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Summary

Silicon (Si) has been intensively researched over the past decade as a potential anode
material for new-generation lithium-ion batteries (LIB). The main motivation being that
Si has the ability to reversibly alloy with lithium to form highly lithium-concentrated Lix-
Si-phases, leading to an extremely high gravimetric capacity (3590 mAh g–1).1 This is
about ten times that of today’s commercial anode, graphite. However, the large volumetric
and structural changes that occur as lithium is alloyed and de-alloyed with Si causes
mechanical fractures of Si particles and unwanted side reactions with the electrolyte.2

This leads to short battery cycle lives. Two promising mitigation strategies are a) size
reduction of Si to the nano-range3 and/or b) carbon (C)-coating the Si particles4.

In order to achieve cheap batteries with low carbon footprints, the use of raw materials
that can be produced on a large scale is essential. Therefore, making industrial-grade Si
anodes with high capacity and cycling stability is highly desirable. The work presented
here involves the electrochemical testing and material characterization of a micron- and
a nano-sized industrial-grade Si powder. The reduced size of the nano-sized Si powder
(n-Si) was achieved in a top-down approach and demonstrated a low initial delithiation
capacity of 2105±271 mAh g–1, compared to the 3235±119 mAh g–1 achieved for the
micron-sized Si (m-Si), at a current density of 0.16 A g–1. No gain in cycling stability was
seen for the n-Si compared to m-Si.

The formation of C-coated m-Si particles with varying C thicknesses, made in a facile
one-pot polymerization reaction with a resorcinol-formaldehyde (RF)-resin, are herein
reported. The irregular-shaped m-Si obtained complete coatings with homogeneous thicknesses
after being carbonized in a furnace. The thickness could be controlled under a critical RF-
resin amount. A reaction with 60 wt% m-Si and 40 wt% RF-resin yielded m-Si/C with
C layer thicknesses in the range of 50-70 nm. Increasing the RF-resin with a factor of
2.2 yielded m-Si/C with C layer thicknesses in the range of 100-150 nm. By increasing
the RF-resin with a factor of 6, lead to the formation of pure polymer spheres with only
minor C-coated. The m-Si/C composites did not demonstrate improved electrochemical
performance compared to the pristine m-Si and the sample with the least C-coated outperformed
the samples with thick C layers, suggesting that the C layer limits the lithiation of the Si-
core.
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The m- and n-Si powders were attempted C-coated with varying amounts of glucose.
The Si/C composites obtained after carbonization had increasing amounts of C for both
powders, however, the carbon layers were believed to be inhomogeneous and incomplete
based on energy-dispersive X-ray spectroscopy (EDS)-analysis mapping. The m-Si/C
composites made with glucose did not demonstrate improved electrochemical performance
compared to the pristine m-Si and no relation between C amount and performance was
seen. However, the sample with the highest C content had higher capacity retention in
the 100. cycle (28±2%), compared to the other composites. The n-Si/C composites
demonstrated increased cycling stability after around 100 cycles compared to the pristine
n-Si, however, large deviations between cells with the same sample were seen. The n-
Si/C composite with the least C (3.2 wt%) performed the best of all samples with n-Si.
In the 100. cycle, it demonstrated an average delithiation capacity of 535±22 mAh g–1,
compared to 412±167 mAh g–1 for the pristine n-Si, at a current density of 1.6 A g–1.
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1. Introduction
The 5-year period (2016-2020) went down as the warmest ever recorded and CO2-levels
in the atmosphere hit record heights in 2020.5, 6 With the current progression, there is
no chance of achieving the goal of the Paris Agreement which states that the average
global temperature must be limited to 1.5◦C above pre-industrial levels.6 Electrification
of society is crucial in reducing greenhouse gas emissions and turning the trend around.
It means replacing a fossil-based power supply with renewable energy and is part of
UN’s Sustainable Development Goals towards 2030; goal seven states: "Ensure access to
affordable, reliable, sustainable and modern energy for all".7 To enable the electrification
of our society, batteries are crucial. As stationary storage, they allow for the storage of
excess energy from renewable energy sources, such as solar and wind. Batteries are also
vital in enabling a wide deployment of electric vehicles, which could heavily reduce the
carbon footprint of the transportation sector.

Today, the dominant secondary battery technology is lithium-ion batteries (LIBs). It was
first commercialized by Sony in 1991 and has affected our lives immensely. In 2019, John
B. Goodenough, M. Stanley Whittingham, and Akira Yoshino received the Nobel prize
in Chemistry for the development of the LIB.8 The battery has a high energy density,
which makes it especially attractive for electrical vehicles and portable electronics. After
two decades of improvements in the battery’s chemistry, cell design, and the production
process, the prices of LIBs have decreased by a staggering 97% since 1991 and are predicted
to fall under 100 USD/kWh within the next five years.9, 10, 11 This is predicted to make
LIBs competitive with the energy cost of gasoline.12 The increased efforts in LIB recycling,
and the principles of circular economy during LIB production, allow assuming that LIBs
will maintain the dominant position for the upcoming decade.13

Regardless of the improvements to the LIB since 1991, the acceleration has been most
significant in the production and up-scaling, rather than the chemistry. Therefore, it
consists of almost the same materials as the batteries commercialized in 1991. In order
to keep up with the acceleration in the production of renewable electrical energy and
electrical vehicles, there are great efforts from scientists around the world to reinvent parts
of the battery.14 The batteries of the future are green and with higher energy densities.
The electrode materials used in a battery, the cathode and anode, mainly determine the
energy density of the battery. A promising anode material is silicon (Si), because of its
extremely high theoretical lithium (Li) storage capacity (3590 mAh g–1). That is about ten
times higher than today’s commercialized anode material, graphite. Si is also the second
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Chapter 1. Introduction

most abundant element in the earth’s crust (27.7%) and the production is well established
which makes it cheap.15, 16 However, major issues associated with large volume changes
during (dis)charging result in short battery life and hinders widespread commercialization.

Great efforts have been made in tackling the challenges of Si-based anodes and include
strategies such as structural designs (Si-sponges17, Si-nanorods18, Si-nanotubes19), Si-
based ceramic powders (SiC20 and SiN21), and Si/carbon (Si/C)-composites.22, 3, 23

Although these approaches represent keys to improve the performance of Si as an anode
material, the methods and materials are often expensive and energy-demanding for large-
scale production. Achieving a high-performance Si-based anode with a cheap and green
industrial-grade Si is therefore highly desirable.

1.1 Aim of this work

The aim of this work is to make Si/C composites, by C-coating industrial-grade Si, with
improved performance in a LIB. Industrial-grade Si will be coated with two carbon precursors,
namely resorcinol-formaldehyde-resin and glucose. The aim is to achieve carbon coatings
with varying thickness in order to find an optimum amount. Reducing the particle size
of Si is a common strategy in order to increase the performance of Si as an anode.24, 25

The electrochemical differences between micron-sized and nano-sized industrial Si will
therefore also be studied, with and without C-coating. A simplified schematic of the work
is shown in Figure 1.1.

Figure 1.1: Simplified schematic of the work.
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2. Theory
2.1 Introduction to batteries

According to the Oxford dictionary, a battery is defined as "A container consisting of one

or more cells, in which chemical energy is converted into electricity and used as a source

of power".26 In this report, a battery refers to a single electrochemical cell.

2.1.1 Working principle

A battery can convert chemical energy to electric energy via oxidation and reduction
(redox) reactions at the electrodes, caused by the difference in electrochemical potentials
of the two electrodes.27 During discharge, the reduction occurs at the cathode (positive
electrode) and the oxidation occurs at the anode (negative electrode). A battery also
contains an electrolyte that transports ions, while electrons are conducted in an outer
circuit to do work. A separator acts as a physical barrier between the electrodes to prevent
electrical shorting, but is porous, and thus permeable to the ionic component.28 Batteries
can be divided into two groups: primary and secondary batteries. A primary battery is
assembled in a charged state and when its initial reservoir of reactants is depleted, the
battery’s life is over. Secondary batteries, are intended to be recharged multiple times and
thereby restore their ability to store electric energy. Charging is done by applying electric
current in the opposite direction of the electron flow at discharge and thereby changing the
direction of the redox reactions.28 The further theory will concern secondary batteries. A
schematic of the secondary LIB can be seen in Figure 2.1.

3



Chapter 2. Theory

Figure 2.1: Illustration of a lithium-ion battery at discharge. Reprinted from ref.29.

2.1.2 Terms and definitions

At standard conditions, the oxidation and reduction reactions have standard electrode
potentials (E°) and the difference between the potentials give rise to the standard cell
voltage (E◦

cell)
27. The net Gibbs free energy (ΔG), at standard state, can be described as

ΔG°= -nFE◦
cell (2.1)

where n is the number of electrons transferred per mole of reactants and F is the Faraday’s
constant30. At non-standard conditions, the open-circuit voltage (Voc) is the difference
between the electrochemical potentials of the anode (μA) and cathode (μC) when no net
current is flowing, as follows

Voc =
(μA – μC)

e
(2.2)

where e is the elementary charge.31, 27 During charge and discharge, the battery experiences
polarization losses which leads to a decrease in the discharge voltage (Vdis) and a increase
in the charge voltage (Vch), compared to the Voc. In other words, less energy is delivered
at discharge than theoretically possible, and more energy is needed to drive the reactions in
reverse. The polarization losses (or overvoltage), η, includes ohmic losses, transportation
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2.1 Introduction to batteries

losses and kinetic losses and are dependent on the current (I) and the state of charge (q).
The voltages at discharge and charge can be expressed as29, 30

Vdis = Voc – η(q, Idis) (2.3)

Vch = Voc + η(q, Ich) (2.4)

The operating voltage is an important factor in the overall energy achieved by a battery.
However, the capacity at which it can be delivered is also key. Electrode materials have
a specific capacity, CE, based on the number of electrons involved in the reaction and its
molar weight. The overall theoretical specific capacity of a battery, Q, is defined as the
total charge per unit weight (mAh g–1) or volume (mAh cm–3), and can be expressed as31

Q =

∫
Δt

0
Idt =

∫ Q

0
dq (2.5)

where Δt is the time of running a current, I, and q is the state of charge. The specific
capacity current-dependent. For instance, cycling at high currents leads to a diffusion-
limited charge transfer and increased concentration polarization.31 The discharge energy,
Edis, is a function of the voltage, V, and capacity, and dependent on the discharge current,
Idis. By measuring the time of discharge, Δt(Idis), for a constant Idis = dq/dt, Edis can be
obtained as follows31

Edis =

∫
Δt

0
IV(t) dt =

∫ Q

0
V(q)dq (2.6)

where the energy of a battery is often given as the energy per unit weight (Wh kg–1) or
volume (Wh L–1). As mentioned, the current will influence the performance of a battery
and some other important factors are temperature, cut-off voltage, and electrode loadings
of active material. Coulombic efficiency (CE) is commonly used as a measure of the
capacity loss for an individual cycle and is defined as31

CE =
Qdis

Qch
× 100 (2.7)

with CE commonly being less than 100% due to losses. Irreversible capacity loss (ICL),
for a specific cycle i, can be quantified as

ICL = Qi
ch – Qi

dis (2.8)

The cumulative irreversible capacity loss (CICL) is the sum of the ICL of n cycles
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Chapter 2. Theory

CICL =

n∑
i=1

(Qi
ch – Qi

dis) (2.9)

The number of cycles it takes for a battery to fade to 80% of its initial reversible capacity,
is known as its cycle life.

The terms anode and cathode are relative and are often defined by the reaction that occurs
(oxidation or reduction) at the individual electrode or by the electrode potential relative
to the other. Common for batteries, the terms "anode" and "cathode" are defined by
the oxidation and reduction reaction, respectively, that occur at discharge and will not
change at charging. The terms lithiation and delithiation will also be used for charging
and discharging, respectively, when discussing LIBs. The term intercalation is described
by Whittingam et al. as "the reversible insertion of guest species into a lamellar host
structure with maintenance of the structural features of the host"32, and used to describe
the insertion of Li+ in graphite. Today, the term is widely used for non-layered structures
as well, including the insertion into crystal lattices in various cathode materials. The term
intercalation (or insertion/host) material/compound is used for both cathode and anode.
The term "cycling" will be used to describe the continuous (dis-)charging/(de)lithiation in
a battery.

2.1.3 Cycling current and cut-off voltage

The C-rate of a battery is a measure of the current applied during charge and/or discharge
and is related to the battery’s capacity. 1C equals the current for a battery with an X
capacity to be fully discharged in one hour. For a battery with a capacity of 100 mAh,
charge or discharge at 1C equals a current of 100 mA and C/2 equals a current of 50 mA
for two hours. Cut-off voltages, during charging and discharging, are adopted in order to
prevent side reactions that reduce the battery’s safety and cycle life. Overcharging or over-
discharging can lead to exothermic decomposition reactions that cause thermal runaway.
At high currents, cut-off voltages are reached earlier due to the increased polarization.
This is known as a reversible capacity loss that can be recovered by reducing the (dis-
)charge rates.33 The loading (mg cm–2 ) of active material and electrode thickness will
also influence the performance of the battery. In thick electrodes, the diffusion distance
from the current collector to active material is longer, which can cause a lithiation gradient
in the electrode at higher currents.

6



2.2 Lithium-ion battery

2.2 Lithium-ion battery

LIBs are the leading battery technology in consumer electronics and in electric vehicles,
due to the importance of a high energy density. As shown in section 2.1.2, the gravimetric
energy density (Wh kg–1) is a function of the operating voltage, capacity, and weight.
Crucial for the success of the technology is the intrinsic properties of Li, such as low
potential (-3.04 vs. standard hydrogen electrode) and low atomic weight.34 This results
in batteries with typical operating voltages of 3.6-3.7 V and therefore high gravimetric
energy densities (> 200 Wh kg–1), compared to other battery technologies.

2.2.1 Working principle

The lithium-ion battery is secondary and converts chemical energy to electric energy
through redox reactions at its electrodes. It operates reversibly by shifting Li+ and electrons
back and forth between two electrodes, during cycling. The electrolyte allows for Li-ion
diffusion within the battery. Commonly, the electrodes are comprised of intercalation
materials, such as a lithium metal oxide cathode (LiMO2) and a graphite (C) anode, that
acts as hosts. Intercalation materials allow for reversible insertion and extraction of Li+.35

These electrochemical intercalation reactions (redox) are described as follows31

Cathode : LiMO2 ↔ Li1–xMO2 + xLi+ + xe– (2.10)

Anode : C + xLi+ + xe– ↔ LixC (2.11)

Overall : LiMO2 +C↔ Li1–xMO2 + LixC (2.12)

where M represents a transition metal. The forward and backward reactions, in (2.12),
represents discharge and charge, respectively. Reactions 2.10-2.11 represents common
commercial battery chemistries.

