investigated for application in the PV-battery system.
NMC622 cathode was chosen over alternatives such as lithium cobalt oxide (LCO) and
lithium iron phosphate (LFP) due to its balanced trade-off between safety and perfor-
mance. Although LFP offers high safety, long cycle life, and stable chemical structure,
it has a lower energy density than NMC622. LCO has a less stable structure and is
subjected to structural changes, oxygen release, and electrolyte decomposition.

To design and optimize a full-cell, the ratio of the capacity of the negative to the positive
electrode (N/P ratio) needs to be balanced. In this work, the thickness of the Si/Gr
anodes was adjusted (active mass balance) using 125, 250, 300, and 350 µm draw-bar
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gaps (wet-thickness) to optimize the N/P ratio of the full-cell. NMC622 cathode with an
areal capacity of 1.15 mAh cm−2 was used. The N/P ratio is a critical parameter and has
an impact on the cycle life, energy density, safety, and cost of the LIB. An unbalanced
N/P ratio can lead to severe performance issues of the LIB. For example, if the N/P ratio
is less than 1, there will not be enough sites on the anode to accommodate all the Li ions
coming from the cathode, which can lead to lithium plating, irreversible capacity loss,
and internal short-circuit upon long-term cycling [19], [20]. Therefore, to enhance the
cycle life and safety of the battery, a slightly higher areal capacity of the anode is used
in industrial applications. However, if the anode is oversized, the inactive mass (unused
mass and volume) increases and energy density decreases. An optimization of the N/P
ratio is necessary for balancing between safety ( QAnode

QCathode
> 1) and specific capacity ( QAnode

QCathode

= 1), which is found to be between 1.1 and 1.2 [18].

Figure 4.21a shows the charge-discharge curve of NMC622∥Li and Si/Gr∥Li with different
thicknesses cycled at 0.05C. The corresponding N/P ratios are listed in Table 4.2. Full-
cells using Si/Gr-250 have an N/P ratio of 1.18, which is in the optimized range reported
in the literature [18]. Figure 4.21b shows the rate capability measurements of Si/Gr∥Li
cells with different thicknesses at C-rates ranging from 0.05C to 3C. It can be observed
that Si/Gr-250 has stable electrochemical performance at different C-rates and a capacity
recovery of 98.36% after deep charge/discharge at 3C. The capacity recovery for the other
thicknesses of Si/Gr can be seen in Table 4.2. Based on these results, Si/Gr-250 anode
with an areal capacity of 1.37 mAh cm−2 and an active mass loading of 2.6 mg cm−2 was
selected for further full-cell experiments.

Figure 4.21: a) Charge-discharge profile at the second cycle at 0.05C for the NMC622∥Li
and Si/Gr∥Li (with different thicknesses) cells, b) Rate capability measure-
ments at different C-rates (0.05C to 3C) for Si/Gr anode half-cells with
different thicknesses.

Since the solar cells operate at elevated temperatures, the electrochemical performance of
NMC622∥Si/Gr, Si/Gr∥Li, and NMC622∥Li cells was investigated at RT, 45, and 60 ◦C.
Figure 4.22a shows the electrochemical performance of Si/Gr∥Li cells at 0.2C at the three
different temperatures. At elevated temperatures (45 and 60◦C) the cells show higher
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Table 4.2: N/P ratio of NMC622∥Si/Gr cells and capacity recovery of Si/Gr∥Li cells.
Anode N/P ratio Half-cell capacity recovery

after (dis)charge at 3C (%)
Si/Gr-125 0.63 97.47

Si/Gr-250 1.18 98.36

Si/Gr-300 1.36 97.31

Si/Gr-350 1.81 97.25

initial capacities (454.05, 544.04, and 582.31 mAh g−1 at RT, 45, and 60◦C, respectively).
However, the rate of capacity loss is significantly higher at elevated temperatures and
the capacity retention is 92.41, 79.24, and 62.46% at RT, 45, and 60◦C, respectively. In
the initial cycles, lithiation/delithiation is controlled by diffusion, and due to the high
mobility of Li ions at higher temperatures, the initial capacities are higher at elevated
temperatures [189]. Nevertheless, after prolonged exposure to high temperatures, par-
asitic reactions such as electrolyte decomposition and oxygen evolution from the NMC
cathode are increased, leading to a faster rate of capacity loss compared to RT [189]. It
has been reported that TEOSCN electrolyte additive has a more pronounced effect on the
electrochemical performance of the cells at elevated temperatures compared to RT [46].
Additionally, the SEI layer can break down at elevated temperatures (∼57◦C), resulting
in a lower electrochemical performance of the cell [190]. LiPF6 decomposes at high tem-
peratures, leading to the formation of reactive species such as PF5. In the presence of
unavoidable traces of moisture in the cell, PF5 reacts with water and forms HF and PO3.
PF5 also reacts with EC and DEC solvents as depicted in Figure 4.23. These degradation
pathways explain the initial high performance and rapid capacity loss of the cells cycled
at 60◦C.

Figure 4.22b shows the rate capability of Si/Gr∥Li cells at RT, 45, and 60 ◦C, with C-rate
ranging from 0.05C to 3C. In the final step, the cells were cycled at 0.1C to measure the
capacity recovery, which was 98.36, 95.74, and 88.65% at RT, 45, and 60 ◦C, respectively.
Si/Gr∥Li cells cycled at higher temperatures show better performance and higher capacity
at higher C-rates, which can be due to enhanced Li ion diffusion at elevated temperatures,
although it comes at the expense of long-term cycling stability.

Figure 4.22c shows the long-term cycling performance of NMC622∥Li cells at 0.2C at
three different temperatures. The NMC622∥Li cells show a similar trend to the Si/Gr∥Li
cells (Figure 4.22a). However, at 60◦C, faster capacity and CE loss is observed in the
NMC622∥Li cells after ∼70 cycles (74.43% capacity retention), which is more rapid com-
pared to Si/Gr∥Li cells. After 150 cycles, the NMC622∥Li cells at RT and 45◦C show a
capacity retention of 86.96 and 80.66%, respectively. Elevated temperatures reduce the
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Figure 4.22: a) Long-term cycling performance at 0.2C and b) Rate-capability measure-
ments (0.05C–3C) for Si/Gr∥Li cells, c) Long-term cycling performance at
0.2C and b) Rate-capability measurements (0.05C–3C) for NMC622∥Li
cells at RT, 45, and 60 ◦C

cyclability of the NMC622 cathode due to accelerated metal dissolution, active oxygen
evolution, reaction with electrolyte solvents, and cation mixing due to the similar radius
of Li+ and Ni2+ [191], [192]. At elevated temperatures, the LiPF6 decomposition prod-
ucts (PF5, HF, and POF3) can catalyze the reactions on the cathode side and increase
the battery’s capacity loss. These acidic species can react directly with the NMC622
cathode, resulting in transition metal cation dissolution, oxygen evolution, electrolyte
oxidation, and structural disorder. The TEOSCN electrolyte additive forms a robust
cathode-electrolyte interphase and a physical barrier layer of –C≡N–TM complex (TM
= transition metal), both of which mitigate the direct reaction between the cathode and
acidic species derived from Li salt [46].

The rate capability measurements of the NMC622∥Li cells is presented in Figure 4.22d.
Higher capacities are observed for the NMC622∥Li cells at elevated temperatures, es-
pecially at higher C-rates. However, the differences in capacities at elevated and room
temperature are less pronounced that those observed in Si/Gr∥Li cells. The capacity re-
covery of the NMC622∥Li cells at 0.1C, after deep lithiation/delithiation at 3C, is 80.24,
88.17, and 88.92% at RT, 45, and 60 ◦C, respectively.
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Figure 4.23: Possible mechanism of EC decomposition via a strong Lewis acid, PF5

Figure 4.24a shows the differential capacity (dQ/dV) vs. voltage (V) for NMC622∥Si/Gr
cells at RT, 45, and 60 ◦C. The dQ/dV measurements were performed at a low C-rate of
0.05C to better investigate the electrochemical and degradation phenomena. It is observed
that increasing the temperature leads to reduced peak intensities, narrower peaks, and
shifts the peaks to higher voltages.

Figure 4.24b shows the charge/discharge profile of the NMC622∥Si/Gr cells, indicating
lower capacities and capacity retentions at elevated temperatures. Figure 4.24c shows the
specific capacity and CE of NMC622∥Si/Gr cells at 0.2C and at different temperatures.
Capacity retention values after the second cycle were 98.78%, 98.71%, and 97.23% at
RT, 45, and 60 ◦C, respectively, and decrease to 74.23%, 69.25%, and 50.31% at the
50th cycle. The CEs at the second cycle at RT, 45, and 60 ◦C are 97.99%, 96.76%,
and 93.22%, respectively, and increasing to 99.11%, 97.85%, and 96.85%, by the 50th

cycle. The CEs can be further optimized by improving the electrolyte formulation and
the electrode-electrolyte interphases.

The rate capability measurements of the NMC622∥Si/Gr cells at different temperatures
are depicted in Figure 4.24d, which aligns with the results presented in Figure 4.24c, where
the highest capacities are observed for the cells cycled at RT. The capacity recovery values
at 0.1C, after deep charge/discharge at 3C, are 81.43%, 69.44%, and 67.55% at RT, 45, and
60 ◦C, respectively. In NMC622∥Si/Gr cells, the electrochemical performance is limited
by the kinetics of Li ion insertion and extraction, as well as diffusion through the SEI and
cathode electrolyte interphase (CEI) layer. Hence, regardless of the high initial capacity
in Si/Gr∥Li and NMC622∥Li cells at elevated temperatures, NMC622∥Si/Gr cells show a
higher initial capacity and a lower rate of capacity loss at RT.

4.3.2 PV-Battery integrated system

After the characterization of the battery (as described in Chapter 4.3.1) and the solar
cell [183], tests were carried out on the coupled device. The batteries were connected to
the solar cells via a DC-DC booster converter and then charged by the solar cells, which
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Figure 4.24: a) Differential capacity (dQ/dV) vs. voltage at the second cycle at 0.05C,
b) Charge-discharge profile at 0.2C, c) Specific capacity and coulombic
efficiency at 0.2C, and d) Rate capability at0.05C to 3C for NMC622∥Si/Gr
cells at RT, 45, and 60 ◦C

were illuminated using a solar simulator. Prior to the measurement, the batteries were
discharged to 2.5 V to ensure an equal state of charge. The battery charging time (tc) was
set to 700 s, and the discharge time (td) is the time that the battery starts to discharge
until it reaches 2.5 V, which is the initial charge voltage. Tests were conducted under an
illumination intensity of 100 mW cm−2 with an AM1.5G spectrum at a temperature of
25 ◦C.

Figure 4.25 illustrates the charge-discharge cycle of a solar-charged battery, with black
lines representing the voltage and red lines showing the current. The solar cell supplies
an incoming voltage of almost 1 V (VinConv, shown as negative for plot clarity), which is
boosted by the converter to∼4 V within the battery voltage range. As the battery charges,
the voltage changes from 3.5 V to 4.24 V over a period of 700 s. During this process, the
current delivered from the solar cell to the converter (IinConv) decreases proportionally to
the voltage boost. Upon completing the charging step, the battery’s open circuit voltage
(VOCV) stabilizes at 4.09 V. At the start of the discharge phase, the voltage drops to 3.93
V and gradually reduces to 2.5 V after 1200 s of discharge. The IinConv curve exhibits
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two different slopes, initially showing a very steep decline that later stabilizes. The rapid
initial loss in current is attributed to the quick increase in output voltage (VOConv) during
the battery’s charging phase. Subsequently, as the battery charges, the voltage follows a
semi-linear pattern and the converter input current stabilizes accordingly.