7



Chapter 2. Theory

2.2.2 Electrolyte

The electrolyte of a battery is the medium of charge transport of Li+ between the two
electrodes. The open-circuit voltage (Voc) of a battery is determined by the difference
in electrochemical potentials (or Fermi levels) of the electrodes, as seen in Equation 2.2.
The species of the electrolyte can also be involved in redox reactions if the potential is
sufficiently high or low. Therefore, the (Voc) is limited by the electrolyte’s molecular
orbital energies. In order to avoid redox reactions with the electrolyte, the potential must
be within its energy window,Eg.33 The Eg is determined by the difference between the
lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HUMO) of the electrolyte. To avoid electrolyte oxidation at the cathode (oxidant), the
cathode’s Fermi level must be higher than the electrolyte’s HOMO. To avoid electrolyte
reduction at the anode (reductant) the anode’s Fermi level must be lower than the electrolyte’s
LUMO. This is known as thermodynamic stability and is illustrated in Figure 2.2. In order
to make a battery with higher Voc than the electrolyte’s Eg allows for, a passivating layer
must be created at the electrode-electrolyte interphases. This will be further addressed in
section 2.2.3.

Reductant Electrolyte Oxidant

Figure 2.2: Illustration of the molecular orbital energy levels of the reductant (anode), electrolyte
and oxidant. Reprinted from Ref31.

J. B. Goodenough et al. have formulated the requirements of a LIB electrolyte, as follows:33

1. Large energy window, Eg

2. Retention of the electrode-electrolyte interphase as particles volume change
3. A Li+-ion conductivity σLi > 10–4 S/cm in temperature range of operation
4. An electronic conductivity σc < 10–10

5. A transference number σLi/σtot ≈ 1

8



2.2 Lithium-ion battery

6. Chemical stability temperature range of operation
7. Chemical stability in regards to the electrodes and rapid formation of a stable SEI
8. Preferably safe materials (nonflammable, nonexplosive)
9. Low toxicity and low cost

A common electrolyte for commercial LIBs is the salt lithium hexafluorophosphate (LiPF6)
solved in organic carbonates such as ethylene carbonate (EC) with dimethyl carbonate
(DMC), propylene carbonate (PC), diethyl carbonate (DEC), and/or ethyl methyl carbonate
(EMC).36

2.2.3 Solid electrolyte interphase (SEI) layer

Graphite and Si have higher Fermi levels than the LUMO of common electrolytes and
thus making thermodynamically unstable batteries that cause the reduction of electrolyte.
Electrolyte species decompose on the surface of the anode and form a passivating SEI layer
that hinders further decomposition of the electrolyte while remaining Li-ion conductive.
This allows for high voltage batteries with electrode potentials outside the energy window
of the electrolyte. The SEI formation occurs mostly in the first cycle and consists of a
variety of reduction products from the electrolyte reduction. Li+ are consumed irreversibly
and contribute to an overall loss in the battery’s capacity. As a result, the coulombic
efficiency is therefore especially low for the first cycle. Figure 2.3shows a model of the
SEI layer on a graphite anode and common species making up the layer. Prelithiation is
a method of accounting for the loss by having an excess of lithium ions in the electrodes,
however, this will not be addressed further. Reducing the overall surface area of the
electrodes will reduce the SEI-layer formation and thus reduce the loss of Li+. Commonly,
this gives an increase in the CE. However, high surface area electrodes have improved
power performance. Therefore, the battery’s intended use plays a key role in designing
the electrode properties.37 The desired functional properties of an SEI layer according to
Peled et al. are as follows:

1. High electrical resistance
2. High lithium ion selectivity and permeability
3. High strength (mechanically stable and flexible)
4. Thickness close to a few nanometers
5. Tolerance to expansion and contraction stresses
6. Insolubility in the electrolyte
7. Stability over a wide range of operating temperatures and potentials
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Meeting the properties above is especially challenging for a Si anode, as it experiences
huge volume changes during cycling. In recent years, fluoroethylene carbonate (FEC) and
vinylene carbonate (VC) has been extensively used as electrolyte additives for Si-based
LIBs, due to the improved cycling stability.38 This will be addressed in Section 2.3.4.

ElectrolyteSEIGraphite

Li+

Figure 2.3: Illustration of SEI on a graphite surface and the composition of the SEI. Adapted from
ref. 39, 33

2.2.4 Cathode materials

Ever since LIB’s commercialization, lithium transition metal oxides have been the prevalent
cathode material.40 Later, polyanions materials, such as LiFePO4, have also been developed
and commercialized. These materials allow for Li+ to readily be extracted or inserted into
the lattice structure. Crucial for this extraction and insertion is the transition metals’ ability
to change oxidation states. The structures of cathodes can mainly be classified as either
layered types, such as LiCoO2, spinel type, such as LiMn2O4 and olivine type, such as
LiFePO4. Cathode potentials are typically in the range of 3.3-4.2 V (vs. Li/Li+)31, 41

The specific capacity of cathodes is limited to the reversible solid-solution range of Li in
the material, and are therefore lower than the theoretical values.31 The capacity is in the
range of 100-180 mAh g–1 in commercial cells.42 Other important factors of cathodes are
safety, weight, cost, power performance, degradation, and cycle life.
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2.2.5 Anode materials

This section will give an overview of some common anode materials. Section 2.3 will
focus on the Si anode. The main criteria for anode materials are:43

1. Low voltage vs. Li/Li+

2. High ionic conductivity
3. High electric conductivity
4. High reversible capacity
5. High lithium diffusion rate
6. Long cycle and calendar life
7. High safety
8. Low cost
9. Low toxicity and high eco-compatibility.

In principal, Li metal would be an ideal anode material due to the extremely high theoretical
specific energy density (3860 mAh g–1) and the lowest negative electrochemical potential
(-3.040 V vs. standard hydrogen electrode).44 However, a low CE as a result of an
unstable SEI-layer and potential electroplating of Li to form dendrites that can cause
an internal short-circuiting of the battery, are major issues.42 Therefore, to avoid severe
safety concerns, a host material is used to store the Li. These materials are referred to as
anodes and can be divided into three different groups based on their operating principles:
intercalation, alloy, and conversion.42 Each group represents an electrochemical lithiation/delithiation
mechanism. Further, the introduction to the Li-storing mechanisms of intercalation and
alloy materials will be given.

Intercalation materials

The intercalation materials include the most common commercial anode material, graphite.
The electrochemical intercalation of lithium into the graphite structure is enabled by its
lamellar structure of stacked graphene sheets. The lithium can be stored in between
the layers. Graphite has high Li-ion conductivity, high electric conductivity, and high
2D mechanical stability.41 The theoretical specific capacity of graphite is 372 mAh g–1,
determined by graphite’s ability to store 1 Li atom per 6 C-atoms. The reaction is shown in
Equation 2.11. Graphite has a low working potential vs. Li/Li+, high thermal conductivity,
and relatively low volume change during cycling which are all favorable properties as
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an anode material.41, 42 Another commercially available intercalation anode is lithium
titanium oxide (LTO), Li4Ti5O12. Key advantages of LTO include superior thermal stability,
high cycling rates, low volume change at cycling, and long cycle life. LTO has a lower
theoretical specific capacity (175 mAh g–1) and higher working potential (∼1.55 vs. Li/Li+),
compared to graphite. Operating at a higher potential window mainly avoids the formation
and growth of SEI at the anode. However, the lack of a passivation layer allows for
reactions with the organic electrolyte leading to gassing. LTO has also low electric conductivity.41

Alloying materials

Alloying anode materials electrochemically alloy with Li and can be represented as a
reversible reaction as follows

xLi+ + xe– +A↔ LixA (2.13)

where A is the anode material. The number of Li atoms, x, will be dependent on the
materials alloying phases and determine its capacity. Widely studied alloy materials include
Si, Ge, and Sn.45 They have extremely high theoretical specific capacities (up to 4200
mAh g–1). By replacing graphite with Si, the gravimetric energy density of a battery
could increase by 40%.46 However, the major drawback of huge volume change, up to
∼410% during cycling, hinders commercialization.47 The lithiation mechanism includes
the breaking of covalent or metallic A-A bonds and the formation of Li-A bonds, which
are fundamentally different from the intercalation materials.46 However, the high capacity
of these materials results in great volumetric changes during (de)lithiation as will be
discussed in section 2.3.3. Table 2.1 lists characteristics of the most common anode
materials.
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Table 2.1: A comparison of key parameters for common anode material. Values from ref.46

Materials Li C Li4Ti5O12 Si

Density [g/cm3] 0.53 2.25 3.5 2.3
Lithiated phase Li LiC6 Li7Ti5O12 Li4.4Si

Qg (delithiated) [mAh g–1] ∞ 372 175 4200
Qg (lithiated) [mAh g–1] 3860 339 168 2010
Qv (delithiated) [mAh cm–3] ∞ 837 613 9660
Qv (lithiated) [mAh cm–3] 2050 747 614 2370
Delithiation potential vs. Li/Li+ >0 >0.05 1.6 ∼0.4
Volume change [%] ∞ <10 1 410

Qg, Qv are the theoretical gravimetric and volumetric capacities.
Volume change = (volume (lithiated)/volume (delithiated) - 1) × 100

2.3 Si-based anode

2.3.1 Motivation

Si has been intensively researched over the past decade as a potential anode material for
new-generation LIBs. The main motivation being the high gravimetric capacity, about ten
times that of graphite, see table 2.1. Other key factors are:16

1. Low discharge voltage (∼0.4)
2. High abundance
3. Low cost
4. Non-toxic
5. Established production

The discharge voltage allows for a good balance between high OCVs and avoiding Li
plating. As the second most abundant element in the earth’s crust and established production,
the cost of Si is low. However, huge volume expansion with subsequent contraction during
(de)lithiation causes mechanical damage to the materials, resulting in rapid degradation
of electrochemical performance.48 In a Si-based battery, as of today, the cathode will
be the limiting electrode in terms of capacity. The overall battery capacity increases
asymptotically as the anode capacity is increased. Therefore, making an electrode with
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a stable capacity of 1200 mAh g–1 is often considered sufficiently high and would give an
overall battery capacity increase of ∼25%.

2.3.2 (De)lithiation mechanisms

Crystalline (c) and amorphous (a) Si can both be used as alloy type anodes that form
various lithium-silicide alloys (LixSi), electrochemically. The equilibrium alloy phase
with the highest Li concentration is Li22Si5, giving a specific capacity of 4200 mAh g–1.2

The mechanisms and respective LixSi phases that occur during (de)lithiation have been
extensively studied using various characterization techniques such as ex- and in-situ TEM,
ex- and in-situ NMR spectroscopy, ex- and in-situ XRD diffraction, density-functional
theory (DFT) calculations etc.2, 49, 50, 51, 52, 53

The first electrochemical lithiation of c-Si is shown to occur via a two-phase mechanism
in which a metastable amorphous phase (a-LixSi) is formed. The crystalline equilibrium
phases are kinetically hindered.51, 52, 53, 49 The mechanism involves breaking of Si-Si
bonds at a rate-limiting reaction front. This induces lithiation gradients and is associated
with huge mechanical stress in the Si particles.2 The lithiated amorphous phase formed
is Li3.5±0.2Si. Obrovac et al. found that for potentials <50 mV vs. Li/Li+ (at room
temperature (RT)), the amorphous lithium-silicide phase did not reach Li22Si5; however,
crystallized to a metastable Li15Si4 phase. The crystalline phase is commonly reported
as the terminal phase at RT, with a specific capacity of 3579 mAh g–1.1, 54 The transition
from amorphous to crystalline is associated with increased irreversible losses that limit
the cycling performance. A cut-off voltage of 50 mV is therefore often employed in
galvanostatic cycling.1 Ogata et al. investigated the phases forming during galvanostatic
cycling of c-Si and the respective potentials at which they form.50 The results are summarized
in Table 2.2.
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Table 2.2: Summary of the lithiation and delithiation reactions of c-Si nanorods at galvanostatic
cycling. x is calculated to be ∼3.5 for the first step in L1. δ has a value of 0.2-0.3.50

Reaction Potential [V]

1st Lith
L1 c-Si→ a-LixSi→ c-Li3.75Si→ c-Li3.75+δSi 0.10

≥ 2th Lith
L2 a-Si→ a-Li2.0Si 0.25-0.30
L3 a-Li2.0Si→ a-Li3.5Si 0.10
L4 a-Li3.75Si→ c-Li3.75Si 0.05-0.06
L5 c-Li3.75Si→ c-Li3.75+δSi 0.03

1st Delith
D1 c-Li3.75+δSi→ c-Li3.75Si + c-Li3.75+δSi 0.05-0.15

≥ 2th Delith
D2 a-Li3.5Si→ a-Li2.0Si 0.27-0.30
D3 c-Li3.75Si→ a-Li1.1Si 0.43
D4 a-Li2.0Si→ a-Si 0.50

For c-Si, the first lithiation (L1) and delithiation (D1) differ from the subsequent cycles
due to the formation of the amorphous phase. The second and third step of the reactions
of L1 is dependent on the cut-off potential.50

2.3.3 Degradation mechanisms

The major drawback of a Si-anode is the huge volume changes experienced during cycling,
leading to poor cyclability. Obrovac et al. reported that the Li15Si4 phase had a volume
expansion of 280%, which causes particle stresses that lead to fractures.1 An in-situ TEM
study from McDowell et al. revealed that the first lithiation of amorphous and crystalline
Si both occur via a two-phase lithiation reaction.49 After the first lithiation, the reaction
occurs via a single-phase lithiation for the subsequent cycles. Models have shown that
the nature of the induced particle stresses is different for the two lithiation reactions.25 In
a single-phase lithiation, the stress is diffusion-induced and arises from inhomogeneous
volume expansion as a result of Li concentration gradients. The diffusion rate of Li is
determined by Fick’s law.
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In a two-phase lithiation reaction there is a sharp change in the concentration of Li between
the unreacted c-Si and the a-LixSi. The stresses occur as the volume expansion takes
place in a local region near the reaction front. The newly created LixSi at the core/shell
interphase pushes out the already-formed LixSi leading to tensile hoop stresses at the
surface.49 The deformation is controlled by the migration of the reaction front.2 Figure
2.4 illustrates the concentration difference in a spherical Si particle in a one-phase (de)-
/lithiation reaction and two-phase lithiation reaction. The experienced tensile and compressive
hoop stresses, close to the center and at the surface of the particles, are marked. Another in-
situ TEM study of the lithiation kinetics from McDowell et al., suggested that the reaction
front in a two-phase lithiation of c-Si is retarded due to compressive stresses.55 Later,
McDowell et al. found that the kinetics of an initial lithiation of a-Si behaved linearly.49

In-situ TEM by Liu et al. have also shown that the volume expansion during lithiation is
anisotropic, for a two-phase reaction in c-Si. The proposed reason being that different
crystallographic planes have different interfacial mobility of Li. In-situ TEM showed
a faceted Si core during lithiation as a result of the different mobility25 Thus, acoustic
fracture measurements have shown that there is a higher frequency of fractures in the first
lithiation of c-Si compared to the following cycles.56

Figure 2.4: Illustration of the a) one-phase reaction lithiation, b) one-phase reaction delithiation and
c) two-phase reaction lithiation. The grey colour are used to show the Li concentration. Compressive
and tensile hoop stresses, σθ, arising as a result of volume expansion gradients are indicated in the
particles. For a) and c), the stresses are reversed. Reprinted from Ref.2

The tensile hoop stresses on the surface of the Si particles causes cracks to propagate and
particles to fracture. Continuous cycling of Si will therefore often end in pulverization of
the particles.57 Electrical isolation of particles is also a result of volume changes. Reduced
integrity of the electrode layer that is cast onto a current collector foil is seen. This can lead
to delamination from the current collector or electrode material. Isolation can also occur
as particles are covered in a thick and complete SEI layer. Both degradation mechanisms
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lead to an increase of irreversible losses and capacity fade.
Section 2.2.3 highlighted the importance of a stable passivating SEI-layer on the surface
of the anode. However, the volume changes cause the SEI layer to continuously break and
therefore exposing fresh Si surface to the electrolyte. As a result, the electrolyte and Li+

are consumed in the formation of a new SEI layer. The electrolyte is eventually depleted
in Li+ and the battery is no longer functional. This continuous consumption of Li+ leads
to a fast capacity fade. A thick SEI layer also reduces the rate performance of the battery,
as the energy barrier of diffusion in the SEI is higher compared to the electrolyte, thus,
increasing the internal resistance and overpotential.58 This is highly non-advantageous
as Si already suffers from poor electric and ionic conductivity due to its semiconducting
properties. Figure 2.5 illustrates three common degradation mechanisms, discussed above.

Figure 2.5: Illustration of three common degradation mechanisms for Si anodes: pulverization,
delamination and unstable SEI layer. Reprinted from Ref.48
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2.3.4 Mitigation strategies

Intensive research over the last decades have lead to significant insights into the behavior of
Si as an anode material. In this section, some important improvement efforts and concepts
will be addressed. C-coatings will be addressed in greater detail under Section 2.4.

Size reduction and amorphization

An in-situ TEM study by Liu et al. revealed that fractures during lithiation of spherical
c-Si particles are strongly size-dependent.25 They showed that particles below a critical
particle diameter of∼150 nm, did not crack or fracture in the first lithiation, thus, reducing
pulverization and related irreversible losses. This was attributed to the insufficient amount
of strain energy release to drive crack propagation in small-sized nanoparticles.25 In-situ
TEM studies from McDowell et al. also showed that the cracking and fracture of Si NPs
might be dependent on their crystallinity.49 Their spherical a-Si NPs with diameters up
to 870 nm did not fracture upon lithiation, potentially making it a better candidate as
anodes compared to c-Si. The difference in critical diameter was proposed to be due to:
1) increased stress in specific locations due to anisotropic lithiation in c-Si, 2) lower Li+

concentration in the LixSi phase for a-Si and therefore lower volume expansion at the Si-
LixSi interface, reducing the stresses 3) faster Si-Si-bond breaking at the reaction front for
a-Si.

Making spherical Si NPs in a bottom-up process is expensive. As an alternative, Gauthier
et al. presented the results of milling micron-sized c-Si to form NPs in a top-down
process.24 The milled Si NPs showed improved cycling stability with less irreversible
losses and high CE, compared to the micron-sized Si. The milling was done under an argon
atmosphere to reduce the oxidization of the particles. The improvement was attributed to
the improved crack and fracture resistance of Si NPs and the reduced diffusion distances.

A large number of studies have investigated the effects of size reduction down to nano-
scale dimensions, with great improvements in cyclability. These include the mentioned
0D nanoparticles, 1D nanowires59, nanorods18, nanotubes19 and 2D thin films60. Highly
engineered 3D structures, such as particles with high porosity/voids17 or a Si composite
material containing a highly electric and/or Li-ion conductive material, are commonly
used in order to improve the performance of the Si.61, 3, 22 Si/C composite materials
will be addressed in Section 2.4. Proposed reasons for increased performance vary and
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include: 1) increased fracture resistance, 2) strong adhesion to the current collector, 3)
voids accommodating for volume expansion, 4) increase in electric and ionic conductivity
and 5) higher stability of SEI layer.

Binders

Elastic polymeric binders play a crucial role in the fabrication of electrodes, as they give
structural integrity, binding of the active material, and adhesion to the current collector.57

Binders are therefore an important key in tackling the challenges that Si present during
cycling. Increased attention to greener, water-soluble binders such as sodium carboxymethyl
cellulose (CMC) and polyacrylic acid (PAA) with high compatibility to Si, have been seen.
Mazouzi et al. demonstrated the importance of the pH in the slurry, in order to achieve
covalent bonding between CMC and the Si surface.62 At neutral pH, the silanol groups (Si-
OH) at the Si surface are deprotonated and negatively charged. The isoelectric point of Si
is ∼3.5 in water. The carboxylate groups (R-COO–1) of CMC are also negatively charged
(deprotonated) at neutral pH with a pKa value of∼3.5.62 These negatively charged groups
repel each other. However, by addition of a buffer solution (pH = 3) to the slurry, the groups
can be protonated (Si-OH and R-COOH) and react in an esterification reaction to form a
covalent bond (Si-OCO-R). This is referred to as surface-grafting. Compared to slurries
at neutral pH, the acidic conditions have shown to give Si anodes with increased capacity
retention.62, 63 Bridel et al. also studied the CMC binder with a Si-anode and emphasized
the importance of hydrogen bonding between the silanol groups (Si-OH) and the carboxyl
groups (-COOH).64 They proposed a self-healing mechanism, in which hydrogen bonds
would break and reform as the Si expanded and contracted, which would be beneficial in
the long-term cycling stability. The slurries were prepared at a neutral pH.

PAA also contains a carboxyl group that can take part in an esterification reaction with Si at
acidic conditions. Foss et al. demonstrated improved cycling stability of micron-sized Si
with the addition of an acidic buffer solution to the slurry, compared to neutral pH.65 The
proposed reason for increased stability was the esterification reaction and grafting on the Si
surface, as seen in Figure 2.6. Numerous studies have shown improved capacity retention
over 100 cycles for PAA-derived polymers compared to traditional binders such as CMC,
alginate, and PVDF due to their superior mechanical strength.66 However, the binder’s
interplay with the nature of the Si, electrolyte, additives, and SEI is highly complex and
must be further studied.
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Figure 2.6: Structure of PAA and a illustration of the esterification reaction with PAA and silanol,
leading to a surface grafting. Reprinted from Ref.67.

Electrolyte additives

The addition of VC and FEC have shown to be an effective and easy strategy in improving
the cycling performance of Si anodes and is therefore widely used in the testing of Si
anode materials.68 However, the reduction mechanisms and reasons for improvement are
not agreed upon nor fully understood.68, 69 VC and FEC have shown to reduce before EC,
and DFT calculations have shown lower LUMO energy levels for FEC and VC, compared
to EC, which would favor their reduction at the anode.23 Jaumann et al. reported the
reduction of FEC and VC to occur at 1.47 V and 1.25 V (vs. Li/Li+), respectively.68 VC
is already commercialized in LIBs due to the increase in CE and thermal stability seen for
graphite anodes. Widely agreed upon is the fact that VC and FEC form stable and flexible
layers on the Si surface, which help accommodate the volume changes during lithiation.
Jaumann et al. report a dense and highly flexible polycarbonate (PC) layer as the result of
VC-decomposition.68 The PC-layer suppresses the formation of SEI, but reduces Li-ion
conductivity and thereby the rate performance. VC is also thought to have a positive effect
on the thermal stability of the cathode.

Etacheri et al. reported major improvement in cycling performance with the addition of
FEC to the electrolyte, for SiNW. Post-mortem analysis with XPS and FTIR revealed
a thin flexible film of polycarbonates on the Si surface, proposed to be a result of VC
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polymerization as FEC decomposes to VC and HF.70 In addition, the defluorination to
form HF increases the formation of LiF. The results reported by Jaumann et al. support this
and propose that the formation of LiF nanocrystals enhances the Li-ion conductivity inside
the SEI by creating defects in the dense and flexible PC layer.71, 68 However, the LiF-
containing polymeric layer is stiffer and not as stable in terms of SEI formation compared
to the one made from VC. In addition, LiF is an electronic insulator. The important effect
of FEC on cycling stability has also been demonstrated for micron-sized Si by Foss et al..65

After numerous cycles with high stability, a drop in the capacity and increased polarization
is common cycling behavior for Si with FEC-additive.65, 70, 69 Jung et al. have shown that
the number of cycles with relatively stable capacity is highly dependent on the amount of
FEC added to the electrolyte. 19F-NMR analysis from Jung et al. also suggests that the
FEC is consumed at the point where a rapid capacity drop is seen after the stable cycling.69

2.4 Si/C composite

Si/C composite materials have been heavily studied as a way of tackling the challenges that
Si experience during cycling. By taking advantage of the intrinsically different material
properties of Si and C, a superior anode material can be made. The properties of C differ
heavily with the type of allotrope, however, in a Si/C the main types of C structures
are amorphous (hard carbon), graphite, graphene, nanowires, and nanotubes. These are
used due to their superior electric and ionic conductivity compared to Si, and therefore
efficiently complements the high capacity of Si.72 Higher conductivity and decreased
internal resistance give better rate performance and less overpotential. These C materials
have also favorable mechanical properties and are thought to buffer the volume changes
during (de)lithiation. This leads to less SEI-cracking and higher CE, and ultimately retention
of irreversible losses and longer cycle lives.72, 73 A chemically stable C shell around the
Si surface can hinder the core’s contact with the electrolyte. Thus, reducing side-reactions
and stabilize the SEI layer. There is a long list of different Si/C anode designs, however,
the focus going forward will be on core-shell structures in which a Si-core is coated with
a C shell/layer.
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2.4.1 Core-shell Si/C composites

Core-shell Si/C composites consist of a C shell with a Si core. The fabrication of core-shell
Si/C composites is commonly achieved in a wet-chemistry synthesis (in-situ polymerization,
sol-gel etc.) or a gaseous atmosphere (CVD) with a carbon precursor (CP) (sugars, resins,
ethylene, etc.) Table 2.3 list different work done on core-shell Si/C. Most methods include
a carbonization step in which the Si/CP is heated to several hundred degrees Celsius under
an inert atmosphere (e.g. Ar), thus, driving out elements such as hydrogen and oxygen
to leave a carbonaceous structure on the surface of the Si.4 The type of CP, method, and
carbonization temperature will influence the chemical composition, physical properties,
and ordering of the final C layer.74, 4

The work of Liu et al. brought much attention as they made a Si/C with a yolk-shell
design. Spherical Si NPs were encapsulated in a thin and conformal C shell with a void
space in between to allow for volume expansion. This hinders the deformation of the
shell or the SEI on the outside of the shell.3 The yolk-shell structure was achieved by
coating a sacrificial SiO2 layer on the outside of the Si and then coating this surface with
a polydopamine layer. After carbonization, the SiO2 was etched away with hydrofluoric
acid (HF) and the yolk-shell structure was obtained. The C layer was amorphous and ∼5-
10 nm thick. This resulted in a high capacity anode with high CE and cycle life. The same
group later developed a Si/C with a pomegranate-inspired design, based on their yolk-
shell design.22 After the SiO2 layer was made, the particles were assembled into bigger
clusters and coated with a resorcinol-formaldehyde (RF) resin. After carbonization, the
same etching took place and left Si/C microbeads with a pomegranate-like structure. The
surface for SEI formation was reduced compared to the yolk-shell design and showed
exceptionally cycling stability at a high capacity (1160 mAh g–1 after 1000 cycles at
2100 mA g–1), for low electrode loadings (∼0.2 mg cm–2). The work of Son et al.

demonstrated Si/C composites with a graphene-coated Si core.23 The coating was done
by CVD, with methane as CP, and left a few layers of graphene on the Si surface. The best
results were achieved with a Si/C containing 5 wt% C. High cycling stability was partly
attributed to a proposed graphene interlayer sliding mechanism upon volume expansion of
Si. A full-cell reached volumetric energy densities of 972 and 700 Wh/L at first and 200th
cycle, respectively, about 1.5 times higher than commercial LIBs. Illustrations of the three
designs are shown in Figure 4.16. Although promising results are frequently shown in the
labs, the main commercialization challenge is cost. As Liu et al. express in their work on
the pomegranate-like Si/C: "However, we note that future work is needed to reduce the cost
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of starting materials such as the Si nanoparticles to meet commercial needs.".22 Figure
4.16 illustrates the three different Si/C structures mentioned above.

a b c

Lil

Lithiation

Thin SEIStable morphology

D = 1-10 𝜇m

Figure 2.7: Illustration of the a) yolk-shell structure, b) pomegranate structure and c) graphene-
coated structure. The illustrations show the volume expansion of Si at lithiation, going from left to
right in the reactions. Adapted from Ref.3, 22, 23, 39.

Table 2.3: Summary of core-shell Si/C composite materials with their respective synthesis method,
CP, final wt% Si in composite, cycling current density and the capacity after n cycles. All studies
used Si NPs.

Synthesis
method

Carbon
precursor

Si
(wt%)

Current
density
(mA g–1)

Capacity
(mAh g–1)
after (n)
cycles

Ref.

Spray-pyrolysis Citric acid 44 100 1489 (20) 75

Hydrothermal Glucose 75 150 1100 (60) 76

In-situ
polymerization

PZS polymer 78 500 1201 (40) 77

Pyrolysis
Polyvinylidene
fluoride

95.7 50 1290 (30) 78

CVD Toluene 37 100 767 (100) 79

CVD Acetylene 30 250 1080 (200) 80

Alkaline etching Dopamine 75 1000 804 (50) 81

Water-in-oil
emulsions

Phenolic resins 77 2100 1160 (1000) 22

Sol-gel Phenolic resins 81.7 500 1006 (500) 4
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2.4.2 The resorcinol-formaldehyde route

Development and mechanism

The synthesis of core-shell Si/C composites, with a great increase in cycling performance,
has been demonstrated in a facile, one-pot reaction solution with resorcinol-formaldehyde
(RF) resin, at room temperature.4, 82, 83 The synthesis involves a base-catalyzed polymerization
reaction between resorcinol molecules and the cross-linking formaldehyde molecule, which
forms a polymeric layer on the Si surface. The solvent solution is a mixture of water and
ethanol with ammonium hydroxide (NH4OH) as a base. A surfactant, cetyltrimethylammonium
bromide (CTAB), is used to modify the electrostatic properties of the Si surface. The
polymer-coated particles are carbonized to form a core-shell Si/C anode. A simplified
overview of the synthesis is shown in Figure 2.8. An in-depth mechanism will now be
given.

Figure 2.8: Illustration of the simplified steps in which core-shell Si/C is made by coating with RF
resin and further carbonized. Reprinted from Ref.4.