Figure 4.25: Charge and discharge voltages (black) and currents (red) of the solar-
charged battery. Charge and discharge time are 700 s and 1200 s, re-
spectively.

The energy-loss analysis of the solar-charged battery was conducted to gain insights into
the source of losses. In Figure 4.26, the right bar chart shows the average efficiencies
and losses, while the left side presents the overall solar cell efficiency and solar-to-battery
efficiency. Based on the I-V curve (Figure A.5), the solar cell efficiency is calculated to be
15.31%. The performance of a PV-battery integrated system is defined by solar charging
efficiency (ηsolar−to−batt):

ηsolar−to−batt =
Vc · Ic

A · PAM1.5

× 100% (4.8)

where Vc and Ic are the charging voltage and current of the battery, respectively. The
PAM1.5 is the incident light power density under AM1.5 conditions (100 mW cm−2) and
A is the effective area of PSC.

The battery round-trip efficiency (ηround−trip) is the fraction of energy put into the battery
that can be retrieved from the immediately preceding charge cycle:
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ηround−trip =

´ td
0

Pddt´ tc
0
Poutdt

× 100% (4.9)

where Pout and Pd are the charge and discharging power of the battery, respectively.
td and tc are the discharging and charging time, respectively. Solar charging efficiency
indicates how efficiently the input power of light is delivered to the battery, which includes
the voltage setup losses and power overheads from the converter. The overall efficiency
(ηoverall) is calculated as:

ηoverall = ηsolar−to−battery × ηround−trip (4.10)

The coupling losses are initially low but increase as the battery charges. The primary
contributors to these losses are the converter, followed by the battery. Notably, the
battery loss in this study is 2.47%, which is lower compared to the previously reported
values [188]. These findings indicate an improved battery performance within this work.
The overall efficiency is 8.74% under a 2C charging rate at RT, considering the initial PSC
efficiency (15.31%). Given the relatively high C-rate, the achieved efficiency is notable
and confirms the success of the developed battery. These results demonstrate promising
advancements in PV-battery technology, leading toward a more efficient integration of
solar energy conversion and energy storage systems.

Figure 4.26: Energy loss analysis of the solar charging process

4.3.3 Summary

In summary, NMC622∥Si/Gr cells were successfully paired with a perovskite solar cell,
with an efficiency of 15.31%, using a DC-DC booster converter. To address the challenges
of elevated temperatures during solar-charging, the NMC622∥Si/Gr cells were further
developed using TEOSCN electrolyte additive.
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The electrochemical performance of NMC622∥Li and Si/Gr∥Li was systematically eval-
uated at different temperatures (RT, 45, and 60 ◦C). Both cell types exhibited high
initial capacities, followed by a rapid capacity loss at elevated temperatures. Notably, the
NMC622∥Li cells demonstrated more severe capacity and CE losses compared to Si/Gr∥Li
cells. The NMC622∥Si/Gr cells show comparable initial capacities at RT and elevated
temperature. However, the capacity loss upon long-term cycling is more pronounced at
60 ◦C (similar trend to NMC622∥Li). These results suggest that further development on
the cathode side is required to achieve a stable performance at elevated temperatures and
reduce the cathode-driven degradation.

The PV-battery system showed an overall efficiency of 8.74%, a notably high value un-
der a 2C charging rate at RT. This confirms the effectiveness of the developed Si-based
battery. These results demonstrate the promising potential of combining a Si/Gr anode
with high-temperature stable electrolyte additives in developing a compact integrated PV-
battery system. For further advancements, additional cathode developments and suitable
electrolyte formulations are crucial to ensure the safety and environmental stability of the
PV-battery system.

Overall, the findings presented in this work lay a strong foundation for future research on
high-efficiency and eco-friendly PV-battery integrated systems, an essential step towards
sustainable and clean energy solutions.
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electrodes in lithium-ion batteries

As discussed in Chapter 2.5, binders play a significant role in the electrode’s mechanical
stability and long-term electrochemical performance. In Chapter 4, the optimization of
Si/Gr-based anode formulation was investigated using a dual binder system consisting of
LiPAA and CMC. This chapter focuses on investigating and optimizing both bio-based
and conventional polymeric binders in the previously optimized Si/Gr anode. Among the
investigated binders, chitosan stands out as a bio-derived polymeric binder produced by
partial deacetylation of chitin (depicted in Figure 2.14). Chitosan binder was investigated
and optimized in Si/Gr anodes. The detailed results of this research are fully explained
in Chapter 5.1.

5.1 Bio-derived chitosan polymeric binder

This chapter is based on the results of the publication entitled “Chitosan as Enabling
Polymeric Binder Material for Silicon-Graphite-Based Anodes in Lithium-Ion Batteries”,
which was published during this thesis by Hamzelui et al. [50]. This work was in collab-
oration with the Institute for Biology and Biotechnology of Plants (IBBP) and Münster
Electrochemical Energy Technology (MEET), at the University of Münster. Chitosan
samples were provided and characterized at IBBP, using 1H NMR spectroscopy and size
exclusion chromatography coupled with refractive index and multiple angle laser light
scattering detection (SEC-MALLS-RI). XPS measurements presented in this chapter were
conducted at MEET. The contents and figures of this chapter are reproduced and modified
from Ref. [50] with permission from Wiley Online Library. Copyright 2023.

In this work, chitosan binders with different degrees of acetylation (DAs) and degrees of
polymerization (DPs) were characterized and systematically investigated in Si/Gr com-
posite anodes. The theoretical remarks on the chitosan biopolymer and its functional
groups are explained in Chapter 2.5.2. Based on the chemical structure of chitin and chi-
tosan, in Figure 2.14, chitosan consists of acetylated and deacetylated units, therefore, the
DA plays a crucial role in the chemical and physical properties of chitosan. Meanwhile,
DP holds a significant influence over the mechanical properties of the binder.

The chitosan binder was prepared at IBBP as described in Chapter 3.1.1, and its DA
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Figure 5.1: Schematic illustration of chitosan binder used in Si/Gr anode and its inter-
actions with the surface of active materials

values were determined by 1H NMR spectroscopy. Additionally, the chitosan samples were
analyzed by size exclusion chromatography coupled with refractive index and multiple
angle laser light scattering detection (SEC-MALLS-RI) (Figure A.6) at IBBP and FTIR
at ISEA. To adapt the novel chitosan binder, the Si/Gr electrode formulation was further
fine-tuned, as depicted in Figure 3.4. The optimized anodes were investigated in Si/Gr∥Li
and NMC622∥Si/Gr cells. Moreover, the binders were cross-linked, and the films were
subsequently coated on a glass microfiber separator to exclude the use of the Cu current
collector, which is beneficial to increase the flexibility of the electrode and reduce the
weight of the anode and the battery cell. To get a deeper insight into the effects and
operational mechanism of the chitosan binder, post-mortem analysis was performed using
XPS on the samples derived from Si/Gr∥Li cells utilizing both chitosan and LiPAA/CMC
binders.

5.1.1 Optimization of degrees of acetylation and polymerization of
chitosan

Five chitosan samples, each possessing different DAs and DPs were investigated within
this work (Table 3.1). Figure 5.2 displays the FTIR spectra of chitosan samples, including
DA50, DA30, and three samples with DA0 (DA0-1, DA0-2, DA0-3), along with variations
in DP. In Figure 5.2a, a broad peak is observed at ∼3400 cm−1 in all samples, attributed
to O–H stretching and N–H extension vibration, with the C–H stretching observed at
∼2874 cm−1 [94], [193]–[196].

Figure 5.2b shows the spectra in the range of 1500–1800 cm−1, which contains critical
information regarding the DA of the chitosan. Characteristic bands of amide I and amide
II are situated at 1630–1660 cm−1 and 1560 cm−1, respectively. These amide and amine
bands are useful for determining the DA of chitosan samples. Primary amines and OH
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groups are located at 1597 and 1640 cm−1, respectively [194], [197]. Chitosan samples with
DA30 and DA50 exhibit peaks at∼1650 (amide I) and∼1555 cm−1 (amide II). Conversely,
in all DA0 samples, no visible amide bands are observed; however, these samples show a
characteristic peak at ∼1600 cm−1. This peak corresponds to the primary amines (–NH2)
and a nearly zero DA. Notably, Figure 5.2c shows a peak at 1374 cm−1 attributed to
CH bending and symmetric CH3 deformation, which is only present in DA50 and DA30
samples [194].

Figure 5.2: Fourier transform infrared spectroscopy (FTIR) characterization of chitosan
samples with different degrees of acetylation (DA) over the a) Full measure-
ment spectrum, and b,c) Selected wavenumbers

As mentioned in the experimental section (Chapter 3.1.4), the electrode formulation and
binder content were optimized based on the homogeneity and adhesion of the film to
the Cu current collector, and 4 wt% chitosan binder was the optimum binder content in
these electrodes. Figure 5.3a shows the specific capacity vs. cycle number for Si/Gr∥Li
cells with different chitosan binders and the reference LiPAA/CMC binder, all cycled at
0.2C. Half-cells utilizing DA0-1, DA0-2, and DA50 have a similar initial capacity as the
reference cell (with LiPAA/CMC). Si/Gr∥Li cells employing DA50 and DA0-1 have a sta-
ble electrochemical performance and maintain capacity retention higher than 80% up to
∼300 cycles. Half-cells with the DA0-2 binder show a capacity retention of ∼74.0% at the
300th cycle. In contrast, cells with DA30 and DA0-3 binders exhibit lower capacities, with
capacity retentions of approximately ∼70.6%, and ∼64.4%, respectively. The reference
half-cells with LiPAA/CMC binder show the highest capacity retention of 93.5% after
300 cycles. Figure 5.3b demonstrates the rate capability of the Si/Gr anodes at different
C-rates ranging from 0.1C to 5C. While all cells show stable electrochemical performance
at different C-rates, cells with DA30 display lower capacities, initial Coulombic efficiency,
and capacity recovery. All these values are summarized in Table 5.1. After deep lithia-
tion/delithiation at 5C, the capacity recovery test at 0.1C shows that, except DA0-3, all
other cells have a capacity recovery within the range of 96.1–97.2%.
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Figure 5.3: Capacity vs. cycle number and rate capability measurements for Si/Gr
anodes with chitosan binders with different DAs and DPs (DA50, DA30,
DA0-1, DA0-2, DA0-3) and LiPAA/CMC binder system as reference binder
in a,b) Si/Gr∥Li metal and c,d) NMC622∥Si/Gr cells

Figure 5.3c shows the long-term capacity and Coulombic efficiency measurements for
NMC622∥Si/Gr utilizing different binder systems. The cells with DA50 binder show the
highest initial capacity of 145.7 mAh g−1 at 0.2C compared to other chitosan binders
with different DAs and DPs, as well as LiPAA/CMC binders (125.6 mAh g−1). Table 5.2
presents the Coulombic efficiencies of the NMC622∥Si/Gr with different binder systems
at the 2nd and 200th cycles. Among the NMC622∥Si/Gr cells with DA0 binders, DA0-1
has the highest initial capacity (130.3 mAh g−1), low rate of capacity loss, and higher
Coulombic efficiency. This trend might be attributed to the difference in DP within these
binders. As a result, the chitosan DA0 binder, with the highest DP of 1154, exhibits
superior performance compared to the lower DPs. Both DA30 and DA50 samples have
a high DP of 1618 (as detailed in Table 3.1). To comprehensively investigate the impact
of chitosan DA on electrochemical performance, rate capability tests were conducted on
NMC622∥Si/Gr cells with different DAs and higher DPs, i.e., DA50, DA30, and DA0-1.