Pekala et al. first discovered the RF resin and used it to make organic aerogels under
alkaline conditions, through polycondensation reactions similar to the sol-gel processing
of silica (Stöber method).84 Later, Liu et al. demonstrated a method of making spherical
RF resin particles in the submicron range in a facile one-pot synthesis at room temperature.85

The particles showed a narrow size distribution and simple size-tunability, with potential
applications in bio-medicine, catalysis, super-capacitors, and LIBs, etc. Liu et al. describe
the synthesis steps as follows: 1) emulsion droplets are first formed through the hydrogen
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bonding between water, ethanol, resorcinol, and formaldehyde, and 2) polymerization of
RF takes place from the inside of the droplets, resulting in uniform colloidal spheres. A
simplified 2-step mechanism is seen in Figure 2.9, in which a polymeric network is created.
Firstly, formaldehyde is added to the resorcinol structure initiated by the base. Secondly,
condensation reactions form a cross-linked structure connected by either methylene ether
or methylene bridges as seen in Figure 2.9.86

The role of NH4OH is crucial in two ways. Firstly, it initiates the polymerization by
increasing the pH and the deprotonation of the resorcinol molecule. The deprotonation
of the two alcohol groups in resorcinol has been determined to occur in the pH ranges of
8.4–9.6 and 10.4–11.6.87 As a result, it initiates the addition reaction with formaldehyde,
as seen in Figure 4.16. Secondly, the NH+

4 adheres to the outer surface of the polymer
spheres and therefore, kinetically, hinders agglomeration.85 Liu et al. revealed high tunability
in particle size as decreasing the ratio of alcohol/water, decreasing the amounts of NH4OH
or RF precursor leads to reduced particle sizes.85
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NH4OH

Figure 2.9: A simplified polymerization reaction with monomer resorcinol and cross-linker
formaldehyde, in basic conditions. Reprinted from Ref.86

RF-coating

A method of C-coating inorganic structures with RF-resin was developed by Li et al.

and Fang et al..88, 89 Both works demonstrated the importance of adding a surfactant
molecule (CTAB) to the reaction solution in order to direct the growth of a polymeric
RF-layer on the surface of the particles. Li et al. used spherical silica particles as the
coating template and measured a negative zeta potential for the particles in the reaction
solution (pH = ∼10.3), expected as the isoelectric point of colloidal silica is around 1.7-
3.5.90 Silica and Si contains surface silanol groups (Si-OH) that deprotonate in water.
At this pH, the resorcinol is also negatively charged and the electrostatic repulsion force
hinders adsorption to the surface.88 The silica surface can be modified by the addition

26
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of the surfactant CTAB. The positively charged head group will adsorb to form a layer
at the surface. A second layer of CTAB is energetically favored as the organic tail-
groups associate with each other, forming a bi-layer as seen in Figure 2.10 a.91 Li et

al. demonstrated the change in zeta potential the concentration of CTAB was increased,
according to Figure 2.10 b. The CTAB bi-layer allows for electrostatic attraction between
the particle surface and the negatively charged resorcinol, which promotes polymerization
at the surface and coating, confirmed by TEM imaging.88 The measured zeta potential
of an RF-coated silica particle was negative.88 Liu et al. demonstrated that the coating
thickness increased as resorcinol and formaldehyde were increased at a fixed ratio. Increased
reaction time also increased the thickness. Fang et al. demonstrated RF-coating on non-
spherical particles as well.89 The concept of directed growth of polymer transfers to Si as
well, as it is oxidized in air to form a thin layer of amorphous SiOx at the surface.92
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Figure 2.10: a) Illustration of the proposed CTAB bi-layer formation at the surface of silica in water.
Bromine counter-ions are not included for simplicity. b) Zeta potential measurements in respect to
the CTAB concentrations for silica and RF-coated silica. Reprinted from Ref.88

Si-RF anodes

Core-shell Si by RF-coating has been presented by Luo et al. and Fang et al..4, 82 The
work represents a far easier and cheaper alternative to highly engineered anode structures,
such as the yolk-shell and pomegranate designs, while achieving high cycling stability.
Luo et al. C-coated spherical nanosized c-Si (d = ∼80 nm) with varying amounts of RF
resin. The coating synthesis is in accordance with the method described previously for
silica. After carbonization at 700◦C, core-shell particles with C-coateds thicknesses in the
range of 2-25 nm, was obtained. TEM-imagining revealed homogeneous and complete
layers. The Si/C with a coating thickness of 10 nm (Si@10C), demonstrated superior
electrochemical performance compared to pristine Si and other Si@xC, emphasizing the
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importance of an optimum C-coating thickness. The galvanostatic cycling data is shown
in Figure 2.11. BET measurements revealed a microporous C structure. The capacity of
Si@10C, after 500 cycles (0.5 A g–1), was 1006 mAh g–1 compared to 205 mAh g–1 for
the pristine c-Si NPs. The high stability was attributed to: 1) protection of the Si core
and reduction of side reactions, 2) alleviation of internal stress during cycling avoiding
fractures, 3) faster electron transfer, and 4) rapid Li-ion diffusion through the shell to the
core due to microporosity. The surface area and total pore volume were found to be∼129.9
m2 g–1 and 0.11 cm2 g–1, respectively, with C content of 18.3 wt%. Luo et al. proposed
that less than 10 nm C thickness was unable to sustain the strain relaxation upon cycling,
causing pulverization of the particles. The thicker C-coating of 15 nm demonstrated high
cycling stability but at a cost of a lower initial delithiation capacity (1473 mAh g–1), due to
the high C-content (48.8 wt%). The C-coating was determined to be amorphous by Raman
spectroscopy and 13C NMR spectroscopy revealed -OH-groups after carbonization under
N2 at 600◦C. Carbonization at 900◦C, lead to the disappearance of the same shift, and the
cycling stability was significantly reduced. Luo et al. used both CMC and Na-alginate as
binders and showed superior capacity retention for CMC compared to Na-alginate. The
results emphasize the importance of the anode’s surface properties as it interacts with the
SEI and binder. The slurry composition contained 60 wt% Si or Si/C, but the electrode
loadings were not reported.

Figure 2.11: Capacity mAh g–1 as a function of the cycle number for half-cells with pristine Si NPs
and Si NPs with C-coating thicknesses 5, 10, and 15 nm. Cycled at a current density of 0.5 A g–1.

Lu et al. also demonstrated significant improvement in cycling stability for c-Si NPs (d
= ∼100 nm) with C-coating from an RF-resin.82 The group used a Na-alginate binder, a
carbonization temperature of 800◦C, and the slurry contained 70 wt% Si or Si/C. Galvanostatic
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cycling of half-cells with active material loadings of ∼1.7 mg cm–2 was done at a current
rate of C/3 (1 formation cycle of C/20). A Si/C with 13.7 wt% C achieved a high specific
capacity of 1107.5 mAh g–1 over 50 cycles, and nearly 1000 mAh g–1 over 200 cycles with
CE of more than 99.6%. In contrast, the pristine c-Si NPs achieved <200 mAh g–1 after
20 cycles.82 Both works above involve the coating of expensive spherical NPs, however,
the recent work of Tzeng et al. demonstrated improved performance of C-coating with
RF-resin on Si flakes, recycled from wastes of Si wafer manufacturing processes.83

2.4.3 Glucose route

C-coating Si with sugar represents a greener alternative to RF-resin, with promising improvement
in the cycling performance.93, 94 Hu et al. C-coated c-Si NPs (d = 20-50 nm) with glucose
in a hydrothermal carbonization synthesis.93 The method involved mixing glucose and
Si in water into an autoclave and heating to 200◦C for 12 h. In the process, glucose
polymerize in a condensation reaction.94 The obtained particles were then carbonized at
750◦C (N2) to form core-shell composites. Raman spectroscopy demonstrated an amorphous
C layer (hard carbon) and TEM imaging revealed a complete layer (10 nm), consisting of
amorphous SiOx and C. The C layer lacked homogeneous thickness and on some particles,
it consisted of only one to three graphene layers. The total C content was determined to be
25 wt%. The result was a Si@SiOx/C nanocomposite, which outperformed the pristine Si
NPs in cycling performance. Si@SiOx/C half-cells achieved a reversible capacity of 1100
mAh g–1 at a current density of 150 mA g–1 with no further decay for about 60 cycles. The
pristine Si suffered large capacity losses with a reversible capacity of around 200 mAh g–1,
after 60 cycles. The slurry contained 70 wt% active material (Si or Si@SiOx/C), PVDF
was used as the binder, but the electrode loadings were not reported.

Shao et al. synthesized core-shell Si obtained in a similar manner as mentioned above.94

However, a non-ionic copolymer surfactant molecule (Pluronic F127) was also added.
After carbonization at 800◦C the surfactant molecule yielding a porous C shell. An
overview of the synthesis is given in Figure 2.12. TEM imaging determined the C shell
to have a thickness in the range of 15-20 nm with pore-diameters of 3-5 nm. The final
composite had a C content of 34.5 wt% and surface area of 197.9 m2 g–1, compared to
31.0 m2 g–1 for the pristine Si. Galvanostatic cycling of half-cells at a current density of
0.4 A g–1, showed superior cycling stability for the composite, compared to pristine. A
reversible capacity of 1607 mAh g–1 after 100 cycles with a CE of 99.1 % was achieved.
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The pristine Si achieved 490 mAh g–1 after 20 cycles. The slurry contained 70 wt% Si
or Si/C and active material loadings for Si and Si/C was 0.7 mg cm–2 and 0.5 mg cm–2,
respectively. CMC was used as the binder.

Figure 2.12: Shematic overview of the synthesis of core-shell Si/C with glucose as CP. Reprinted
from Ref.94

A simple method of C-coating silica particles with sugars have been reported by Blanco
et al. and involves the following steps: 1) dissolution of sugar (eg. glucose/sucrose)
in distilled water, 2) addition of silica particles, 3) 30 min ultrasonication, 4) 2 h of
continuous stirring on a hot plate at 60◦C, 5) manual grinding with an agate mortar, and
6) carbonization at 850◦C or 1200◦C.95, 96 An adaptation of this procedure was used in
this thesis. Blanco et al. demonstrated high SSAs and microporosity when glucose/silica
was annealed at 850◦C. At 1200◦C, the total micropore area was significantly reduced and
higher ordering of the C layer was obtained. By varying the amounts of sugar precursor,
an optimum amount of about 15 wt% C in the final composite was determined to have the
best electrochemical performance.96

C-coatings with glucose and RF-resin have amorphous structures (hard carbon). Dahn et

al. describe the structure of hard carbon as "small single layers of C arranged more or less

like a house of cards.".97 They demonstrated capacities in the range of ∼200-600 mAh
g–1 for hard carbons made from epoxy-novolac resins heated between 900◦C-1100◦C.
Single layers in the hard carbon are proposed to allow for Li-adsorption on both sides.
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Therefore, showing higher capacity compared to graphite. Dahn et al. plotted the capacity
as a function of single-layer fraction and demonstrated higher capacity as the fraction
increased.97

2.5 Characterization techniques

2.5.1 Material characterization

X-ray diffraction (XRD)

XRD analysis is an analytical technique that can be used to determine material properties
such as crystallographic structure, phases and crystallite sizes. XRD peaks are produced
by constructive interference of a monochromatic beam of X-rays scattered at specific
angles from each set of lattice planes in a sample. Consequently, the XRD pattern is
the fingerprint of periodic atomic arrangements in a given material.98 An X-ray powder
diffraction pattern is a plot of the intensity of X-rays scattered at different angles by a
sample. The intensity, usually recorded as "counts", is plotted as a function of the angle.
The width of the peaks can be used to estimate the crystallite size of the powder, using the
Scherrer equation:

τ =
Kλ
βcosθ

(2.14)

where τ is the average crystallite size, K is a constant, λ is the X-ray wavelength, B is the
peaks full-width at half-maximum (FWHM) and θ is the scattering angle in radians.99

Brunauer-Emmett-Teller (BET)

The physical adsorption (physisorption) of a gas to a solid surface is a result of weak
interactive van der Waals forces and can be utilized to determine the specific surface area
(SSA) and surface porosity of a specimen. The number of gas molecules (adsorbate)
adsorbed on the surface can be described by an adsorption isotherm. The adoption isotherms
is the amount adsorbed at equilibrium at a constant temperature as a function of the
pressure of the gas.100 The gas used is often nitrogen, adsorbed at its boiling point of
-196◦C. There are many models or isotherms that describe the amount adsorbed, however,
the BET equation is commonly used and follows,
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p
V(p0 – p)

=
1

VmC
+

C – 1

VmC
p
p0

(2.15)

where p is the pressure, p0 is the saturated vapor pressure of the gas, V is the volume of
gas adsorbed, Vm is the volume of adsorbate equivalent to a monolayer coverage and C is
a constant.100 Equation 2.15 can be linearized to determine the Vm and the SSA can then
be calculated from the cross-sectional area of the gas molecule, assuming close-packing at
the surface. The shape of the isotherms obtained from physisorption measurements can be
used to describe the surface structure of the specimen. The six types of isotherms (IUPAC
classification) are characteristic of materials that are microporous (type I), nonporous or
macroporous (types II, III, and VI), or mesoporous (types IV and V), as shown in Figure
2.13.101

Figure 2.13: Classification of isotherms. Reprinted from ref101.

Energy-dispersive X-ray spectroscopy (EDS)

EDS is an analytical technique used for the elemental analysis of a specimen. The technique
is often coupled with an SEM and, commonly, involves focusing an electron beam on the
specimen. The electron beam excites electrons which leaves "positive holes" that are filled
by the relaxation of an electron from a higher energy orbital. This relaxation releases an
X-ray characteristic of an element. The X-rays hit a detector and signals are interpreted
by a software. Elemental maps can be constructed by scanning the electron beam over
a specimen.102 EDS is a semi-quantitative elemental analysis technique with limitations
in terms of specimen matrix and morphology. The penetration of the electron beam is
dependent on the acceleration voltage but is in the micron range. A particle specimen with
a sub-micron coating will therefore have elemental counts from its core and underlying
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specimen holder.103

2.5.2 Electrochemical characterization

Galvanostatic charge-discharge

Galvanostatic charge-discharge (or cycling) of batteries is a method of running a set current
rate through a battery as a function of time. The desired charge and discharge current might
be expressed as a C-rate which is based on the expected capacity of a cell. In a half-cell, a
working electrode is cycled with Li-metal as counter-electrode, and they are therefore not
balanced in terms of capacity. The Li-metal electrode has "unlimited" lithium ions and the
C-rate is therefore based on the expected capacity of the working electrode. By assuming
a set capacity for all electrodes, the charge/discharge rate can be given as a current density
(A g–1). The direction of current is programmed to change within a set of values (time
and/or voltage) The voltages are known as cut-off voltages. The measured capacities at
the cut-off voltages can be plotted as a function of the cycle index. The plots are used to
describe the cycling behavior and performance of a cell and working electrode.

Internal resistance

During a galvanostatic cycling program, the internal resistance (IR) of the battery cell is
often measured, e.g., after every cycle. By plotting IR as a function of the cycle index,
it can be used as a supporting tool in determining the behavior of a cell. An increase in
the IR is often correlated with a decrease in the capacity or extensive SEI growth.65, 104

The measurement is done by applying a pulsed discharge and charge current (IIR), and the
voltage (V) responses at I0 + IIR and I0-IIR are measured. Over a set number of pulses n,
e.g. 10, the IR is calculated as follows:

IR =
1

n

n∑
i=1

[
Vi
I0+IIR

– Vi
I0–IIR

2IIR

]
(2.16)

where the IR is given in Ohm. However, Equation 2.16 is only valid for ideal resistors,
and not a battery cell. Instead, electrochemical impedance spectroscopy must be used
in order to describe a cell’s electrochemical mechanisms, reaction kinetics, and internal
resistance.105
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3. Experimental
3.1 Coating methods

This section includes two different methods to achieve core-shell Si/C composites: 1)
coating with resorcinol-formaldehyde and 2) coating with glucose. The first method was
only done with a micron-sized industrial-grade Si (m-Si). The second method included
the m-Si and a nano-sized industrial-grade Si (n-Si).