Figure 5.3d illustrates the capacity and Coulombic efficiency of rate capability mea-
surements conducted on NMC622∥Si/Gr cells containing DA50, DA30, DA0, and Li-
PAA/CMC binders within a C-rate range of 0.1C to 5C. Cells containing DA30, DA0-1,
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Table 5.1: Initial Coulombic efficiencies and capacity recoveries at C/10 after imposed
to high-rate measurements of Si/Gr half-cells with different chitosans and
LiPAA/CMC binders.

Si/Gr half-cells with different binders
DA50 DA30 DA0-1 DA0-2 DA0-3 LiPAA/CMC

Capacity recovery at
0.1C [%]

96.5 96.1 97.9 97.2 93.2 97.2

Initial Coulombic ef-
ficiency at 0.1C [%]

98.7 98.6 98.9 98.3 97.9 99.1

and LiPAA/CMC show similar capacities at lower C-rates, which is in agreement with
the long-term cycling results at 0.2C depicted in Figure 5.3c. However, by increasing
the C-rate, the LiPAA/CMC reference cell shows higher capacities compared to DA30
and DA0-1. In contrast, the cells using DA50 binder exhibit the highest capacity across
all C-rates, with an approximately 27% increase compared to the LiPAA/CMC refer-
ence cells. Notably, cells using DA50 binder also show a stable performance after deep
lithiation/delithiation at 5C. Conversely, the reference LiPAA/CMC cells exhibit rapid
capacity loss at 0.1C after deep cycling at 5C.

Table 5.2: Coulombic efficiencies of NMC622∥Si/Gr cells with different binder systems
cycled at 0.2C

Coulombic efficiency [%]
DA50 DA30 DA0-1 DA0-2 DA0-3 LiPAA/CMC

2nd cycle 98.2 98.1 98.5 98.0 98.1 98.4

200th cycle 99.2 99.4 99.5 99.0 99.3 99.6

Based on the electrochemical performance of Si/Gr∥Li and NMC622∥Si/Gr cells (Figure
5.3), the cells with DA50 binder demonstrated higher capacities and maintained stable
performance throughout long-term and rate capability measurements. Based on the FTIR
results in Figure 5.2, chitosan with DA50 exhibits a higher number of N-acetyl functional
groups. The acetyl groups within the chitosan structure can contribute to hydrogen bond
formation and improve the mechanical properties of the biopolymer, such as stress-strain
behavior and fracture energy [110]. The acetyl functional groups appear to interact with
the surface of Si particles and better accommodate Si volume change. Therefore, it is
evidenced that the DA of chitosan binder plays an important role in the mechanical
and subsequently electrochemical performance of the cell. Cui et al. [110] investigated
the mechanical properties of chitin and chitosan, demonstrating that acetyl groups show
strong hydrogen bonding, increase stiffness, reduce ductility, and therefore, enhance the
fracture energy. Based on the electrochemical measurements in Figure 5.3 and considering
the electrochemical performance of chitosan binders with different DAs and DPs, DA50
was selected as the optimized binder for Si/Gr anodes investigated in this study.
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5.1.2 Cross-linking of chitosan binder

Chitosan has a linear structure, in which repeating units are connected in a single flexible
chain, which can facilitates deformation [198]. To reduce this tendency and improve the
durability during lithiation/delithiation, cross-linking has been employed to form a 3D
and robust binder network. Glutaraldehyde [94] and citric acid [199], [200] have been
commonly reported as effective cross-linkers for chitosan biopolymer. In consideration
of safety concerns associated with glutaraldehyde, this work opted for citric acid mono-
hydrate (CA) as a cross-linker. The cross-linking process involves thermal interaction
between the free amino functional groups (–NH2) of chitosan and the carboxylic acid
groups (–COOH) of citric acid (Figure 5.4a) due to amino condensation. Concurrently,
unreacted acetic acid undergoes evaporation during the electrode drying process at ele-
vated temperatures [199]–[201].

Figure 5.4b shows the ATR-FTIR spectra of CA powder, chitosan DA50, and cross-linked
chitosan samples with DA50:CA ratio of 9:1, 8:2, 7:3, and 6:4. The spectra of DA50 have
been previously discussed in Figure 5.2. The CA powder spectrum shows a characteristic
peak at 1721 cm−1, attributed to its –COOH functional groups. The cross-linking process
induces shifts, weakening, or concealing of the characteristic absorption bands of chitosan,
which are indicators of functional group interactions. All cross-linked DA50/CA samples
exhibit a peak at 1710 cm−1, which is due to the secondary amide groups and becomes
sharper by reducing the DA50 to CA ratio. The peak at ∼1550 cm−1 corresponds to
amide bond formation (–N–C=O) [201]. Consequently, the characteristic peak of DA50
at 1650 cm−1 widens and shifts to lower wave numbers (1638–1619 cm−1) due to the
formation of amide bonds. A decrease in the DA50 to CA ratio reduces the intensity and
sharpness of this peak and intensifies the peak shift, which indicates the cross-linking of
the binder.

Figure 5.4c shows the N 1s spectra of the XPS measurements performed on DA50 and
cross-linked DA50/CA (8:2) polymers. A peak is observed at 399.95 eV in both samples,
attributed to –NH2 functional groups. An additional peak at 401.85 eV, is significantly
more pronounced in the cross-linked sample, due to the –NHR bonds and confirming
the cross-linking of the DA50/CA sample. The thermal performance of the DA50 and
DA50/CA binders was investigated using DSC measurements as depicted in Figure 5.4d.
An endothermic peak at ∼128 ◦C is related to the evaporation of the residual water. In
the DA50 sample the peak at ∼290 ◦C is related to the degradation of chitosan, which
happens as a result of saccharide ring dehydration, depolymerization, and decomposi-
tion of acetylated and deacetylated units of chitosan [202]. In the DA50/CA sample,
the degradation peak is shifted to ∼345 ◦C, indicating enhancement of the degradation
temperature of chitosan attributed to cross-linking.
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Figure 5.4: a) Chemical structure cross-linking of chitosan binder with citric acid mono-
hydrate (CA), b) FTIR spectra, c) XPS spectra, and d) DSC curves for
chitosan DA50 and cross-linked chitosan DA50/CA samples.

5.1.3 Towards developing a free-standing Si-based anode

It was previously reported that the Si/Gr anodes with 10 wt% chitosan binder exhibited
poor adhesion to the Cu foil. Therefore, in order to eliminate the need for Cu current
collector, the slurry was coated on the separator to create a free-standing electrode. This
modification not only reduces the weight of the electrode but also increases its flexibility.
In this study, a fiberglass separator (Whatman GF/C) was employed, which has ∼45%
less areal density compared to Cu current collector used in this work. Figure 5.5 shows
the SEM images of the surface and cross-section of Si/Gr coated on Cu and fiberglass
separator. The surface morphology of the films in Figures 5.5a and 5.5c exhibits a more
compact structure of active particles in anodes with Cu current collector (Figure 5.5a)
compared to the free-standing electrodes (Figures 5.5c and 5.5d). This might be due
to the structure of glass fiber and the calendering process, which was not possible to
be done on the free-standing electrodes and was only applied to the electrodes with Cu
current collector, leading to more dense coatings. Figures 5.5 b and 5.5d show the SEM
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cross-section images of coatings on Cu and on the separator, respectively. Base on the
observations, the fiber network of the separator enhances the adhesion of the coating to
the substrate, which may improve the electrochemical properties of the electrodes.

Figure 5.5: Scanning electron microscopy (SEM) images of Si/Gr anodes with DA50
binder. a) Surface morphology of the film coated on Cu current collector,
b) Cross-section of the film coated on Cu current collector, c) Surface mor-
phology of the film coated on separator, and d) Cross-section of the film
coated on separator

The electrochemical performance of the free-standing electrodes was studied in Si/Gr∥Li
and NMC622∥Si/Gr cells as depicted in Figures 5.6a and 5.6b, respectively. It is observed
in Figure 5.6a that Si/Gr∥Li cells with anodes coated on Cu foil displayed higher capacity
compared to the free-standing electrodes. Si/Gr∥Li cells, with and without CA cross-
linker, exhibited similar electrochemical behavior up to 400 cycles. However, by the
500th cycle, half-cells with and without cross-linker demonstrated capacity retention of
74.2% and 57.2%, respectively. The benefit of cross-linking is more noticeable in the
free-standing electrodes. Si/Gr∥Li cells with free-standing anodes and CA cross-linker
show higher capacity, enhanced electrochemical stability, and less capacity loss after 500
cycles compared to the same cells without the cross-linker. The free-standing anodes,
with and without CA cross-linker, show capacity retention of 82.7% and 76.6% after 200
cycles, respectively. These values decrease to 55.5% and 43.1% after 500 cycles. The
effect of cross-linking was investigated in NMC622∥Si/Gr cells with free-standing anodes
as depicted in Figure 5.6b. Since DA50 and DA50.CA containing anodes coated on Cu
foil showed similar electrochemical performance in Si/Gr∥Li cells, full-cell investigations
were conducted and compared for free-standing anodes with and without cross-linker.
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The NMC622∥Si/Gr cells with free-standing anode show higher capacity compared to the
full-cells utilizing Cu current collector. However, the free-standing NMC622∥Si/Gr cell
with DA50 binder shows rapid capacity loss after ∼90 cycles. On the other hand, the
free-standing NMC622∥Si/Gr cell with the cross-linked DA50/CA binder shows a more
stable cycle life. The free-standing NMC622∥Si/Gr cell has a ∼10% higher initial capacity
compared to the same cells with Cu current collector, this value increases to ∼20% by the
100th cycle. The error bars in Figure 5.6b show the standard deviation of the discharge
capacity. NMC622∥Si/Gr cells with free-standing anodes and DA50/CA binder exhibited
the lowest standard deviation of 2.6 mAh g−1. This value increases to 17.23 mAh g−1

and 12.24 mAh g−1 in full-cells with DA50 containing anodes coated on the separator and
Cu foil, respectively. Utilizing free-standing anodes in full-cells increases the coulombic
efficiency from 98.45% to 98.94% at the second cycle in DA50 containing anodes. The
addition of a cross-linker increases this value to 99.32%. After 200 cycles, free-standing
anodes containing DA50 and DA50/CA displayed coulombic efficiencies of 99.5% and
99.7% respectively. This value is 99.3% for the DA50 containing anodes coated on Cu
foil.

Figure 5.6: Electrochemical performance of Si/Gr anodes containing DA50 and
DA50.CA binders coated on separator (free-standing) and on Cu current
collector in a) Si/Gr∥Li cell and b) NMC622∥Si/Gr cells.