3.1.1 Chemicals and materials

The chemicals and materials used in experiments are: m-Si (Elkem), n-Si (Elkem), resorcinol
(1 99%, Sigma Aldrich), D-(+)-glucose monohydrate (Merck), formaldehyde (37 wt% in
H2O + 10-15wt% methanol, Sigma Aldrich), polyacrylic acid (PAA) (Mw 250,000, 35
wt% in H2O, Sigma Aldrich), hexadecyltrimethylammonium bromide (1 98%, Sigma
Aldrich), graphite (C-NERGY KS 6L, Timcal), carbon black (C-NERGY Super C65,
Timcal), lithium foil (99.99 %, LinYi Gelon LIB Co, 15 mm in diameter and 250 µm),
Argon-gas (1 99%, AGA), dendritic copper-foil (16μm thick, dendritic, Schlenk), electrolyte
"S1" (1.2M LiPF6 in 3:7 EC/EMC, 2 wt% VC and 10 wt% FEC, Solvionics), polyproylene
separator (25μm thick, Celgard 2400), pH-paper (Tritest, pH 1-11, Macherey-Nagel),
Lithium Nickel Manganese Cobalt Oxide electrode (NMC 111, aluminium current collector,
Customcells®). Caps, spacers, and springs were all stainless steel from Hohsen Co. All
chemicals were used without further purification.

3.1.2 Coating with resorcinol-formaldehyde resin

Coating of the m-Si with an RF-resin was based on the work of Luo et al..4 A simplified
overview is given in Figure 3.1. The procedure can be divided into five steps: 1) 1 g of
Si and 1 g of CTAB were added to 90 mL of DI water and the suspension was vigorously
stirred and ultrasonicated with a probe (pulse mode 4/40% output, Sonoplus Bandelin) for
30 min. 2) 30 mL of ethanol and a calculated amount of resorcinol were added (Table
3.1). The solution’s pH was measured with pH paper, before adding 0.3 mL of ammonium
hydroxide. The pH was again measured to verify alkaline conditions and the suspension
was set to stir for 30 min. 3) The beaker was then placed in an oil bath that was pre-heated
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to 35◦C. Then, a calculated amount (Table 3.1) of formaldehyde was added dropwise
using a pipette. Both the oil bath and suspension were kept under continuous stirring (300
rpm) for 6 h. The beaker was covered with parafilm to limit evaporation losses. 4) The
beaker was then taken out of the oil bath and the suspension was left to age for 16 h, at
ambient conditions and no stirring. 5) The suspension was then centrifuged for 5 min at
4400 rpm in a centrifuge (Eppendorf). After, the supernate was decanted off. The particles
were washed with DI-water and redispersed by shaking, before 5 min centrifugation. This
process was repeated twice, however, ethanol was used the last time. The particles were
left to dry in a fume hood for at least 16 h before further drying and carbonization in a
tube furnace. This step will be described in section 3.1.4. The amounts of formaldehyde
(F) and resorcinol (R) were varied but at a fixed molar ratio of F/R = 1.4. However for the
sample labeled "m-Si@RF_40", this ratio was 2.1, due to an error in the calculation. Table
3.1 lists the targeted amounts.

Figure 3.1: A simplified overview of the reaction steps of making a Si/RF-resin composites.

Table 3.1: The targeted amounts of all substances involved in the synthesis involving RF-resin.
The labeling refers to the wt% of resorcinol in relation to only Si, e.g. "m-Si@RF_40" contains
60 wt% m-Si and 40 wt% resorcinol. For Si@RF_0, no resorcinol or formaldehyde was added and
"RF-resin" does not contain Si.

Label
Si
(g)

R
(g)

F-solution
(mL)

CTAB
(g)

H2O
(mL)

Ethanol
(mL)

NH4OH-
solution (mL)

m-Si@RF_0 1.00 - - 1.00 90 30 0.30
m-Si@RF_40 1.00 0.67 0.95 1.00 90 30 0.30
m-Si@RF_60 1.00 1.50 1.43 1.00 90 30 0.30
m-Si@RF_80 1.00 4.00 3.81 1.00 90 30 0.30
RF-resin - 6.00 5.72 1.00 90 30 0.30
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3.1.3 Coating with glucose

Coating of the m-Si and n-Si with glucose was based on the work of Blanco et al.96 A
simplified overview is given in Figure 3.2. The procedure follows three main steps: 1)
Glucose monohydrate (G) was dissolved in 5 mL DI-water and added to a suspension of
1.5 g Si in 10 mL ethanol. The suspension was stirred and ultrasonicated for 30 min. 2)
A hotplate was pre-heated to 70◦C and the ethanol-H2O-Si-G-suspension was transferred
to an Al-foil insulated glass beaker and put on the hotplate. After 1-2 hours of solvent
evaporation, under continuous stirring (300 rpm), a "honey-like" substance was obtained.
3) The mixture was transferred to an agate mortar and hand-ground until it dried to a
powder (∼30 min). The amount of glucose monohydrate was varied while other species
were kept constant for all samples. However, n-Si was received as a slurry containing 59.9
wt% isopropanol (IPA) and 40.1 wt% n-Si. Therefore 3.74 g of slurry (1.50 g n-Si) was
measured out in step 1. Table 3.2 lists the targeted amounts. Pure glucose monohydrate
was also carbonized as a reference.

Figure 3.2: A simplified overview of the reaction steps of making a Si/glucose composites.
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Table 3.2: The targeted amounts of all substances involved in making a Si/G composite. The
labeling refers to the wt% of G in relation to only Si, e.g. "m-Si@G_40" contains 60 wt% Si and 40
wt% G. For m and n-Si@RF_0, no G was added.

Label
Si
(g)

Glucose
(g)

DI-H2O
(mL)

Ethanol
(mL)

m-Si@G_0 1.50 - 5.00 10.00
m-Si@G_20 1.50 0.38 5.00 10.00
m-Si@G_40 1.50 1.00 5.00 10.00
m-Si@G_60 1.50 2.25 5.00 10.00
n-Si@G_0 1.50* - 5.00 10.00
n-Si@G_20 1.50* 0.38 5.00 10.00
n-Si@G_40 1.50* 1.00 5.00 10.00
n-Si@G_60 1.50* 2.25 5.00 10.00

*Target was 3.74 g of an IPA/n-Si-slurry (59.9 wt%/40.1 wt%).

3.1.4 Carbonization

All powders in Table 3.1 and 3.2were further dried and carbonized in a tube furnace
(Nabertherm). Alumina crucibles were used to hold the powders. The furnace tube was
evacuated to <10–1 bar and refilled with argon gas and the procedure was repeated twice. A
slow and steady flow of argon through the tube ensured an inert atmosphere and exhaustion
of gaseous species. The samples were heated to 120◦C at a rate of 5◦C/min and held for 6
h to dry the powders. Further, the samples were heated to 820◦C at 5◦C/min and held for 2
hours in order to carbonize the samples. Samples were cooled to RT at a rate of 10◦C/min.
Figure 3.1.4 shows the carbonization profile used for all samples.
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Component Mass [wt%]
Si or Si/C 60
PAA-binder 15
Carbon black 15
Graphite 10

Figure 3.3: Temperature profile of the
carbonization in a tube furnace.

Table 3.3: The targeted anode composition.

3.1.5 Ball-milling

After carbonization, the Si/C composites obtained from glucose were ball-milled in a
planetary ball mill (Fritsch Pulverisette 7 Micro Mill). The milling vial volume was 80
mL and zirconia balls (10 mm) were used in a ball-to-powder mass ratio of 20:1. The
milling was done in an ambient atmosphere for 2x30 min at 250 rpm. In between the two
runs, the powder was scraped from the walls and mixed around. Thereafter, the powders
were then sieved in a "tea-sieve" to avoid big hard carbon particles.

3.2 Electrode fabrication

A water-based slurry with the species that make up the anode was mixed in two steps and
then cast onto a copper (Cu) current collector. 1) Polyacrylic acid (PAA) binder, DI-water,
and a buffer solution of citric acid (aq.) and potassium hydroxide (aq.) (pH ∼3) was
measured and mixed in a planetary Thinky mixer (ARE-250CE, Thinky Co.) for 2 min at
2000 rpm. 2) Carbon black (CB), graphite (Gr), and Si or Si/C were added to the binder
solution. A zirconia ball was added to increase the homogeneity of the slurry, as it was
further mixed for 7 minutes, at 2000 rpm. A dendritic Cu-foil (18 µm thick, Schlenk) was
used as substrate and a Hohsen MC-20 Mini Coater with a 10 cm wide doctor-blade was
used to cast the anode layer. Castings were done with a doctor-blade height in the range
of 12.7-25.4 µm (0.5-1 milli-inch) at a speed of ∼4.5 mm/s. The casts were left to dry
overnight in a fume hood and then dried in vacuo at 120◦C for 3 hours. Table 3.3 lists the
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targeted anode layer composition after drying, neglecting the contribution from solids in
the buffer solution.

3.3 Cell-assembly

Anode electrode disks (�=15 mm) were punched out and weighed with a targeted active
material (AM) loading of∼0.8 mg cm–2. "Active material" includes the Si or Si/C and the
graphite. The Si/C composite anode electrodes were also increased in loadings, in relation
to their C content, to have similar Si-loadings (∼0.7 mg cm–2). The electrodes were left in

vacuo overnight before taken directly inside an Ar-filled glovebox (MBRAUN), without
exposure to ambient conditions. Coin-cells (CR2023) were assembled in the following
configuration: positive cap, electrode (�=15 mm), 18 µL electrolyte, polypropylene separator
(�=18 mm), gasket, 18 µL electrolyte, counter electrode (�=15 mm), spacer, wave spring
and negative cap. Thereafter, the cells were sealed with a cell crimper (Hohsen Co.). In
a half-cell, Li-foil was used as a counter electrode (vs. Si or Si/C). The Li-foil surface
was scraped with a scalpel before assembly. In a full-cell, NMC-111 (1 mAh cm–2) was
the first electrode (vs. Si or Si/C). The electrolyte, "S1", was a custom mixture of 1.2M
LiPF6 in 3:7 EC/EMC with 2 wt% VC and 10 wt% FEC (Solvionics). The caps, spacer,
and spring were all stainless steel from Hohsen Co.. Three coin-cells were made for most
Si- or Si/C electrodes tested.

3.4 Electrochemical testing

The electrochemical testing was done on Arbin BT200 battery testers coupled with Mits
Pro computer software. All channels were placed in temperature-controlled cabinets and
with a constant temperature of 25◦C. The python script "Cellpy" (made by Jan Petter
Mæhlen, IFE) was used to extract and handle the data from Arbin. Note: Due to a
malfunction of one of the Arbin battery testers, reliable results for coulombic efficiencies
could not be obtained for all cells. All cycling schedules started with a 6 h rest step to
ensure wetting of electrodes.
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3.4.1 Galvanostatic cycling

Half-cells were long-term galvanostatic cycled with 9 formation cycles with a current
density of 0.16 A g–1 (C/20) between 0.05 and 1.0 V vs. Li+/Li. Followed by 300 cycles
at 1.6 A g–1 (C/2) between 0.05 and 1.0 V vs Li+/Li. In addition, IR measurements with
10 pulses according to Equation 2.16 were done after the initial rest step and after every
delith step. A rest step of 15 min was also used after every (de)lithiation. Note that some
half-cells cycled with three formation cycles and are not compared to cells with nine.

3.4.2 Rate-testing

The rate-testing of half-cells was done by galvanostatic cycling at different current densities.
The cells were cycled according to the following schedule: 13 cycles at 0.16 A g–1 (C/20),
followed by 5 cycles at 0.31 A g–1 (C/10), 0.62 A g–1 (C/5), 1.6 A g–1 (C/2), 3.1 A
g–1 (1C), 6.2 A g–1 (2C), respectively. Lastly, continuous cycling at 0.62 A g–1 (C/5)
followed. All cycles were between 0.05 and 1.0 V vs. Li+/Li. IR measurements and 15
min rest steps were used after every (de)lithiation step. Two cells of each electrode were
made for the rate-testing.

3.4.3 Full-cell testing

Commercial NMC 111-cathodes and Si or Si/C anodes were punched out (�=15 mm).
The target was a capacity ratio of Qtot,anode/Qtot,cathode = 1.2, to avoid Li-plating. The
assumed capacity of Si was 3579 mAh g–1. In order to determine the capacity of Si/C
composite anodes, the capacity was based on their Si and graphite content, neglecting
the contribution from the hard carbon. Therefore a higher anode loading was used for
the composite anode. The galvanostatic cycling started with a lithiation at 7.25 mA g–1

followed by a lithiation-taper step at 2.9 mA g–1, both to a cut-off voltage of 4.3 V. After
delithiation at 7.25 mA g–1 to a lower cut-off voltage of 3 V, the schedule followed: 2
cycles at 14.5 mA g–1, 2 cycles at 29 mA g–1 and continuous cycling at 72.5 mA g–1. IR
measurements and 15 min rest steps were used after every (de)lithiation step.
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3.5 Material characterization

3.5.1 X-ray diffraction (XRD)

XRD analysis was used to study the crystallinity of the two pristine Si-powders. Measurements
were done between 10◦ to 80◦ in a D2 Phaser XE-T edition (Bruker) with a CuKα X-ray
source. Si-powder was mixed with isopropanol and deposited on a Si single-crystal and
dried before analysis. The powders were also analyzed after going through the carbonization
step described in section 3.1.4.

3.5.2 Field emission scanning electron microscopy (FE-SEM)

An FE-SEM (JEOL JSM-7900F) was used in order to study the size and morphology of the
different powders. The FE-SEM samples were prepared by adding ∼5-10 mg of powder
to ∼2 mL ethanol and ultrasonicated for ∼30 s (pulse mode 2/10% output). Then, 2-5
drops were added onto a lacey carbon Cu-grid (400 Mesh, agar scientific) and left to dry
in ambient conditions. The acceleration voltage was set to 10 kV at a working distance of
∼9 mm.

3.5.3 Energy-dispersive X-ray spectroscopy (EDS)

An EDS detector (Oxford instruments), coupled with the FE-SEM, was used to perform
elemental analysis of the powder samples. Element mapping was used to study the positions
of Si, C, and O in relation to each other, to verify the presence of the surface coating. The
maps were constructed using the AZtec EDS software. The acceleration voltage was set
to 10 kV at a working distance of ∼9 mm.

3.5.4 Zeta potential measurements

Zeta potential measurements for m-Si were performed with and without CTAB in water.
Si (0.5 g) and CTAB (0.5 g) were added to 45 mL of DI water and vigorously stirred for
30 min. The suspension was diluted 1:10 in DI water and added to a zeta potential cuvette
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(DTS1070). Three measurements were done at 150 V, in a Zetasizer nano (Malvern). The
same procedure was done for the suspension without CTAB.