Corrosion of the metallic current collectors (Cu and Al) may occur in contact with the
electrolyte during the lithiation/delithation process, resulting in diminished adhesion be-
tween the electrode film and current collector, loss of electrical contact, and limiting the
battery power. Corrosion products may hinder the mobility of Li ions and electronic con-
ductivity, leading to capacity loss in the battery. This effect is more noticeable in full-cells,
as it can be observed in Figure 5.6 because of the limitation in the Li ion source [203].
Electrical contact resistance occurs at the interface between the electrode and current col-
lector, which is a result of surface imperfections (such as roughness and out-of-flatness)
and the accumulated corrosion products at the contact surface. Remarkably, the energy
loss attributed to electrical contact resistance can reach as high as 20% of the total energy
flowing in and out of the battery [204]. Hence, the exclusion of the Cu current collector
can reduce the energy losses within the battery system.
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Figure 5.7: The dQ/dV versus voltage plots for NMC622∥Si/Gr cells with freestanding
anodes with a) DA50 binder, b) DA50.CA binder, and anodes coated on Cu
current collector with c) DA50 binder, and d) LiPAA/CMC binder system.
The first five cycles are performed at 0.05C ,and afterward, cells were cycled
at 0.2C.

Figure 5.7 illustrates the dQ/dV vs. V plot at different cycle numbers for NMC622∥Si/Gr
full-cells using free-standing anodes and anodes coated on Cu foil. The intensity, posi-
tion, and shape of the dQ/dV curves provide information on electrochemical activity and
accompanying parasitic reactions. The shift of the peak to higher potentials increases
the internal resistance (based on Ohm’s law), and the expansion of the peaks relates to
chemical changes within the cell. Changes in peak intensity is related to electrochemical
changes within the cell. Figure 5.7a and b show the dQ/dV of NMC622∥Si/Gr without
and with the addition of CA cross-linker, respectively. It is observed that utilizing a
free-standing system with cross-linked binder leads to the broadening of the peaks and a
decrease in peak intensity at higher cycle numbers. This phenomenon can be attributed to
the chemical changes and transformations due to the addition of the cross-linker. Figure
5.7a and c show the dQ/dV plot of full-cells containing DA50 coated on the separator
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and Cu foil, respectively. By increasing the cycle number, the observed peak shifts are
less pronounced in the free-standing electrode (Figure 5.7a) due to the lower internal re-
sistance resulting from eliminating the Cu foil. For the anodes with the LiPAA/CMC
binder system and using a Cu current collector (Figure 5.7d), a pronounced decrease in
the peaks’ intensity and a significant shift of the peaks is observed. The dQ/dV results
also confirm the long-term performance trends of the full-cells, as depicted in Figure 5.6.
This indicates the enhancements in electrochemical performance of the NMC622∥Si/Gr
full-cells due to eliminating the Cu foil and the addition of the CA cross-linker.

5.1.4 Surface chemistry of Si-based anodes after electrochemical
cycling

The impact of binders on the surface chemistry of lithiated Si/Gr anodes was investigated
using XPS. This analysis was conducted on the anodes employing DA50 and LiPAA/CMC
binder systems after the initial three cycles at 0.05C in Si/Gr∥Li configuration, after the
SEI formation during the initial cycles. The electrochemical data of the first three cycles
are summarized in Table 5.3.

Table 5.3: Electrochemical parameters of the Si/Gr∥Li cells with DA50 and Li-
PAA/CMC binder system after three cycles at 0.05C

LiPAA/CMC DA50
Cycle number 1 2 3 1 2 3
Initial discharge capac-
ity (mAh g−1)

525.19 458.67 459.53 625.76 533.97 529.54

Irreversible capacity
(mAh)

0.2028 0.0279 0.0233 0.3803 0.0491 0.0387

Coulombic efficiency
(%)

85.0 97.6 98.0 82.72 97.4 97.9

The atomic fractions of elements and components within the surface layer of the lithiated
Si/Gr anode (SEI layer) with DA50 and LiPAA/CMC binder systems are presented in
Figure 5.8. For a better understanding, the XPS results will be explained in two different
sections: the organic and inorganic SEI composition.

Organic SEI Composition

The organic part of the SEI layer, such as lithium alkyl carbonates (ROCO3Li), lithium
alkoxides (ROLi), ethylene oxide oligomers (polyethylene oxide, PEO, (CH2-CH2-O)n),
semi-carbonates, and dilithium ethylene dicarbonate (LiEDC), is usually formed due to
organic electrolyte solvents degradation (EC and EMC in this study). Lithium carbonate
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Figure 5.8: Atomic fraction of a) Elemental surface layer composition, and b,c) Compo-
nents of the surface layer (SEI) of cycled Si/Gr∥Li cells with LiPAA/CMC
and DA50 binder systems after 3 cycles at 0.05C.

(Li2CO3) and lithium ethylene dicarbonate ((CH2OCO2Li)2) are formed as a result of
electrochemical reduction of EC and depend on the EC concentration (Equations 5.1 and
5.2 ) [205]:

2(CH2)2CO+ 2Li+ + 2e− → (CH2OCO2Li)2 + C2H4 (High EC concentration) (5.1)

(CH2)2CO+ 2Li+ + 2e− → Li2CO3 + C2H4 (Low EC concentration) (5.2)

It is reported that (CH2OCO2Li)2 is among the SEI components that is very soluble
in organic solvents [206]. Inorganic products can hardly dissolve, however, if they are
surrounded by organic species, they can diffuse into the electrolyte. The mechanical
stability of the SEI layer is an important factor in accommodating the Si particle volume
changes [207]. Organic and inorganic layers of the SEI are schematically depicted in
Figure 2.9. The layer close to the electrolyte interface contains mostly organic species,
and the layer close to the Si surface is mainly composed of inorganic species. Organic
materials are known to have lower elastic modulus (more brittle), and higher porosity
compared to inorganic materials [208].
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Table 5.4: The atomic fraction of the C 1s peaks with XPS measurements on Si/Gr∥Li
cells with DA50 and LiPAA/CMC binder systems after 3 cycles at 0.05C

LiPAA/CMC DA50
Components Position Atomic fraction (%)
C–C, C sp2 284.35 13.26 8.11

C–C (carbon addi-
tive), C–H, C sp3

284.74 26.95 22.69

LixCy 282.34 1.23 0.63

C-O 286.63 4.35 3.58

The C 1s and O 1s XPS core spectra of cycled Si/Gr∥Li cells are displayed in Figure 5.9
for anodes with DA50 and LiPAA/CMC binder systems. The C 1s spectra can be due
to carbon-based SEI species, as well as conductive additives (carbon black), polymeric
binders, and electrolyte solvents. Figure 5.8a indicates a lower amount of atomic fraction
of elemental carbon (C 1s) in DA50 containing anodes (44%) compared to LiPAA/CMC
containing anodes (51%). The peaks at ∼284.4 eV (C–C, sp2), 284.7 eV (conductive
additive/Csp, C–H, sp3 carbons), and 282.3 eV (LixCy) are an indication of the SEI layer
thickness. The atomic fractions of these peaks are provided in Table 5.4, suggesting a
thicker SEI layer on the anodes with DA50 binder compared to the LiPAA/CMC binder.
A thicker SEI layer can better accommodate the volume change of Si-based anodes dur-
ing lithiation/delithiation. However, this may also lead to higher Li consumption and
greater irreversible capacity, as shown in Table 5.3. On the other hand, DA50 containing
electrodes have a lower amount of organic species, which can result in more mechanical
stability of the SEI layer compared to LiPAA/CMC containing electrodes. The peak at
286.6 eV (C–O) and the peak at 288–290 eV (CO2/CO3) might indicate the presence of
thium alkoxides, lithium alkyl carbonates,and/or semicarbonates, and/or ethylene oxide
oligomers, which have nearly the same amount for anodes with both types of binders.
The peak at 533.98 eV in O 1s spectra (Figure 5.8 c, d) further confirms the presence of
C–O polymeric species.

Inorganic SEI Composition

The inorganic components within the SEI layer primarily result from the decomposition
reactions of the electrolyte salt anions (PF−

6 ). The inorganic part of the SEI layer ex-
hibits limited solubility in organic electrolyte solvents. Consequently, the inorganic species
within the SEI layer demonstrate enhanced chemical and mechanical stability, including
a high shear modulus, thus better accommodating the Si volume change compared to the
organic species. The P 2p and F 1s XPS spectra of the Si/Gr anodes with DA50 and
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Figure 5.9: a,b) C 1s and c,d) O 1s XPS core spectra of cycled (after 3 cycles at 0.05C)
Si/Gr∥Li cells with DA50 and LiPAA/CMC binder systems

LiPAA/CMC binder systems are presented in Figure 5.10. The P 2p peaks are located
at 135.23, 134.05, and 132.79 eV, indicating the atomic fraction of decomposition species
of the electrolyte salt (PFxOy). These values are higher by 77.27, 46.28, and 45.38%
in LiPAA/CMC-containing electrodes, indicating fewer LiPF6 decomposition products
in the DA50-containing electrodes. Young et al. [170] suggested that high amounts of
carboxylic and hydroxyl groups in LiPAA and CMC enhance the LiPF6 decomposition.
LiPF6 decomposition and formation of PF5 may initiate the transesterification of EMC to
DEC and DMC, which results in more electrolyte degradation and poor electrochemical
performance [209]. The decomposition of LiPF6 leads to the formation of PF5, POF3,
and HF as depicted in Equations 5.3–5.5.

LiPF6 ↔ LiF + PF5 (5.3)

PF5 +H2O → POF3 + 2HF (5.4)

PF5 +ROH → POF3 +HF + RF (5.5)
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Figure 5.10: a,b) P 2p and c,d) F 1s XPS core spectra of cycled (after 3 cycles at 0.05C)
Si/Gr∥Li cells with DA50 and LiPAA/CMC binder systems

Figure 5.11: Transesterification of EMC to DEC and DMC

Due to the different basicity of the main SEI components (Li2O > LiOR > Li2CO3 >
RCO2Li ≈ ROCO2Li > Li2C2O4) [210], acid-base reactions (Equations 5.6–5.10) might
occur between the SEI components and the degradation byproducts of Li salt (LiPF6).
This leads to the formation of insoluble, partially soluble, or gaseous compounds within
the electrolyte. Chitosan reduces the decomposition of LiPF6 and therefore, fewer reac-
tions occur within the SEI or CEI layers, presumably resulting in improved mechanical
and electrochemical performance upon lithiation/delithiation. The decomposition prod-
ucts of LiPF6, such as HF, significantly influence the CEI layer and can trigger metal
dissolution. The reduction of LiPF6 degradation due to the presence of DA50 binder
improves the mechanical and electrochemical performance of the full-cells (Figures 5.3 c,
d).
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LiPF6 + Li2CO3 → 3LiF + POF3 + CO2 (5.6)

Li2CO3 + PF5 → POF3 + LiF + CO2 (5.7)

Li2CO3 + 2HF → 2LiF + CO2 +H2O (5.8)

ROCO2Li + 2HF → LiF + CO2 +H2O+ CH3F (5.9)

CH3OCO2Li + PF5 → POF3 + LiF + CH3F + CO2 (5.10)

The Si 2p peak at 106.13 eV corresponds to the presence of amorphous Si oxide and/or
Si–N–O-based oxynitride phase [211], [212]. The Si-oxide on the surface of Si-particles
can react with electrolyte decomposition products (such as PF5 or HF) to form products
such as SiOyFz [171].

In summary, the XPS findings indicate that the binder’s influence extends to the chemistry
of SEI layer. Anodes with DA50 binder display a thicker SEI layer containing less LiPF6

degradation products. The improved electrochemical results of the full-cells with DA50
binder align with the XPS data.

5.1.5 Summary

This study investigated the highly promising potential of chitosan as a biopolymeric binder
material for Si/Gr-based anodes. Five different chitosan biopolymers with different de-
grees of acetylation (DA) and degrees of polymerization (DP) were systematically charac-
terized and investigated in Si/Gr anodes. The electrochemical performance of the anodes
was investigated in Si/Gr∥Li and NMC622∥Si/Gr cells and evidenced a direct correla-
tion between the properties of chitosan and the stability and cycle life of the cell. The
findings indicate that chitosan DA50 (DA of 50% and DP of 1618) shows the optimum
performance and was utilized for further investigations. NMC622∥Si/Gr cells with DA50
binder showed enhanced capacity at different C-rates and high capacity recovery after deep
charge/discharge at 5C. The NMC622∥Si/Gr cells with DA50 show improved performance
compared to the Si/Gr anodes with state-of-the-art LiPAA/CMC binder. Moreover, the
introduction of citric acid (CA) as a cross-linker for DA50 binder (DA50/CA), further
improved the performance of the Si/Gr anodes. Free-standing anodes were coated and
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optimized by using both DA50 and DA50/CA binder systems. Free-standing anodes with
DA50/CA binder exhibited longer cycle life and enhanced coulombic efficiency compared
to free-standing anodes without cross-linker, as well as anodes with Cu current collector.
It has to be noted that the electrochemical performance of Si/Gr∥Li and NMC622∥Si/Gr
cells did not follow the same pattern, which emphasizes that Si/Gr∥Li cells measure-
ments alone cannot predict the performance of the anodes in a full-cell. Therefore, to
evaluate new electrode materials, both Si/Gr∥Li and NMC622∥Si/Gr cells measurements
are necessary.

XPS analysis was used to further investigate the surface chemistry of electrochemically
cycled Si/Gr anode using DA50 and LiPAA/CMC binder systems. The organic and
inorganic SEI components showed different patterns due to the effect of different binders.
Based on the atomic fraction of elemental surface composition in C 1s spectra, it can be
suggested that a thicker SEI layer is formed for anodes with DA50 binder. Therefore,
Si/Gr anodes with DA50 can better overcome the huge volume expansion of Si particles
upon charge/discharge. Lower LiPF6 decomposition is evidenced for anodes with DA50
based on the P 2p spectra, which might explain the better electrochemical performance of
NMC622∥Si/Gr cells with DA50 compared to LiPAA/CMC. Fewer LiPF6 decomposition
products reduce the metal dissolution, oxygen evolution, and acidic species, and therefore,
reduce the reactions on the cathode side.

Overall, this study shows that chitosan, with its unique properties and compatibility
with cross-linking strategy, is a promising binder for enhancing the performance of Si/Gr
anodes. The insight from this research can guide future efforts to further improve the
stability, efficiency, and environmental friendliness of lithium-ion batteries.
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5.2 Polymeric binders in Si-based anodes

5.2.1 Effect of the binder’s pH on the Si-based anodes

Two extensively studied polymeric binders for Si-based anodes are CMC and PAA. How-
ever, PAA is the preferred choice in Si-containing electrodes due to its better electrochem-
ical performance [86], [88]. Additionally, the neutralization degree (x in PAAH1−xLix) can
be adjusted, allowing the development of different formulations [86], [87]. The degree of
neutralization influences the pH of the binder, which can directly impact the rheological
properties of the slurry. The pH of the slurry can have an impact on the surface rough-
ness and homogeneity of the electrode during the electrode manufacturing process [213].
Therefore, it is crucial to systematically investigate the effect of pH of the LiPAA binder
in Si-containing electrodes. In this work, LiPAA with a pH ranging from 4 to 9 was
prepared and characterized with ICP-OES, FTIR, and TGA. The binders were employed
in Si/Gr anodes, with the formulation discussed in chapter 4.1, using only LiPAA as a
binder. The mechanical (adhesion test) and electrochemical properties of the electrodes
were investigated.

LiPAA binders with pH values of 4, 6, 7, 8, and 9 were prepared and coated on Cu foil,
followed by drying at room temperature. Figure 5.12 depicts LiPAA films with different
pH levels after overnight drying at room temperature. A blue-green color is observed
for acidic pH (pH 4) and the film is very brittle and separates from the Cu foil upon
drying. LiPAA with less acidic pH (pH 6) shows a brighter blue-green color, reduced
brittleness compared to pH 4, and adheres to the Cu foil, although it can still be separated
relatively easily. At neutral pH (pH 7), the film displays a transparent color when coated
(a very light blue-green color observed upon separation) and robust adhesion to the Cu
foil (difficult separation from Cu foil). LiPAA with pH 8 and 9 has a similar color to
pH 7, when coated on Cu foil. However, they are significantly less brittle compared to
films with acidic pH, and allows for easier separation from the Cu foil compared to pH
7. It was visibly observed that the viscosity of the binders varied at different pH levels.
Acidic LiPAA with a lower pH exhibits low-viscosity and liquid-like behavior. However,
as the pH increased, the binder demonstrated higher viscosity and a gel-like form. The
neutralization of PAA and synthesis of LiPAA is shown in Equation 5.11:

−COOH+ Li+ +OH− → −COOLi + H2O (5.11)

It was assumed that the blue-green color of the binder resulted from the reaction of Cu
with LiPAA and the corrosion of the Cu current collector. To investigate this, the binders
were separated from the Cu foil, and the Cu content was analyzed using ICP-OES, as
illustrated in Figure 5.13. It should be noted that the separation of the LiPAA binder
with pH 7 from the Cu foil was considerably more challenging compared to the other

98



5.2 Polymeric binders in Si-based anodes

Figure 5.12: Images of LiPAA with pH 4, 6, 7, 8, and 9, coated on Cu foil and dried at
room temperature.

binders. ICP-OES measurements revealed varying levels of Cu in the binders. The acidic
binder with a pH of 4, displaying a dark blue-green color, contained the highest amount
of Cu (3.88%). The less acidic LiPAA binder, with pH 6, exhibiting a light blue-green
color, contained a much lower Cu content of 0.84%. The neutral LiPAA binder with pH
7, showing a lighter blue-green color, showed 1.20% Cu. The higher Cu content in the
pH 7 sample compared to pH 6 may be attributed to the remarkable adhesion of LiPAA
with pH 7 to the Cu foil, making the separation challenging and potentially leading to
some Cu particles being attached to the binder. Both pH 6 and pH 7 exhibit lower Cu
content compared to the acidic pH of 4. Basic LiPAA samples with pH 8 and 9 showed
similar Cu contents of 0.35% and 0.22%, respectively, which are lower compared to the
samples with lower pH values. Overall, the ICP-OES results suggest that LiPAA sample
with the lowest pH levels (pH 4) contains a significantly higher amount of Cu compared
to the other samples.

The presence of Cu in the binders is most likely attributed to atmospheric corrosion
caused by the organic acids (–COOH groups) in the binders. Atmospheric corrosion
refers to the corrosion caused by the atmospheric environment, to which the metal or
alloy is exposed [214]. Gil et al. [215] investigated the initial atmospheric corrosion of Cu
induced by carboxylic acids and found that the corrosion products primarily consist of
cuprous oxide (copper(I)oxide, Cu2O) and copper carboxylate. The existence of a water
layer or moisture facilitates the electrochemical reactions and deposition of organic acid.
The primary reactions involve copper oxidation and oxygen reduction. Subsequently,
Cu ions react with the hydroxyl ions and form Cu2O. This process is initially rapid
and stabilizes over time. Another pathway involves carboxylate-induced dissolution of
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Figure 5.13: Cu content in LiPAA binders with pH 4, 6, 7, 8, and 9 coated on Cu
foil after drying at room temperature. The values are measured by ICP-
OES analysis and the samples were separated from the Cu foil prior to the
measurement.

Cu+, leading to the formation of dissolved Cu2+ carboxylate species that can precipitate
as copper(II)carboxylate, exhibiting linear growth [215], [216]. Based on the Pourbaix
diagram of copper, the corrosion of copper current collector and release of Cu2+ species
are more favorable at pH ≤7 at 25◦C [217]. In this work, the exposure of the coated
LiPAA binder solution on Cu and its contact with atmospheric humidity and water in
the slurry results in the corrosion of the Cu current collector, and the formation of Cu2O.
The carboxyl groups of LiPAA react with Cu, forming –COO−–Cu2+ complex, which is
the reason for the blue-green color of the film [218]. Since there are more unsubstituted
–COOH groups available in LiPAA with lower pH, these films exhibit a more pronounced
blue-green color. The wet LiPAA film can enhance the diffusion of copper carboxylates
and complexes formed between Cu2+ and LiPAA.

The LiPAA films were analyzed with ATR-FTIR, as depicted in Figure 5.14. The peak at
1700 cm−1 corresponds to the carboxylic acid stretch of PAA [87], exhibiting a significantly
higher intensity for LiPAA with pH 4. The intensity decreases as the pH values increase.
This observation indicates that more PAA converts to LiPAA with the increase in the pH
values and the degree of neutralization, as expected. The lower intensity of the peak at
1700 cm−1 in LiPAA samples with higher pH values is attributed to the reduced amount
of residual carboxylic acid groups.

The –COO−Li+ bands, include symmetric (COO−s) and asymmetric (COO−as) stretch-
ing of carboxylate groups at 1406 and 1550 cm−1, respectively, exhibit a higher intensity
at elevated pH levels due to the presence of –COOH−Li+. The broad band at 3400 cm−1

is attributed to the stretching vibration of the –OH groups, displaying a higher inten-
sity in samples with higher pH. This higher intensity suggests the presence of a greater
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number of hydroxyl groups in these samples. The peak at 2940 cm−1 corresponds to the
C–H stretching. Within the electrochemical cell, the reduction of carboxylic acid func-
tional groups of PAA and formation of LiPAA were investigated by Nguyen et al. [171]
as described in Equation 5.12:

−COOH+ Li+ + e− → −COOLi + 1/2H2 (5.12)

Figure 5.14: FTIR characterization of LiPAA binder with pH 4, 6, 7, 8, and 9 after
coating on Cu foil and drying at room temperature (The binders were
separated from the Cu foil prior to the FTIR measurements), at a) Full
measurement spectrum and b) Selected wavenumber range

TGA measurements were conducted on LiPAA binders with different pH values and PAA
powder to investigate the thermal properties of the binders and identify the optimal tem-
perature for water removal. Figure 5.15a and b illustrate the TGA and first derivative of
TGA (DTG) plots, respectively. DTG peaks help to identify the weight loss regions. The
peak at ∼40 ◦C is attributed to free water and the peak for adsorbed water is observed
at ∼80 ◦C for PAA powder. This peak increases to ∼100 ◦C and ∼115 ◦C for pH7 and
pH9, respectively. Dehydration of carboxylic acid groups starts at ∼150 ◦C, between the
neighboring COOH groups, leading to the anhydride formation and water byproduct, as
depicted in Figure 5.16 [87], [219]. The dehydration of carboxylic acid groups and anhy-
dride formation is less pronounced for LiPAA with higher pH, since samples with higher
pH predominantly contain carboxylate groups with Li+ counter ions. Decomposition con-
tinues above 250 ◦C for PAA and LiPAA pH 4, resulting in the breakdown of anhydrides
and release of CO2. Main chain and side group breaking occur at temperatures above 400
◦C, indicating the stability of LiPAA during the electrode drying conditions [220].
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Figure 5.15: a) TGA curve and b) DTG curve of LiPAA with pH 4, 6, 7, 8, 9 and PAA
powder from 25–500 ◦C under nitrogen atmosphere.