3.5.5 Flash elemental analysis

Carbon content was determined by burning the samples at 1700°C in a Flash EA elemental
analyzer (Thermo Fisher Scientific). CO2 and N2 are flushed into a DELTA V™ isotope
ratio mass spectrometer (Thermo Fisher Scientific), in which their amounts are determined.
The water is trapped on Mg(ClO4)2. All results are plotted on a calibration line calculated
from the analysis of international reference material analyzed in each sequence. For
analytical control, a third reference material is run as unknown in all sequences. The
value of this third reference material is reported with standard deviation to give accuracy
and precision of the analysis. The analyses were performed by Ingar Johansen (researcher,
IFE).

3.5.6 Brunauer–Emmett–Teller (BET)

BET surface area analyses were done in order to measure the specific surface area (SSA) of
the Si or Si/C powders. The measurements were done using a 3Flex analyzer (Micromeritics)
and the powders were degassed at 300°C under vacuum overnight. The surface properties
were determined by N2 physisorption at a temperature of -196°C (77K). The analyses
were performed by Saima Sultana Kazi (engineer, IFE).

3.5.7 Transmission electron microscopy (TEM)

The powders were dispersed in isopropanol and ultrasonicated for 10 – 15 min to avoid
agglomeration. A droplet was transferred to a holey, amorphous carbon coated Cu TEM
grid. TEM was performed with a double Cs aberration corrected cold FEG JEOL 200FC,
operated at 200 kV. This instrument is equipped with a large solid angle (covering 0.98 sr
solid angle) Centurio detector for energy dispersive X-ray spectroscopy (EDS) and a GIF
Quantum ER for electron energy loss spectroscopy (EELS). EDS and EELS mapping were
performed simultaneously in scanning transmission electron microscopy (STEM) mode.
The analyses were performed by Per Erik Vullum (Senior researcher, SINTEF).
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4. Results
The results are presented in three main parts: Firstly, the material characterization and
electrochemical testing of the pristine industrial Si powders will be presented. Secondly,
the material characterization and electrochemical testing of Si/C composite materials,
made from an RF-resin and the micron-sized, m-Si, will be presented. Lastly, the electrochemical
testing of Si/C composites made with glucose as a carbon precursor for both industrial
powders will be presented.

4.1 Industrial grade Si

4.1.1 Material characterization

SEM

The size and morphology of the "as-received" pristine m-Si and n-Si, were determined by
SEM. The SEM images revealed irregular particle morphologies for both powders, as seen
in Figure 4.1 a) and b). Rough particle edges were also observed for both. The particle
size distributions (PSD) obtained from SEM images are presented in Figure 4.2 a) and b).
The m-Si powder had a wide PSD and included a high number of sub-micron particles.
These particles were often seen on the surfaces of the micron-sized particles (∼1-8 μm).
The n-Si have a narrower PSD, with a size range of ∼100-500 nm.

Figure 4.1: SEM-image of a) m-Si and b) n-Si. Both scale bars are 1 µm.
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Figure 4.2: Particle size distribution of a) micron-Si and b) nano-Si determined from SEM-images.

XRD

The XRD diffractograms for m-Si and n-Si are shown in Figure 4.3. Both Si powders are
crystalline with peaks at around 2θ = 28◦, 47◦, 56◦, 69◦ and 76◦. The peaks correspond
to the crystal planes of (111), (220), (311), (400), and (331), respectively.106 Three small
peaks at around 26◦, 42◦, and 51◦ were also observed. EDS-analysis have shown traces of
Al, S, and K impurities for both powders. A small amount of Cr was also detected in the
m-Si. The peaks of n-Si are slightly shifted to higher degrees and are broader compared
to the m-Si. Table 4.1 lists the full-width at half-maximum (FWHM) of the (111)-peak for
both Si powders. The BET specific surface areas (SAA) of the powders were determined
to be 13.7 and 41.7 m2 g–1 for m-Si and n-Si, respectively, as seen in Figure 4.4. The
adsorption/desorption isotherms were characteristic of a non- or macro-porous material,
as seen in Figure A.1, in Appendix.
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Figure 4.3: a) XRD-diffractograms of m-Si and n-Si.

Figure 4.4: BET specific surface area (SSA) for m-Si and n-Si.
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4.1.2 Galvanostatic cycling

Electrodes were made with the pristine Si powders and galvanostatically cycled in half-
cells. The specific delithiation capacities per gram active material (Si + graphite) were
plotted as a function of cycle index and are shown in Figure 4.5. The average initial
capacities were 3235±119 and 2105±271 mAh g–1 for the m-Si and n-Si, respectively.
A slight increase in capacity was seen for both powders in the second cycle, followed by
a large capacity drop as the cycling current was increased after the third formation cycle.
After around 20 cycles the capacities stabilized at around 50% of their respective initial
capacities. Rapid capacity losses were seen after around 40 and 50 cycles for n-Si and m-
Si, respectively. However, large variations between the cells were seen, demonstrated by
the large standard deviations after∼50 cycles for both powders, as seen in Figure 4.5. The
initial CEs were 89.8±0.4 and 81.5±1.3% for the m-Si and n-Si, respectively. A decrease
in the CE was also seen as the current was increased before it stabilized at ∼99.5% for
both powders in cycle 10.

Figure 4.5: The galvanostatic cycling of m-Si and n-Si half-cells. The values are an average of five
cells each, and plotted with the standard deviation. The cycling included three formation cycles 0.16
A g–1 (C/20) followed by 1.6 A g–1 (C/2), marked by a bold grey vertical line.
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Figure 4.6 a) shows the voltage curves for the first three cycles of m-Si. As the current
was applied, a quick voltage drop to ∼0.1 V, was observed. The lithiation proceeded at
this single voltage step as the Si was lithiated to the cut-off voltage of 50 mV. A significant
difference was seen in the voltage curves between the first and subsequent cycles. After
the first cycle, the lithiation mainly occurred at two voltage steps. This distinct difference
was not as apparent for the n-Si, as some lithiation also occurred at a higher voltage, as
seen in Figure 4.6 b. In order to illustrate this difference, the differential capacities, for
the first three cycles, were plotted as a function of the voltage, as shown in Figure 4.7 a)
and b). For m-Si, the lithiation occurred at ≤0.1 V, followed by a narrow delithiation peak
at ∼0.45 V. From the second cycle, the lithiation was represented by two peaks: a broad
doublet at ∼0.25–0.3 V and at ∼0.1. The delithiation was represented by two relating
broad peaks at ∼0.27 V and ∼0.45. This occurs as most of the Si becomes amorphous in
the first cycle.51 For n-Si, a small lithiation peak at ∼0.25 V and the related delithiation
peak at ∼0.27 was seen in the first cycle, marked in Figure 4.7 b). The delithiation peak
at ∼0.45 V was also different from the m-Si, as it had a broad character. From the second
cycle, similar differential capacity peaks were seen for both Si powders. As the anodes
contained 10 wt% graphite, a small peak was observed at ∼0.15 V, associated with the
delithiation of graphite.107 The lithiation peaks of graphite were not distinguishable as
they were "overshadowed" by the larger Si-lithiation peaks.
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Figure 4.6: The first three voltage curves of a) m-Si and b) n-Si. The curves are derived from one
representative cell.

Figure 4.7: Differential capacities of a) m-Si and b) n-Si. The curves are derived from one
representative cell.
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4.1.3 Heat-treatment of powders

The pristine powders were heat-treated in a furnace (820◦C, Ar, 2 h) to study the effects of
the carbonization step, needed to make Si/C composites. The XRD diffractograms for the
pristine and heat-treated powders are shown in Figure 4.8 and 4.9. The heat-treated Si had
narrower peaks compared to the pristine Si. The (111)-peak position and FWHM were
used to calculate the average crystallite size (τ), using the Scherrer-equation. Both the m-
and n-Si had an increase in the calculated τ, after heat treatment. However, the change was
more significant for n-Si as τ increased by 52%. The (111)-peak position, FWHM and τ
are listed in Table 4.1.

XRD

Figure 4.8: XRD-diffractograms of the pristine m-Si and heat-treated m-Si (820◦ under Ar-
atmosphere).
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Figure 4.9: XRD-diffractograms of the as-received n-Si and n-Si heated to 820◦ under Ar-
atmosphere

Table 4.1: The (111)-peak position, FWHM(111) and calculated τ for pristine and heat-treated Si.

Micron-Si Micron-Si_820C Nano-Si Nano-Si_820C

Peak(111) [◦] 28.65 28.67 28.86 28.75
FWHM [◦] 0.16 0.14 0.32 0.21
τ [nm] 53.5 61.2 26.8 40.8

Galvanostatic cycling

The pristine and heat-treated m-Si showed no significant change in differential capacity
in the first cycles, as shown in Figure 4.10 a) and b). However, after heat-treatment of
n-Si, the small lithiation peak at ∼0.25 V, was reduced. A narrower delithiation peak at
∼0.45 appeared after heat-treatment, as marked in Figure 4.11 b). The initial delithiation
capacities for pristine and heat-treated Si showed no significant differences as seen in
Figure 4.12.
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Figure 4.10: The differential capacities for the first two cycles of a) pristine m-Si and b) heat-treated
m-Si. The curves are derived from one representative cell.

Figure 4.11: The differential capacities for the first two cycles of a) pristine n-Si and b) heat-treated
n-Si. The curves are derived from one representative cell.
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Figure 4.12: Delithiation capacities of pristine and heat-treated Si powders. The capacities for the
pristine are an average of five cells each, and the heat-treated are an average of three cells each.
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4.2 Si/C composites with RF-resin

4.2.1 Synthesis and reference

In an attempt to create a polymeric RF-layer on the surface of the m-Si particles, the zeta-
potentials of the particles were modified by the surfactant molecule, CTAB, in water. The
addition of CTAB in a 1:1 weight ratio to m-Si, changed the zeta-potential from negative
to positive as seen in Figure 4.13.

Figure 4.13: Zeta-potential measurements of m-Si/water suspensions with and without the addition
of CTAB. CTAB was added in a 1:1 wt-ratio to Si.

To ensure that the polymerization reaction of RF-resin would take place under the reaction
conditions used and to determine the capacity of the har pure RF-polymer particles were
made with a high concentration of R and F. The synthesis yielded a pink powder after
drying. SEM images revealed spherical particles with a narrow size distribution (diameter
(d) = ∼1-2 µm), as seen in Figure 4.14 a). Based on the previous work on C-coating Si
with RF-resin, it was expected to make Si/C composites with high hard carbon contents
as the RF-resin amounts were increased.4 Therefore, the capacity contribution of the hard
carbon formed after carbonization would be non-negligible.

The polymer particles were carbonized to form hard carbon and a reference electrode with
60 wt% of the obtained hard carbon, 25 wt% CB, and 15 wt% binder, was cycled in half-
cells, to determine its specific capacity. After three formation cycles at (0.16 A g–1), the
half-cells cycled at around 200 mAh g–1 for 500 cycles without significant capacity loss, as
seen in Figure 4.14 b). The CE for the first cycle was ∼48.5%, however, the CE stabilized
at >99.5% after five cycles. The differential capacity showed broad peaks between 1 and
0.75 V, and a large narrow peak at ∼2 V, for the first cycle. These peaks were not present
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in the subsequent cycles. The initial CEs and the differential capacity plot can be seen in
Figure 4.14 c) and d).

Figure 4.14: a) SEM-image of the polymer particles in sample RF-resin before carbonization, b)
galvanostatic cycling of hard carbon (RF-resin) with three cycles at 0.16 A g–1 followed by 1.6 A
g–1 (the average of three cells), c) coloumbic efficiencies for the first ten cycles, and d) differential
capacities for the first two cycles.

Coatings of m-Si with an increasing amount of R and F were done according to Table 3.1.
The pH of the reaction mixture was measured before and after the addition of ammonia
and was ∼6 and ∼8, respectively, for all samples. All mixtures were left to age overnight
with no stirring. The reaction mixtures for the RF-resin, m-Si@RF_60, and m-Si@RF_80
after the aging are shown in Figure 4.15. The reaction mixtures of m-Si@RF_0 and m-
Si@RF_40 were visually similar to m-Si@RF_60. The RF-resin made a pink, milky
suspension with a pink sediment. This was also seen in the supernate over the sediment for
sample m-Si@RF_80, as shown in Figure 4.15 c). In samples m-Si@RF_0, m-Si@RF_40,
and m-Si@RF_60, the supernate over the sediment was still brown. After centrifugation
and washing, the sediments of the RF-resin, m-Si@RF_60, and m-Si@RF_80 were collected
and shown in Figure 4.16. The m-Si@RF_0 and m-Si@RF_40 yielded brown sediments.
For the m-Si@RF_60, a slight gradient in the color from dark brown to light brown was
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observed and marked with an arrow in Figure 4.16 b). In m-Si@RF_80, a layer of pink
sediment settled on top of the brown sediment, as shown in Figure 4.16 c). No further
effort in separating the two layers was made.

Figure 4.15: Samples a) RF-resin, b) m-Si@RF_60, and c) m-Si@RF_80 after aging overnight.

Figure 4.16: The sediments obtained after washing for a) RF-resin, b) m-Si@RF_60, and c) m-
Si@RF_80.

4.2.2 Material characterization

C content

After carbonization and ∼5 min gentle hand-grinding, the C content was determined in
the samples that had RF-resin added to the synthesis. The C contents are shown in Figure
4.17. The wt% of carbon almost doubled from sample m-Si@RF_40 to m-Si@RF_60,
which was expected as the R and F amount was increased with a factor of ∼2.2, in the
synthesis. However, the carbon content of m-Si@RF_80 only increased 4.1 wt.% as the
amounts of R and F were increased by a factor of ∼2.7. The C content of the carbonized
RF-resin sample was measured to 96.6 wt%. The powders were not degassed or dried
before analysis.
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Figure 4.17: C content for samples: m-Si@RF_40, m-Si@RF_60, m-Si@RF_80 and RF-resin.

Specific surface area (SSA)

Figure 4.18 shows the SSAs determined from BET analyses. The adsorption/desorption
isotherms are shown in Figure A.1. The Micron-Si, m-Si@RF_0, m-Si@RF_40 and m-
Si@RF_60 had isotherms characteristic of a non- or macro-porous material. A decrease
in the SSAs of m-Si@RF_0, m-Si@RF_40, and m-Si@RF_60 were seen compared to
the Micron-Si. The m-Si@RF_80 had an extreme increase in SSA with an isotherm
characteristic of a microporous material.