Figure 5.16: Dehydration of carboxylic acid groups

The optimized Si:Gr ratio was used in the slurry and LiPAA with various pH values
was used as binder (20 wt% Si, 68 wt% Gr 10 wt% LiPAA, and 2 wt% SuperP). A 90-
degree peel adhesion test was conducted on Si/Gr anodes containing LiPAA binders with
different pH values to investigate the relationship between adhesion/cohesion strength of
the Si/Gr electrodes and the pH of the LiPAA binder. The peel strength of the Si/Gr
anodes is depicted in Figure 5.17a, and the average peel strength of the electrodes is
shown in 5.17b. It should be noted that the electrodes were not calendered before the
measurement, due to the high adhesion of the electrodes with pH 8 and 9 to the calender
rolls. The Si/Gr anode with pH 4 shows very poor adhesion to the Cu current collector and
was disconnected from the Cu foil after drying overnight at room temperature (Figure
A.7). The anode with LiPAA binder at pH 6 shows significantly lower peel strength
compared to the anodes with neutral and basic pH. Increasing the pH of the binder to
9 leads to a reduction in the average peel strength. In acidic pH, the electrode failure
during the adhesion test occurred at the film/current collector interface, and at basic pH
the failure happened within the bulk of the electrode, as it is depicted in Figure 5.18. The
electrode with LiPAA-pH6 binder is completely removed from the Cu current collector,
which shows better cohesion of the film and a lack of adhesion to the current collector. In
contrast, in the other samples, after the adhesion test, a layer of the electrode is removed
with the tap,e and the rest of the electrode adheres to the current collector, which shows
lower cohesion in the film and higher adhesion to the Cu foil compared to the sample
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with acidic binder. Based on the results of this work, a neutral pH, between 7 and 8, is
considered optimal for LiPAA binder to achieve the highest adhesion properties in Si/Gr
anodes.

In some studies [221], [222] it was reported that Si-nanoparticles/Gr electrodes with acidic
LiPAA binder have the highest mechanical strength due to the formation of strong covalent
bonds with the Cu current collector. It was suggested that the atmospheric-induced
copper corrosion and the formation of Cu2+ and copper carboxylates physically cross-link
the binder, increasing the adhesion of the electrode. However, strong crack formation
was reported by Xiong et al. [221] during the first electrochemical cycle, due to the
irreversible covalent bonds and the rigidity of the binder (as depicted in Figure 2.15). It
was also reported that the acidic LiPAA binders form a non-uniform layer on the surface
of active materials, leading to electrolyte degradation. However, the less acidic LiPAA
binder forms a uniform layer on the surface of active materials, which was referred to as
an artificial SEI layer [86], that reduces the electrolyte degradation and maximizes the
initial Coulombic efficiency.

Figure 5.17: Adhesion test measurements for the Si/Gr anodes with LiPAA binder
with different pH, a) Peel strength vs. displacement and b) Average peel
strength.

A schematic illustration of different types of bonds between LiPAA binders as well as
LiPAA binders and Si particles is depicted in Figure 5.19. Under acidic conditions, the
esterification of carboxylic groups may occur, and electrostatic interactions can form due
to the presence of Cu2+ species, originating from Cu foil corrosion. Strong covalent bonds
may form between the functional groups of the binder and the surface of Si particles.
At a neutral pH, more supramolecular bonds, such as hydrogen and ionic bonds, will
form, which increase the flexibility of the binder network and can better accommodate
the volume change of Si particles upon lithiation/delithiation. The type of bonding and
interactions within the binder network, as well as between the binder and Si particles, is
directly influenced by the pH value and directly affects the cohesion of the electrode and
its adhesion to the current collector[221].
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Figure 5.18: Si/Gr anodes with LiPAA binder with different pH after 90-degree peel
adhesion test

The rate capability measurements were performed on Si/Gr∥Li half-cells at C-rates rang-
ing from 0.05C to 2C to investigate the electrochemical performance and mechanical
robustness of the electrodes, as depicted in Figure 5.20. All Si/Gr∥Li cells show stable
electrochemical performance at 0.05C and 0.1C. It should be noted that the electrodes
were not calendered, which can lead to capacity loss and low specific capacities at higher
C-rates (0.5C to 2C). However, after deep lithiation/delithiation at 2C, the recovery test
at 0.1C (Table 5.5) shows values higher than 99% capacity recovery. Si/Gr anodes with
LiPAA pH 7 show even higher capacities at 0.1C after deep lithiation/delithiation at 2C.
The initial coulombic efficiencies at 0.05C and 0.1C are shown in Table 5.5. In both
C-rates, acidic pH 6 shows the lowest Coulombic efficiency, and neutral pH 7 and 8 show
similar values, with pH 8 having slightly higher values. The initial specific capacity of
Si/Gr∥Li cells with LiPAA-pH8 is higher compared to the other samples. Also, as it can
be observed in Figure 5.20, LiPAA-pH8 shows slightly higher capacities at 0.05C to 0.5C.
These results are in line with the results obtained from the adhesion test in Figure 5.17.

In Si/Gr anodes with higher Gr content, it is mostly reported that better electrochemical
performance is achieved using LiPAA or NaPAA with neutral pH compared to the PAA
binder. A more homogeneous distribution of active materials in the slurry and a more
uniform coating were observed using LiPAA or NaPAA [87], [223]. It was reported by
Yabuuchi et al.[223] and Porcher et al. [86] that a thin layer of NaPAA and LiPAA binder,
respectively, covers the surface of Si and Gr particles. This layer acts as an artificial
SEI, minimizing the direct contact with the electrolyte and reducing the capacity loss
in the first cycle. In acidic LiPAA binders, the carboxylic acid groups can be reduced
electrochemically and converted to lithium carboxylate. The protons that are released are
more likely to accelerate the LiPF6 decomposition rate compared to binders with neutral
pH [86], [171], [221].
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5.2 Polymeric binders in Si-based anodes

Figure 5.19: Schematic representation of pH-dependent interactions in LiPAA-based
Si/Gr anodes. a) Intermolecular interactions within the LiPAA binder
network under varying pH conditions, and b) Schematic of interfacial in-
teractions between LiPAA and Si particle surfaces, demonstrating how pH
influences the dominant bonding mechanisms. Inspired and redrawn from
Ref [221], with permission from ACS publications. Copyright 2021.

5.2.2 Cross-linking of polymeric binders

The condensation reaction between carboxyl (–COOH) and hydroxyl (–OH) groups of
binders can form a covalently cross-linked binder network. Many of the binders used for
Si-based anodes, such as LiPAA, CMC, alginate, etc., contain these functional groups.
The strong covalent cross-linking forms a 3D binder network and better accommodates
the volume change of Si particles. However, strong covalent bonds are irreversible and
can lead to gradual plastic damage during lithiation/delithiation. Strong supramolecular
interactions, such as ion-dipole interactions, have a self-healing and reversible nature,
which can accommodate the volume change of Si. However, the bond strength is weaker
compared to covalently cross-linked. Therefore, a balance between bond strength and
reversibility (self-healing) is necessary for optimal electrochemical performance of Si-based
anodes [69], [126].

As reported in Chapter 4.6, a dual binder system of LiPAA and CMC was used in Si-based
anodes. In this chapter, LiPAA and CMC are thermally cross-linked at 150◦C. In addition
to the LiPAA/CMC binder system, LiPAA/sodium alginate (SA) and LiPAA/tragacanth
gum (TG) cross-linked systems were also investigated. The chemical structures of LiPAA,
CMC, SA, and TG are shown in Figure 2.13.

The thermal properties of CMC, SA, and TG polymers were evaluated by the TGA
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5 Polymeric binders for silicon-based negative electrodes in lithium-ion batteries

Figure 5.20: Rate capability measurements of Si/Gr∥Li cells containing LiPAA binder
with pH6, 7, 8, and 9 performed at C/20, C/10, C/5, C/2, 1C, and 2C

method. Figure 5.21a and b show the TGA and DTG analysis of CMC, SA, and TG
polymers from 25 to 500 ◦C at a rate of 5 ◦C/min under a nitrogen atmosphere. For
the TG sample, the first weight loss of 10 wt% is observed at ∼100 ◦C, which is due to
the adsorbed water evaporation. The corresponding peak can be observed in the DTG
curve at ∼100 ◦C. The next weight loss region is from 230 to 270 ◦C, followed by another
weight loss region from 270 to 350 ◦C with 30 wt% and 20 wt% weight loss due to the
initial decomposition of hydroxylated polysaccharide in the polymer’s side group and
backbone[108], [109], [224]. The total mass loss at 500 ◦C was 70 wt% of the initial TG
sample mass. For the SA sample, the DTG peak at 120 ◦C is due to moisture evaporation,
leading to ∼15 wt% mass loss. The next weight loss region is from 200 to 250 ◦C, with
34 wt% weight loss, due to the degradation of the sample [225]. The total mass loss at
500◦C was 63 wt% of the initial SA sample mass. The TGA and DTG curves of CMC
show a weight loss of ∼12 wt% at 109◦C due to adsorbed water evaporation. The DTG
peaks at 280 and 303 ◦C indicate the dehydration and initial decomposition of saccharide
rings with a total of 36 wt% weight loss [226]. The total mass loss at 500◦C was 62 wt%
of the initial CMC sample mass. In all cases, the polymers are thermally stable during
the electrode drying process.

FTIR spectra of CMC, SA, and TG are presented in Figure 5.22. TG was reported to
provide strong adhesion between active material particles and the current collector, and
to improve the elasticity of the electrode due to the presence of hydroxyl and carboxyl
groups [109]. In all samples, the broad band observed at 3230–3325 cm−1 represents
the –OH groups stretching vibrations related to hydroxyl groups and adsorbed water,
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5.2 Polymeric binders in Si-based anodes

Table 5.5: The areal capacity, initial specific capacity, initial Coulombic efficiency, and
capacity recovery at 0.1C, after high-rate measurements for Si/Gr∥Li cells
with LiPAA binder at different pH values

pH Areal
capacity
[mAh
cm−2]

Initial
specific
capacity
[mAh g−1]

Initial Coulombic efficiency [%] Capacity
recovery
[%]

2nd cycle at 0.05C at
0.05C

at
0.1C

at 0.1C

6 3.48 452.91 84.19 99.12 99.33

7 3.58 451.86 87.14 99.32 101.29

8 3.35 526.66 87.92 99.36 99.63

9 3.47 482.85 86.77 99.31 99.89

and its intensity decreases, and a peak shift is observed upon cross-linking the binders
with LiPAA and the condensation reaction between the COOH groups of LiPAA and
OH groups of CMC, SA, and TG [157]. The band at 2908–2931 cm−1 corresponds to
C-H stretching. The peak observed at 2355 cm−1 is due to O–H bending and C–O
stretching vibrations [227], which has a higher intensity in the cross-linked samples. The
peaks between 1000–1200 cm−1 are due to carbohydrate fingerprint in polysaccharide
chemical structure, representing the C–O and C–O–C stretching vibrations [109], [228]–
[230]. The region between 750–950 cm−1 can be assigned to the vibrations of the uronic
acid residues [231]. In the TG sample, the peak at 1742 cm−1 is attributed to C=O
stretching in carboxyl groups, and the peak at 1606 cm−1 is assigned to asymmetric -
COO− stretching. In the CMC sample, the peak at 1588 cm−1 is due to the –COO−

stretching of carboxyl groups. The peaks at around 1407 and 1320 cm−1 are assigned to
O–H and C-H stretching, respectively. In the SA sample, the characteristic peaks at 1597
and 1407 cm−1 are assigned to asymmetric and symmetric stretching vibrations of -COO−

and free carboxyl groups (–COONa), respectively [230], [232]. The peak at 950 cm−1 can
be assigned to C–O stretching of uronic acid residues [233]. The shift in COO− bands is
important to determine the complex formation between polymers, which is an indication
of cross-linking of LiPAA/CMC, LiPAA/SA, and LiPAA/TG samples. A small peak is
observed for the cross-linked samples at ∼ 1700–1720 cm−1, which can be related to the
cross-linking due to esterification by anhydride formation. However, since the intensity of
this peak is rather small for LiPAA/CMC and LiPAA/SA samples, it suggests that the
crosslinking occurs mainly due to ion–dipole interactions between the functional groups
of the two binders [234].

The Si/Gr-20 and Si/Gr-60 anode films were prepared according to the slurry formulations
in Table 5.6.
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5 Polymeric binders for silicon-based negative electrodes in lithium-ion batteries

Figure 5.21: a) TGA and b) DTG analysis of CMC, SA, and TG polymers, at a temper-
ature range of 25 to 500◦C at a rate of 5 K/min under nitrogen atmosphere

Table 5.6: Different Si/Gr anode formulations used in this chapter. Binder 1 is LiPAA,
and Binder 2 is CMC, SA, or TG, which were crosslinked with LiPAA. LiPAA
binders with two different pH values of 7.5 and 4 were used.

Anode Si-alloy (wt%) Graphite (wt%) Binder 1 (wt%) Binder 2 (wt%) SuperP (wt%)
Si/Gr-20 20 68 7.73 2.27 2

20 68 10 0 2
Si/Gr-60 60 28 3.18 6.82 2

60 28 10 0 2

A 90-degree peel test was performed on the Si/Gr-20 and Si/Gr-60 electrodes after drying.
It was observed that using LiPAA with pH 4 resulted in a very low peel strength value of
0.25–0.43 N/cm in both 20 and 60 wt% Si electrodes. Cross-linking the binder increased
the peel strength (Figure A.8, Appendix), and in most of the electrodes, this value was
higher than the limit of the device (10 N), therefore, the exact value could not be reported.
However, this is a good indication that cross-linking enhances the adhesion properties of
the electrodes. The adhesion test results of electrodes within the measuring range of the
device are shown in Figure A.8a. The current collector with LiPAA pH 4 binder undergoes
severe corrosion, as visibly observed in Figure A.8b.

Figure 5.23a and b show the rate capability of Si/Gr-20 and Si/Gr-60 electrodes in
Si/Gr∥Li cells, respectively. In both types of electrodes, LiPAA binder with neutral pH,
as well as cross-linked LiPAA binder (neutral and acidic pH) with CMC, SA, and TG was
used. As reported in Chapter 5.2.1, electrodes with only LiPAA pH 4 did not adhere to the
Cu current collector; therefore, the electrochemical performance could not be measured.
Electrodes with cross-linked binders containing LiPAA pH 7.5 and pH 4 are depicted with
different shades of blue and red colors, respectively. As it is observed in Figure 5.23a,
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5.2 Polymeric binders in Si-based anodes

Figure 5.22: FTIR spectra of CMC, SA, and TG and the cross-linked LiPAA/CMC,
LiPAA/SA, and LiPAA/TG

in Si/Gr-20 electrodes, the cross-linked electrodes are showing better (LiPAA/SA and
LiPAA/CMC systems) or similar (LiPAA/TG system) performance compared to only Li-
PAA binder. In the cross-linked binder systems, the electrodes with neutral pH binders
show better performance compared to the acidic binders. The best performance was ob-
served in electrodes with LiPAA/CMC binder at neutral pH, with a capacity recovery of
98.11%. The capacity recovery of all the cells is shown in Table 5.7.

For the Si/Gr-60 anodes, Figure 5.23b shows that the cross-linked electrodes with pH 7.5
binder has a better electrochemical performance, especially at higher C-rates, compared
to the acidic pH. The reason for that could be the difference in LiPAA to CMC ratio
as well as the different Si content in Si/Gr-20 and Si/Gr-60 electrodes, as reported in
Chapter 3.1.3. Since more LiPAA is used in Si/Gr-60 electrode, in the case of acidic
pH, higher mechanical instability and separation of the electrode from the Cu current
collector can happen, especially at higher C-rates, which can reduce the electrochemical
performance of the cells. However, after deep charge/discharge at 3C, a capacity recovery
of ≥ 92% was observed in almost all the cells.

Overall, it is observed that cross-linked binders with a neutral pH show better electro-
chemical performance compared to those with acidic pH, especially at electrodes with
higher Si content and higher C-rates. Cross-linking LiPAA (pH 7.5) with CMC and SA
enhances the electrochemical performance of the Si/Gr∥Li cells. Si/Gr∥Li cells with cross-
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Figure 5.23: Rate capability measurements of Si/Gr∥Li cells containing LiPAA binder
with neutral (pH 7.5) and acidic (pH 4) cross-linked with CMC, SA, and
TG using Si/Gr anodes: a) Si/Gr-20, and b) Si/Gr-60

Table 5.7: Capacity recovery of anodes with 20 and 60 wt% Si and cross-linked Li-
PAA/CMC, LiPAA/SA, and LiPAA/TG binders at C/10, after deep lithia-
tion/delithiation at 3C.

Capacity recovery (%)
Sample Si/Gr-20 Si/Gr-60
LiPAA(pH7.5) 98.08 95.24

LiPAA(pH7.5)/CMC 98.11 94.09

LiPAA(pH4)/CMC 96.92 89.67

LiPAA(pH7.5)/SA 96.53 94.68

LiPAA(pH4)/SA 97.02 93.55

LiPAA(pH7.5)/TG 90.19 92.48

LiPAA(pH4)/TG 87.92 92.51

linked LiPAA/TG binder show similar performance to Si/Gr∥Li cells with pure LiPAA
binder.
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5.2.3 Summary

This study investigated the properties of the Si/Gr-based anodes with respect to the pH of
the binder. LiPAA binders with different pH values ranging from 4 to 9 were prepared and
coated on the Cu current collector. The binder films were then systematically investigated
using ICP-OES, FTIR, and TGA. Based on the observed blue-green color of the binders
after coating on Cu foil and the ICP-OES results, the acidic binders contained higher
amounts of Cu. The Cu in the binders can be attributed to the atmospheric corrosion of
current collector due to the presence of organic acids. The higher number of unsubstituted
–COOH groups in LiPAA with acidic pH, results in the presence of higher amounts of
Cu and a more pronounced blue-green color. It was observed that the binder with the
highest acidity does not adhere to the Cu foil and separates upon drying. The Si/Gr
anodes containing LiPAA binders with different pH values between 6 to 9 were coated on
Cu current collector, and the adhesion properties were tested using a 90-degree peel test.
The adhesion test indicates that the cohesion of the electrode and its adhesion to the Cu
current collector are directly related to the pH of the binder, affecting the mechanical and
electrochemical properties of the electrodes. A neutral pH, between 7 and 8, shows the
optimum adhesion and enhanced mechanical properties in Si/Gr anodes. At neutral pH,
more supramolecular bonds, hydrogen and ionic bonds, can form between the binder and
Si particles, resulting in better accommodation to Si volume change during electrochemical
cycling of the cells. The rate capability of the Si/Gr∥Li cells with LiPAA binders with
different pH values shows better electrochemical performance for electrodes with a neutral
pH binder. These results are in line with the adhesion test results.

In the second part of this section, the neutral (pH 7.5) and acidic (pH 4) LiPAA binders
were cross-linked with CMC, SA, and TG polymeric binders to form a 3D binder network,
which can help to reduce the effect of Si volume expansion. The binders were character-
ized with TGA and FTIR, and the rate capability of the Si/Gr∥Li cells was investigated
using cross-linked and non-cross-linked LiPAA binder within the Si/Gr-20 and Si/Gr-60
electrodes. It was observed that cross-linked binders with neutral pH show better elec-
trochemical performance compared to acidic pH, especially in electrodes with higher Si
content and higher C-rates. Cross-linking LiPAA-pH 7.5 with CMC and SA enhanced
the electrochemical performance of the Si/Gr∥Li cells. Si/Gr∥Li cells with cross-linked
LiPAA/TG binder showed similar performance to Si/Gr∥Li cells with pure LiPAA binder.
This study indicates that LiPAA with neutral pH provides better mechanical and elec-
trochemical properties, as well as cross-linking ability, in Si/Gr-based anodes.
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6 Conclusions and outlook

This thesis focused on optimizing and developing Si-based anodes and suitable natural
biopolymeric binders to achieve a sustainable negative electrode that can increase the
energy density of LIBs compared to the state-of-the-art Gr electrode. The formulation
of Si/Gr anodes was optimized, and the electrochemical performance of Si/Gr∥Li and
NMC622∥Si/Gr cells was systematically investigated for different active materials and
binder ratios. The evaluation of Si/Gr∥Li indicated that 20 wt% Si and a LiPAA to
CMC ratio equal to the Si to Gr ratio (2.27:7.73) is the optimal formulation. The opti-
mized Si/Gr∥Li cells showed more than 80% capacity recovery after over 900 cycles. The
rate capability of NMC622∥Si/Gr cells indicated an 81.93% capacity recovery after deep
lithiation/delithiation at 5C. Postmortem SEM/EDX analysis of the Si/Gr electrodes
was conducted after 1200 cycles in Si/Gr∥Li cell, in which the redistribution and mor-
phological changes of Si particles after long-term lithiation/delithiation were observed.
The NMC622∥Si/Gr cell was further optimized with an electrolyte containing a high-
temperature enabling additive system to withstand high temperature and C-rates for
integration in a PV-battery system. The developed LIB was paired with a PSC, using a
DC-DC boost converter, resulting in an 8.74% overall efficiency under 2C charge rates at
room temperature.

Chitosan biopolymer with different degrees of acetylation (DA) and polymerization (DP)
was investigated as a binder in Si/Gr anode. Adjustments in the slurry composition of
the optimized Si/Gr electrode were performed to adapt the use of chitosan binder. Ac-
cording to the electrochemical measurement results of the Si/Gr∥Li and NMC622∥Si/Gr
cells, chitosan binder with the highest DP of 1618 and DA of 50% (DA50) was consid-
ered as the optimized binder for Si/Gr anodes. The NMC622∥Si/Gr cells with DA50
chitosan binder showed improved capacity and high capacity recovery after deep lithi-
ation/delithiation at 5C, demonstrating enhanced performance compared to the state-
of-the-art LiPAA/CMC containing anode. Cross-linked chitosan binder with citric acid
(DA50/CA) further improved the performance of the Si/Gr anode. Free-standing Si/Gr
electrodes were developed using DA50 and DA50/CA binder systems. It was observed
that free-standing anodes with the cross-linked chitosan binder had longer cycle life and
improved Coulombic efficiency. Post-mortem XPS analysis was performed on the electro-
chemically cycled Si/Gr anodes to study the surface chemistry of the electrodes with DA50
and LiPAA/CMC binders. Based on the XPS data, it is suggested that Si/Gr anodes with
DA50 binder form less LiPF6 decomposition products compared to LiPAA/CMC binder
system. A lower amount of organic species can result in better mechanical stability of
the SEI layer, which is in agreement with the better electrochemical performance of these
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DA50 containing cells.