Figure 4.18: Specific surface areas of Micron-Si, m-Si@RF_0, m-Si@RF_40, m-Si@RF_60, and
m-Si@RF_80, from BET-analysis.
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SEM

SEM was used to study the morphology of the Si/C composites after carbonization. Sample
m-Si@RF_40, in Figure 4.19 a1), showed a high number of distorted spherical particles in
the size range of d = ∼0.5-1 μm, together with larger micron-sized particles with irregular
shapes. The micron-sized particles were similar to the pristine m-Si seen in Figure 4.1 a).
However, the micron-sized particles of m-Si@RF_40 had rounded edges. Figure 4.19 a2)
shows two spherical particles with d = ∼0.5 μm, present in the same sample. Sample m-
Si@RF_60 showed a similar particle mixture as described for m-Si@RF_40, and with the
same rounding of the edges for the large particles, as seen in Figure 4.19 b1). Figure4.19
b2) shows the smaller spherical particles with d = ∼0.5 μm present in the same sample.
Sample m-Si@RF_80 showed a powder with large mono-sized spherical particles with d
= ∼2 μm, as seen in Figure 4.19 c1) and c2). The same rounding of the edges was seen
for most larger particles, however, some particles with rougher edges were observed, as
marked with an arrow in 4.19 c1). Figure 4.20 highlights the morphology change as RF-
resin is added. The particles in m-Si@RF_0 still showed rough edges similar to the pristine
m-Si, after going through the synthesis steps without any RF-resin, as seen in Figure 4.20
a).
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Figure 4.19: SEM-images of a1), a2) m-Si@RF_40, b1), b2) m-Si@RF_60, and c1), c2) m-
Si@RF_80, after carbonization.
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Figure 4.20: SEM-images of a) m-Si@RF_0, b) m-Si@RF_40, c) m-Si@RF_60, and d) m-
Si@RF_80, after carbonization.

EDS

In an attempt to verify if the m-Si particles were surface-coated with a C shell, EDS-
analysis was used to construct elemental maps of Si, C, and O. Figure 4.21 shows the
elemental maps and SEM-images for the samples. The samples were prepared on a C
laced Cu-grid that contributed to the C counts. This is shown in the C maps for m-Si
and m-Si@RF_0. The C rich surfactant molecule CTAB can be assumed to be washed
out before carbonization, and no evident C rich surface due to CTAB was seen for m-
Si@RF_0. However, for the three samples containing RF-resin, the C counts clearly
showed the presence of C at the Si-particles. EDS-analysis was also used in order to
determine if the large spheres in m-Si@RF_80 contained Si-cores, as seen in Figure 4.22.
Based on the highly concentrated C counts and low Si-count, the spheres were assumed to
contain mostly C without a Si-core. STEM mode on the SEM was used in an attempt to
confirm surface coating, however, this was not successful due to the limited acceleration
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voltage of 30 kV.

Figure 4.21: EDS-analysis maps of Si, C and O for pristine Micron-Si, m-Si@RF_0, m-Si@RF_40,
m-Si@RF_60, and m-Si@RF_80 and related SEM-images. Counts: Green = Si, red = C and purple
= O.
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Figure 4.22: EDS-analysis maps and SEM-image of spheres observed in m-Si@RF_80.

TEM

TEM was used in different operating modes and with supporting EDS-analysis to characterize
the treated samples m-Si@RF_0, m-Si@RF_40, m-Si@RF_60, and m-Si@RF_80. High
resolution bright field TEM (HR BF TEM) was used to study the SiOx surface layer of
m-Si@RF_0 and is shown in Figure 4.23 a1) and a2). No carbon was detected in this
sample. The SiOx thickness varied in the range of 1–7 nm, but was typically observed in
the range of 2–4 nm. The images in Figure 4.23 a1) and a2) clearly show an amorphous
layer on the crystalline Si. High angle annular dark field STEM mode (HAADF STEM)
was used to determine if m-Si@RF_40 was C-coated. A dark contrast C layer, surrounding
the brighter m-Si particles, was clearly observed, as seen in Figure 4.23 b1) and b2). A
complete and homogeneous C-coating with thickness typically in the range of 50–70 nm
was observed. No pure C particles were observed.
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Figure 4.23: a1), a2) HR-BF TEM images of m-Si@RF_40 and b1), b2) HAADF STEM images of
m-Si@RF_40.

The HAADF STEM images of m-Si@RF_60 and and m-Si@RF_80 are shown in Figure
4.24. In m-Si@RF_60, all of the C was found as a thick and homogeneous coating around
the Si particles. No pure carbon spheres were observed. The thickness of the C-coating
was typically in the range 100–150 nm. In m-Si@RF_80, most of the C was found as
amorphous spheres confirming what was assumed from EDS. However, a few of these
spheres had small Si particles embedded in the middle. As pointed out with an arrow in
Figure 4.24 b1).
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Figure 4.24: HAADF STEM images of a1), a2) m-Si@RF_60, and b1), b2) m-Si@RF_80.

Only a minority of the C in m-Si@RF_80 existed as a regular coating around the Si.
The particles coated had highly inhomogeneous thicknesses (nano to micron range). An
example of a thin coating of SiOx and C is shown in Figure 4.25, for m-Si@RF_80. The
amorphous SiOx was observed to be around 3-4 nm, while the carbon, was only 2-3 nm.
The thin coating was also visualized by EDS-mapping and compared to m-Si@RF_60, as
shown in Figure 4.26.
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Figure 4.25: a), b) HR BF TEM images of m-Si@RF_80.

Figure 4.26: EDS-mapping of m-Si@RF_60 and m-Si@RF_80. Red = Si, blue = C green = O.

4.2.3 Electrochemical testing

Galvanostatic cycling

Electrodes were long-term galvanostatically cycled in half-cells as described in section 3.4,
and the delithiation capacities as a function of cycle index are shown in Figure 4.27. The
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initial capacities of Micron-Si and m-Si@RF_0 were similar at 2848±90 and 2885±92,
respectively. The composites m-Si@RF_40, m-Si@RF_60, and m-Si@RF_80 had lower
initial capacities compared to Micron-Si, namely ∼71%, ∼63%, and ∼63% respectively.
Significant capacity losses during the formation cycles were seen for m-Si@RF_0, m-
Si@RF_40, and m-Si@RF_60. A drop in capacity as the current was increased, was seen
for all samples. After around 25-30 cycles the capacities stabilized or even increased.
All samples restored some of the capacity loss, however, this was most prominent for m-
Si@RF_0 and m-Si@RF_80, which restored∼190 and∼170 mAh g–1, respectively, after
their minimums at around 25-30 cycles. This is in line with previous work reported and
known as a pseudo "self-healing" mechanism of Si.65

The composites m-Si@RF_40 and m-Si@RF_60 showed low capacities with high stability.
Some significant deviation between cells, with the same electrode material, was seen after
around 100 cycles. Micron-Si showed the highest capacity and by far the highest total
charges for the first 100 cycles. However, rapid capacity losses at a lower cycle index were
seen for Micron-Si, compared to m-Si@RF_0 and m-Si@RF_80.

Figure 4.27: The galvanostatic cycling of m-Si, m-Si@RF_0, m-Si@RF_40, m-Si@RF_60 and m-
Si@RF_80 (half-cells). The cycling included nine formation cycles 0.16 A g–1 followed by 1.6 A
g–1, marked by a bold grey vertical line.
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By normalizing the delithiation capacity to the initial delithiation capacity, the average
capacity retentions were determined, as shown in Figure 4.28. This illustrated the large
differences in the cycling stability for the three composite materials and between Micron-
Si and m-Si@RF_0. The capacity retention in the 9th and 100th cycle are listed in Table
4.2.

Figure 4.28: Capacity retention of m-Si, m-Si@RF_0, m-Si@RF_40, m-Si@RF_60, and m-
Si@RF_80, normalized to the initial delithiation capacity.

The average internal resistance (IR) measurements of the cells with Micron-Si and m-
Si@RF_80 are shown in Figure 4.29. Micron-Si and m-Si@RF_80 had a change from
decreasing to increasing IR at around cycle 95 and 130, respectively, correlating with the
rapid capacity losses.
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Figure 4.29: Internal resistance measurements of Micron-Si and m-Si@RF_80.

The CEs reported in Figure 4.30 and Table 4.2 are from the rate-testing which was performed
on another battery tester. Similar loadings were used and the current was the same for the
first cycle. The composites showed lower initial CEs compared to the Si samples.

Figure 4.30: Initial coulombic efficiencies of m-Si, m-Si@RF_0, m-Si@RF_40, m-Si@RF_60, and
m-Si@RF_80, at 0.16 A g–1.

Table 4.2: Initial delithiation capacity, initial CE and capacity retentions of the 9. and 100. cycle
for m-Si, m-Si@RF_0, m-Si@RF_40, m-Si@RF_60 and m-Si@RF_80.

Sample
Initial delith-capacity

[mAh g–1]
Initial CE

[%]
Cap retention
(9. cycle) [%]

Cap retention
(100. cycle) [%]

Micron-Si 2848±90 90.6±0.2 92±1 31±3
m-Si@RF_0 2885±92 87.7±0.6 72±3 27±2
m-Si@RF_40 2045±30 84.3 77±2 26±1
m-Si@RF_60 1792±95 85.6 79±9 26±5
m-Si@RF_80 1802±69 83.3±0.1 91±1 42±5

69



Chapter 4. Results

In order to clarify if the cycling behavior of the Si/C composites were independent of
Si-content, cells with the same Si-loading (∼0.7 mg cm–1) were also long-term cycled.
That implied increasing total loading with increasing C content. The cycling results are
shown in Figure 4.31, and showed nearly identical cycling behavior over the first 60 cycles.
However, after 60 cycles, a rapid capacity loss was seen for m-Si@RF_80. The capacity
retention was reduced from 42±5% to 24±13 (100th cycle), as listed in Table 4.3. No
significant difference was seen for the m-Si@RF_40 and m-Si@RF_60 with increased
loading.

Figure 4.31: The galvanostatic cycling of m-Si, m-Si@RF_0, m-Si@RF_40, m-Si@RF_60 and m-
Si@RF_80 (half-cells), with equal Si-loading. The cycling included nine formation cycles 0.16 A
g–1 followed by 1.6 A g–1, marked by a bold grey vertical line.

Table 4.3: Initial delithiation capacity and capacity retentions of the 9. and 100. cycle for m-
Si@RF_40, m-Si@RF_60 and m-Si@RF_80, with equal Si-content.

Sample
Initial delith capacity

[mAh g–1]
Cap retention
(9. cycle) [%]

Cap retention
(100. cycle) [%]

m-Si@RF_40 1968±47 79±0 25±1
m-Si@RF_60 1695±82 77±7 27±1
m-Si@RF_80 1713±101 94±3 24±13
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Rate-testing

Half-cells were tested at increasing current rates starting with 13 formation cycles at 0.16
A g–1 and ending with a constant current of 0.62 A g–1. One cell each of m-Si@RF_40 and
m-Si@RF_60 failed to cycle correctly and are therefore not included in Figure 4.32. The
m-Si@RF_0, m-Si@RF_40, and m-Si@RF_60 experience a rapid capacity loss during
the formation cycles, as was seen in the long-term cycling as well. In order to compare
the effects of the increasing current rates, the capacity was normalized to the capacity of
the last formation cycle, as seen in Figure 4.33. The Micron-Si and m-Si@RF_80 showed
the best rate-performance, but all samples retained a capacity close to the previous current
of the same rate (0.62 A g–1). After retention of capacity, the Micron-Si suffered a rapid
capacity loss at around 60 cycles, while m-Si@RF_0 and m-Si@RF_80 cycled relatively
stably. No significant differences were seen between m-Si@RF_40 and m-Si@RF_60.

Figure 4.32: Rate-testing with 13 cycles with I = 0.16 A g–1, followed by 5 cycles at 0.31 A g–1,
0.62 A g–1, 1.6 A g–1, 3.1 A g–1, 6.2 A g–1 (2C). Lastly, a constant current of 0.62 A g–1 was
applied.
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Figure 4.33: Capacity retention of rate-testing normalized with respect to the delithiation capacity
of the 13. cycle.

The cells experienced shifts in the lithiation and delithiation peaks, in the differential
capacity plots, as the current was increased. This is illustrated with the differential capacity
of m-Si@RF_60, in Figure 4.34. The peaks associated with the lithiation of Si shifted to
lower potentials, while the delithiation peaks shifted to higher potentials. As the current
reached 3.1 A g–1, the lithiation peak at ∼0.1 V and delithiation peak at ∼0.25-0.30
disappeared. However, as the rate was decreased to 0.62 A g–1, at cycle 40, the peaks
reappeared.
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Figure 4.34: Differential capacity of m-Si@RF_60-cell during rate-testing. Each cycle represents a
different current rate. The curves are derived from one representative cell.

Full-cells

The long-term galvanostatic cycling of Micron-Si, m-Si@RF_0, and m-Si@RF_80 in
full-cells are shown in Figure 4.35. The anode loadings were 0.46±0.01, 0.46±0.03
and 0.72±0.00 mg cm–2, respectively. A rapid loss in capacity was seen in the first 50
cycles for m-Si@RF_0. Micron-Si and m-Si@RF0 had similar cycling behavior with
close to linear capacity loss after the formation cycles, however, the capacity losses in the
formation cycles were larger for the latter. The CEs for the first cycle are shown in Figure
4.36 and shows a lower initial CE for m-Si@RF0 compared to Micron-Si and m-Si@RF_0.
The trend in initial CEs is in line with the results from the half-cell testing.
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Figure 4.35: The galvanostatic cycling of NMC(111)/Si or Si/C-full cells. One cycle of 7.25 mA
g–1, two cycles at 14.5 mA g–1, two at 29 mA g–1 and continuous cycling at 72.5 mA g–1, between
3 and 4.3 V.

Figure 4.36: Initial coulombic efficiencies for full-cells with Micron-Si, m-Si@RF_0 and m-
Si@RF_80.
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4.3 Si/C composites with glucose

4.3.1 Reference

Glucose was carbonized and ball-milled as described in section 3.1.4, and the C content
was measured to 97.8±0.2 wt%. Half-cells with the hard carbon from glucose were
galvanostatically cycled with a targeted anode composition of 60 wt.% hard carbon, 25
wt.% CB and 15 wt.% PAA binder. After the formation cycles, a stable capacity of ∼160
mAh g–1AM was achieved over 300 cycles, as seen in Figure 4.37 a). The initial CE was
40.2±0.3 %, however, high CEs were achieved after the formation cycles, as seen in Figure
4.37 b).

Figure 4.37: a) Delithiation capacity of half-cells with hard carbon (glucose) and b) Initial
coulombic efficiencies for the first ten cycles. Three cycles at 0.16 A g–1 followed by 1.6 A g–1.
The average of three cells.

4.3.2 m-Si/C composites

Synthesis and C content

The m-Si/C composites were made according to the procedure described in section 3.1.3.
After carbonization, the m-Si@G_20 and m-Si@G_40 remained as powders, while m-
Si@G_60 became one solid and highly porous structure. After ball-milling, the C contents
were measured and are shown in Figure 4.38. An increase in C content with increasing
glucose was seen, as expected.
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Figure 4.38: C content m-Si@G_20, m-Si@G_40, and m-Si@RF_60 after carbonization.

SEM

SEM-images of m-Si@G_0 showed a powder with an increased number of nanosized
particles, compared to pristine m-Si. These nanoparticles were agglomerated together as
seen in Figure 4.39 a). A rounding of the particle edges and a high number of sub-micron
particles was seen for sample m-Si@G_20 in Figure 4.39 b). Some particles with rounded
edges were also seen in m-Si@G_40 and m-Si@G_60, however, a higher number of the
micron-sized particles seemed to retain their original shape, compared to the m-Si@G_0
and m-Si@G_20, as seen in Figure 4.39 c) and d).
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Figure 4.39: SEM-images of a) m-Si@G_0, b) m-Si@G_20, c) m-Si@G_40, and d) m-Si@G_60,
after carbonization and ball-milling.