The LiPAA binder, which is a superior binder for Si-based anodes, has been systematically
investigated by adjusting its neutralization degree, which directly influences the binder’s
pH. LiPAA binders with pH values ranging from 4 to 9 were characterized with FTIR
and TGA and utilized in Si/Gr anodes. It was observed that LiPAA binders with an
acidic pH, due to a higher number of unsubstituted –COOH groups, react with the Cu
foil, as observed by the change in the binder’s color from transparent to blue-green and
confirmed by the ICP-OES results. The cohesion of the electrode film and its adhesion
to the Cu current collector are related to the pH of the binder, as it is investigated
by the 90-degree peel angle test. A neutral pH (between 7 and 8) shows the optimum
adhesion and cohesion properties. The mechanical properties of the electrode directly
impact its electrochemical performance. The electrochemical performance of the Si/Gr∥Li
cells confirms this, showing better electrochemical performance for anodes containing a
LiPAA binder with a neutral pH. The LiPAA binder was then cross-linked with CMC, SA,
and TG in Si/Gr anodes. The electrochemical performance was investigated in Si/Gr∥Li
cells using 20 wt% and 60 wt% Si content. It was observed that cross-linked LiPAA with
neutral pH showed improved electrochemical performance, especially at higher C-rates.
Si/Gr∥Li cells using LiPAA with acidic pH showed lower electrochemical performance,
especially in electrodes with higher Si content (60 wt% Si) and at higher C-rates.

The importance of binder chemistry and content in Si/Gr anodes suggests that binders
can affect the electrochemical properties of the electrodes for several possible reasons. The
interaction of binders with active materials is of high importance and directly impacts the
dispersion of active materials, contact between the particles, and the electrode’s porosity.
Binders with suitable functional groups that interact with the surface of active materials
can result in a homogeneous and stable electrode coating. Binders impact the adhesion
strength of the electrodes, which is the attachment of the active materials to the conduc-
tive additive and the adhesion of the coating to the Cu current collector. The balance
between the cohesion of the electrode film and the adhesion of the film to the current
collector can improve the adhesion strength of electrode films. The electrodes need to
be mechanically stable upon lithiation/delithiation, especially in high-capacity Si-based
anodes. Therefore, the elasticity of the binders can help to better accommodate the vol-
ume change of Si particles, reducing the risk of electrode cracking, particle detachment,
and pulverization during battery operation. The chemical and electrochemical stability
of the binder affects the SEI formation and battery life. Binder decomposition or reaction
with the electrolyte upon lithiation/delithiation can negatively impact the electrochemical
performance of the battery. The ionic conductivity of the binders is also another factor
that can influence the transport of Li ions and improve the electrochemical performance.
Therefore, as observed in this work and due to all the mentioned reasons, electrodes
with the same active materials but different binders can have different electrochemical
properties.

The focus of this work was to develop and optimize the Si/Gr anode using environmen-
tally friendly biopolymeric binders. It should be noted that electrode manufacturing is a
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very complex process and many factors can affect the electrode properties. In the slurry
production step, small changes in the slurry chemistry, formulation, mixing process, and
atmospheric conditions (such as temperature, humidity, etc.) can affect the viscosity of
the slurry and subsequently the coating properties. In the coating process, parameters
such as coating speed, coating temperature, Cu current collector, draw-bar thickness, etc.,
can result in different coating properties. In the calendering step, the calendering pres-
sure can directly affect the porosity and thickness of the electrodes. Finally, in the drying
step, the drying temperature, time, and atmospheric conditions can directly impact the
quality of the electrode film. Also, it should be taken into account that for each electrode
chemistry and formulation, all the parameters need to be optimized. Therefore, intro-
ducing a new binder or active material requires optimization of the slurry preparation,
coating process, calendering, and drying. In this work, different chemistries and formu-
lations have been investigated and optimized. The other parameters were kept constant
for all coating procedures to ensure comparable and reproducible results. Therefore, the
following suggestions can be taken into account for the future work:

• This work focused on a specific type of Si-alloy material (3M) and graphite (MagE3)
and the obtained results are valid for these types of materials and formulation.
Using pure Si material in the optimized Si/Gr electrode and its combination with
the natural biopolymeric binders investigated in this work can be the next step for
future investigations.

• Investigation and optimization of coating parameters such as slurry viscosity, mix-
ing, and drying process can help to improve the coating quality for future Si/Gr
anodes.

• To improve the overall performance of the full-cells, further optimization of the
electrolyte and electrolyte additives is suggested, especially for high-temperature
applications, such as PV-battery systems.

• Development and optimization of suitable and sustainable cathode materials, to be
used with the optimized Si/Gr anode, is also of high interest, which can result in
the development of sustainable LIBs with improved electrochemical performance.

• Further investigation and optimization of free-standing anodes and cathodes, as well
as cross-linked biopolymeric binders is suggested to be investigated in future works
to further enhance the mechanical and electrochemical performance of free-standing
electrodes.

The mentioned steps can result in high-performance LIBs in the future, with sustainable
and green chemistries, cell design, manufacturing, and recycling processes.

115



116



A Appendix

A.1 Chemicals and Materials

Table A.1: List of chemicals and materials used in this thesis.

Substance Supplier Purity
Si-alloy 3M battery grade
MagE3 Hitachi battery grade
SuperP Imerys Graphite & Carbon battery grade
Copper foil Schlenk battery grade
Polyacrylic acid Acros Organics 25 wt% solution in water
Carboxymethyl cellulose MTI Corporation ≥ 99.5%
Li chips LTS Research Laboratories,

Inc.
battery grade

Whatman GF/C Sigma-Aldrich -
Lithium hydroxide monohy-
drate

Alfa Aesar battery grade

Sodium alginate Sigma-Aldrich
Tragacanth gum Sigma-Aldrich
Acetic acid Carl Roth ROTIPURAN® 100 %
Citric acid Sigma-Aldrich ≥ 99.5%
1.2 M LiPF6, EC:EMC (3:7)
+ 10 wt% FEC

E-Lyte Innovations battery grade

1M LiPF6, EC:DEC (1:1) Sigma-Aldrich battery grade
1M LiPF6 Sigma-Aldrich ≥ 99.99%
FEC Solvionic 99.9%
VC Sigma-Aldrich 99.999%
TEOSCN Sigma-Aldrich 99.999%
NMC622 Custom Cells -
NMC622 MEET -
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A.2 Active materials optimization

Figure A.1: Discharge capacity and Coulombic efficiency vs. cycle number for Si/Gr,
pure Si, and pure Gr anode half cells.

A.3 SEM/EDX analysis

Figure A.2: EDX analysis of Si/Gr-20 samples a) before and b) after calender. These
results are linked to the SEM images in Figure 4.14
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A.3 SEM/EDX analysis

Figure A.3: EDX mapping of a) pristine Si/Gr electrode and Si/Gr electrodes after
lithiation/delithiation in Si/Gr∥Li cell configuration at C/10 after b) 20
cycles and c) 500 cycles

119



A Appendix

Figure A.4: EDX mapping of a) pristine Si/Gr electrode and Si/Gr electrodes after
lithiation/delithiation in Si/Gr∥Li cell configuration at C/10 after b) 20
cycles and c) 500 cycles
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A.4 Perovskite solar cell

A.4 Perovskite solar cell

Figure A.5: Current-voltage (I-V) curve of the PSC with the MPP (blue) and solar
charging working points (black). The inset shows the IV characteristic of
the PSC with indicated short-current density Jsc values

A.5 Polymeric binders
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Figure A.6: Size exclusion chromatograph (SEC) chromatograms of chitosan, DA50,
DA30, DA0-1, DA0-2, and DA0-3 samples

Figure A.7: Si/Gr anodes with LiPAA binders pH4 and pH6 after drying at room tem-
perature over night
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A.5 Polymeric binders

Figure A.8: a)Adhesion test of Si/Gr anodes with cross-linked binders, b) Cu foil and
tape after the adhesion test with binders with acidic and neutral pH
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A.6 List of Acronyms

AIC Accumulated irreversible capacity
ATR Attenuated total reflectance

BSE Backscattered electron

CA Citric acid
CE Coulombic efficiency
CMC Carboxymethyl cellulose
Cu Copper

DA Degree of acetylation
DA50 Degree of acetylation 50%
DEC Diethyl carbonate
DMC Dimethyl carbonate
DP Degree of polymerization
DS Degree of substitution
DSC Differential scanning calorimetry
DTG Derivative thermogravimetr

EC Ethylene carbonate
EDX Energy dispersive X-Ray analysis
EE Energy efficiency
EMC Ethyl methyl carbonate

FEC Fluoroethylene carbonate
FTIR Fourier-transform infrared spectroscopy

Gr Graphite

LCO Lithium cobalt oxide
LFP Lithium iron phosphate
Li Lithium
LIB Lithium ion battery
LMO Lithium manganese oxide
LiPAA Lithium polyacrylic acid
LiPF6 Lithium hexafluorophosphate

NMC Lithium nickel manganese cobalt oxide
NMP N-Methyl-2-pyrrolidone

OCV Open circuit voltage
PSC Perovskite solar cell
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PV Photovoltaic
PVDF Polyvinylidene fluoride

RT Room temperature

SA Sodium alginate
SE Secondary electron
SEI Solid electrolyte interphase
SEM Scanning electron microscopy
Si Silicon
Si/Gr-x Silicon/Graphite anode with x% Si-alloy (x = 10-70)

TEOSCN (2-cyanoethyl) triethoxysilane
TG Tragacanth gum
TGA Thermogravimetric analysis

VE Voltage efficiency
VC Vinylene carbonate

XPS X-ray photoelectron spectroscopy
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Energy storage systems, particularly lithium-ion batteries (LIBs), 
are highly promising for applications such as electrical vehicles. 
Therefore, improving the cycle life, energy density, and safety 
of LIBs is of high importance. Graphite (Gr) is a state-of-the-art 
negative electrode active material; however, its low theoretical 
capacity (372 mAh/g) limits its usage in high-energy battery ap-
plications. Silicon (Si) is a promising anode active material, with 
high theoretical capacity (3590 mAh/g) and high abundance. 
However, Si undergoes a significant volume change (~200–
400%) upon charge and discharge of the battery. This volume 
change of Si particles leads to mechanical instability of the 
anode film, loss of contact with the current collector, unstable  
solid electrolyte interphase (SEI), irreversible capacity loss, and 
a short cycle life. Different strategies are employed to improve 
the performance of Si-based anodes, such as developing Si/
Gr electrodes, where the synergistic effect of Gr and Si active 
materials results in reducing the volume change and increasing 
the theoretical capacity. The use of suitable polymeric binders 
that accommodate the volume changes of Si particles can si-
gnificantly enhance the electrochemical performance of LIBs.
In this work, Si/Gr anodes were developed and different elect-
rode formulations were systematically investigated using a dual 
polymeric binder system. Pristine and post-mortem morphology 
measurements, as well as electrochemical characterization of 
Si/Gr electrodes were performed. Moreover, the implementati-
on of green and environmentally friendly natural polymeric bin-
ders was studied in the optimized Si/Gr electrodes. 
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