EDS

EDS-analysis maps were created for the samples, as seen in Figure 4.40. The Si/C composites
m-Si@G_20, m-Si@G_40 and m-Si@G_60 showed a reasonable match between the SEM
and elemental maps. However, some Si particles did not show any C counts in the same
area. This was especially obvious in the C count map of sample m-Si@G_40 and m-
Si@G_60. The m-Si@G_0 shows a higher number of counts from the C film background.
There were also C counts from the particles, even though no C was added to this sample.
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Figure 4.40: EDS-analysis maps of Si, C and O for pristine Micron-Si, m-Si@G_0, m-Si@G_20,
m-Si@G_40, and m-Si@G_60. Counts: Green = Si, red = C and purple = O
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4.3.3 Galvanostatic cycling

The galvanostatic cycling results of the glucose-based samples are shown in Figure 4.41.
The average initial capacities were decreasing with increasing C content, however, large
standard deviations were seen for some half-cells. The average initial capacity of m-
Si@G_0 was reduced by ∼17% compared to the pristine Micron-Si. Initial capacities
are listed in Table 4.4. The capacity retention is seen in Figure 4.42. A rapid capacity loss
of ∼50% was seen for m-Si@G_0 and m-Si@G_40 in the formation cycles, compared to
∼20% for m-Si@G_20 and m-Si@G_60. After around 30 cycles, stable cycling with a
limited loss for over 150 cycles was seen for the treated samples. m-Si@G_60 showed the
highest retention of capacity and continuously increased from cycle 30 (∼25%) to cycle
100 (∼28%).

Figure 4.41: The galvanostatic cycling of Micron-Si, m-Si@G_0, m-Si@G_20, m-Si@G_40 and
m-Si@G_60 (half-cells). The cycling included nine formation cycles 0.16 A g–1 followed by 1.6 A
g–1, marked by a bold grey vertical line.
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Figure 4.42: Capacity retention of Micron-Si, m-Si@G_0, m-Si@G_20, m-Si@G_40, and m-
Si@G_60, normalized to the initial delithiation capacity.

Table 4.4: Initial delithiation capacity and capacity retention of the 9. and 100. cycle for Micron-Si,
m-Si@G_0, m-Si@G_20, m-Si@G_40 and m-Si@G_60.

Sample
Initial lith-capacity

[mAh g–1]
Cap retention
(9. cycle) [%]

Cap retention
(100. cycle) [%]

Micron-Si 2848±90 92±1 31±3
m-Si@G_0 2373±359 50±9 12±4
m-Si@G_20 2120±275 78±5 21±2
m-Si@G_40 1988±16 52±9 13±3
m-Si@G_60 1803±108 81±6 28±2

The differential capacity plots showed similar behavior for Micron-Si, m-Si@G_20, m-
Si@G_40 and m-Si@G_60 in the first three cycles. However, a high narrow peak at∼0.45
V was still present in the 2. and 3. cycle for the m-Si@G_0, as shown in Figure 4.43. This
narrow peak is associated with the delithiation of c-Li3.75Si to a-Li1.1Si.50

80



4.3 Si/C composites with glucose

Figure 4.43: Differential capacities of the first three cycles for Micron-Si, m-Si@G_0 and m-
Si@G_60. The curves are derived from one representative cell.

4.3.4 n-Si/C composites

Synthesis and C content

The n-Si/C composites remained as powders after carbonization. After ball-milling, the
C contents were measured and shown in Figure 4.44. An increase in C content with
the increase in glucose was seen, however, samples n-Si@G_40 and n-Si@G_60 had
significantly lower concentrations compared to the m-Si@G_40 and m-Si@G_60.

Figure 4.44: C content of n-Si@G_20, n-Si@G_40, and n-Si@G_60 after carbonization.

SEM

SEM-images of the particle powders, after ball-milling, are shown in Figure 4.45. The
bulk of n-Si@G_0 were agglomerated to form structures in the micron range, as shown
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in Figure 4.45 a). The n-Si@G_20, n-Si@G_40, and n-Si@G_60 looked to be similar, as
the bulk of the nanoparticles were in the form of micron-sized "chunks". Some smaller
"chunks" or single particles, in the nano-range, were also seen, shown in Figure 4.45 b),
c) and d).

Figure 4.45: SEM-images of a) n-Si@G_0, b) n-Si@G_20, c) n-Si@G_40, and d) n-Si@G_60,
after carbonization and ball-milling.

EDS

The same EDS-analysis mapping was done for the samples with n-Si, as shown in Figure
4.46. An increase in C counts from the background was seen for Nano-Si and n-Si@G_0.
In the n-Si@G_0, C counts were detected in the same area as Si and O. This was also seen
for n-Si@G_40 (5.3 wt% C) and n-Si@G_60 (14.8 wt% C). However, for n-Si@G_20
(3.2 wt% C), only the Si- and the O-map matched.
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Figure 4.46: EDS-analysis maps of Si, C and O for pristine Nano-Si, n-Si@G_0, n-Si@G_20,
n-Si@G_40, and n-Si@G_60. Counts: Green = Si, red = C and purple = O

Galvanostatic cycling

The long-term galvanostatic cycling results are shown in Figure 4.47. The average initial
capacities are listed in Table 4.47. The standard deviations for the Si/C composites were
significant. A relation between the C content and initial capacity, as previously shown, was
not seen. However, compared to the n-Si@G_0, a significant increase in average capacity
was seen for the samples obtained with glucose. The average initial capacity of n-Si@G_0
was reduced to about one-third of the pristine Nano-Si, however, a continuous increase in
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capacity was seen for all nine formation cycles. A total capacity increase of ∼57%, was
demonstrated in the last formation cycle. Overall, the n-Si@G_20 had the highest capacity
after 100 cycles, 559 mAh g–1 (∼43 % capacity retention).

Figure 4.47: The galvanostatic cycling of Nano-Si, n-Si@G_0, n-Si@G_20, n-Si@G_40 and n-
Si@G_60 (half-cells). The cycling included nine formation cycles 0.16 A g–1 followed by 1.6 A
g–1, marked by a bold grey vertical line.

Table 4.5: Initial delithiation capacity and capacity retention of the 9. and 100. cycle for Nano-Si,
n-Si@G_0, n-Si@G_20, n-Si@G_40 and n-Si@G_60.

Sample
Initial lith-capacity

[mAh g–1]
Cap retention
(9. cycle) [%]

Cap retention
(100. cycle) [%]

Nano-Si 2012±249 113±21 21±9
n-Si@G_0 679±58 157±4 50±1
n-Si@G_20 1300±276 119±2 43±10
n-Si@G_40 1115±450 126±20 40±6
n-Si@G_60 1318±489 124±13 36±16

The differential plots of Nano-Si, n-Si@G_0, and n-Si@G_20 are shown in Figure 4.48.
The peak associated with the initial lithiation of c-Si (cycle 1) was shifted to lower potentials
for n-Si@G_0 and n-Si@G_20 compared to the Nano-Si. However, the shift was larger
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for n-Si@G_0 and the lithiation occurred right before the cut-off voltage of 50 mV. The
delithiation peak around ∼0.45 V was also slightly narrower compared to Nano-Si and
n-Si@G_20.

Figure 4.48: Differential capacities of the first two cycles for Nano-Si, n-Si@G_0 and n-Si@G_20.
The potential of 0.1 V is marked with a grey bold vertical line. The curves are derived from one
representative cell.
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5. Discussion
5.1 Industrial grade Si

5.1.1 Material characterization

The XRD analysis suggests crystalline structures for both industrial-grade Si-powders.
The diffraction peak broadening seen for n-Si is commonly seen as the particle sizes are
reduced to the nano-range.108 However, in the differential capacity plot of nano-Si, a peak
associated with the lithiation of amorphous Si was seen in the first cycle (∼0.25 V). It
is therefore suggested that the nano-Si might contains some amorphous phase that could
also lead to peak broadening. The process of obtaining the industrial-grade m- and n-Si is
not known, however, they are believed to be milled. If so, the formation of a two-phase
amorphous and crystalline Si would be in accordance with the results previously reported
by Shen et al.109 High-energy milling has also been shown to induce lattice strain in the
structure which would also contribute to the peak broadening.24 This is not taken into
account when the crystallite sizes were calculated with the Scherrer-equation.

Both powders had physisorption isotherms typical for non-porous materials, as seen in
Figure A.1, in Appendix.101 The SSA of n-Si was three times that of m-Si, which would
be expected as the particle size is reduced. However, as nanoparticles are prone to form
agglomerates, the "actual" SSA of the particles might be higher. As a result of the higher
total active material surface exposed to the electrolyte, an increase in SEI formation is
expected in the first cycle. The initial CE of n-Si was 8% lower than for the m-Si (∼90%).
As Li is trapped in the SEI, low CE is detrimental in a full-cell, due to the limited Li-
inventory. In half-cells, the Li-inventory will not be limited.

5.1.2 Electrochemical testing

The large initial capacity difference between m-Si and n-Si is speculated to originate from
a difference in the amount of amorphous SiOx. Since Si is oxidized to form a SiOx surface
layer in air, the increased surface area of the n-Si would lead to an increase in the total wt%
SiOx. Wang et al. ball-milled commercial Si (size = 1-2 μm) to a nanosized powder (size
= 100-200 nm) under an inert Ar-atmosphere and reported an oxygen increase from 5.6
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to 11.7 wt%.110 If high-energy milling of the n-Si (Elkem) took place in air, a thicker
SiOx surface layer would be expected as the oxygen and increased temperature would
promote the formation. The increased temperature would increase the diffusion rate of
O2 through the SiOx to react with the Si core. Increased thickness of SiOx surface layers
has been reported to decrease the initial capacity.111 A thicker SiOx has been reported
to increase the impedance of the cell, which could limit the lithiation of the Si-core.112

The increase in impedance would lead to higher overpotentials meaning that the cut-off
potentials were reached earlier which limits the capacity.113 Electrochemical impedance
spectroscopy could be used to study the differences in impedance between m-Si and n-
Si. Measuring the O-content would also be crucial in understanding the large capacity
discrepancy between the two powders.

A significant difference in the cycling behavior was observed, for n-Si and m-Si in the
formation cycles. This became more obvious as the formation cycles were increased from
three to nine. In the fourth cycle, the capacity of n-Si had increased by an average of
300 mAh g–1, while the capacity of m-Si was slightly reduced (-12 mAh g–1). SiO2

and SiO are Li-reactive and form Si as they are electrochemically cycled.110 An increase
in capacity with increasing cycle index has been reported for SiO2-anodes and might be
the reason for the different cycling behavior in the formation cycles, assuming n-Si has a
higher SiOx.114, 96 However, the capacity increase with increasing cycle index may also
be explained by the fact that nanoparticles readily form agglomerated structures. If these
structures are not sufficiently broken apart in the slurry, the particles in the agglomerate-
core could suffer from the low electrical conductivity of Si and insufficient electrolyte
wetting. As the structure expands and contracts during cycling, an improvement might
be seen as more material is accessed. Ultrasonication of the slurry might be necessary to
break the agglomerates.

Increasing the thickness of the SiOx surface layer has been reported to increase the capacity
retention.111 This is related to the irreversible formation of inactive Li-oxides that form
as Li reacts with the SiOx at the surface. The Li-oxides are proposed to serve as a buffer,
alleviating the volume expansion of Si.110 The n-Si had higher capacity retention in the
first 40 cycles compared to m-Si. However, as the initial capacity of n-Si is limited, this
also limits the total volume expansion of the particles. This could reduce the cracking of
particles and improve the mechanical stability of the electrode. However, a rapid capacity
loss is seen at a lower cycle index compared to m-Si. This has been reported as the point of
the total consumption of the FEC additive in the electrolyte.68 The higher SSA and lower
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CEs in the formation cycles, for n-Si, might suggest more SEI-formation and thereby
earlier consumption of FEC.

5.1.3 Heat-treatment of the Si-powders

Heat-treating the Si-powders at 820◦C led to narrower diffraction peaks, which was expected
due to the growth of crystallite sizes with increased temperature.115 The large narrowing in
the peaks seen for n-Si is likely to also be attributed to the crystallization of an amorphous
phase. Such a phase has been reported to crystallize at 660 ◦C.109 This was supported
by the reduction of the differential capacity peak, associated with the lithiation of a-Si
(∼0.25 V), in the first cycle. The initial lithiation of c-Si at ∼0.1 V is shifted to a lower
potential (higher overpotential) compared to the lithiation of a-Si, due to the higher energy
necessary to break Si-Si-bonds in c-Si. In the heat-treated n-Si, a narrower peak at∼0.45 V
was observed. The peak is associated with the delithiation of a metastable phase c-Si3.75,
that forms during lithiation, at low potentials. The phase is highly unwanted because it
is associated with a large overpotential during delithiation and will lower both the energy
efficiency and operating voltage of a cell.50 The cut-off potential of 50 mV was used in
an attempt to limit the formation of this phase. This is shown in Figure 5.1. No major
changes in the initial capacities were seen after heat treatment. This is supported by the
results of Wang et al., which reported that no change in the oxygen content was seen after
heat-treatment at 600◦C (4h) under an inert atmosphere.110
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Figure 5.1: Differential capacities of n-Si before and after heat-treatment, for the first two cycles.
The curves are derived from one representative cell.

5.2 Si/C composites with RF-resin

5.2.1 Synthesis and reference

The zeta-potential of +46 mV achieved by a 1:1 wt% of m-Si and CTAB was deemed
sufficient in achieving a stable suspension of particles. Further increasing the CTAB
concentration had been reported to only give a slight increase in zeta potential over >50
mV.88 The synthesis of spherical polymer particles with a narrow PSD was successfully
achieved at high concentrations of R and F, in line with the literature. After carbonization,
similar particles have been reported to be microporous with extremely high SSA (>500
m2 g–1).116 This could explain the low CE of ∼48%, as significant SEI formation would
be needed to passivate the surface. The peaks observed in the differential capacity plot
for the first cycle are related to the reduction of the electrolyte and the formation of
the SEI layer. The following high CEs (>99.5%) suggest the formation of a stable SEI
layer and minor volume expansion. The reversible capacity of ∼200 mAh g–1 is in
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line with the literature.97 However, the capacity contribution from CB, 25 wt% in these
cells, was not considered. Based on reported experiments, the contribution of CB is
assumed to be between 50 and 100 mAh g–1 at a current rate of 1.6 A g–1.117 The C
content of the carbonized RF-resin was determined to be 96.6 wt%. This would indicate
that some functional groups of O and H would be present in the structure. However,
the sample was not degassed or dried before firing and thus may also contain water.
The presence of functional groups, such as -OH, has been reported when RF-resin was
carbonized at 600◦C (2h).118 A decrease in O-groups at the surface of hard carbon with
increased carbonization temperature has also been reported.119 Higher temperatures give
higher graphitic ordering and increased electrical conductivity.119 Higher ordering reduces
the number of defects and edges in the structure which are the sites that are commonly
terminated by an O-group.120 It is important to highlight the potential importance of these
groups in a core-shell design. Since the PAA is grafted to the surface of Si particles
under acidic conditions to give increased stability, changing the surface properties of the
Si with a C shell could therefore limit this grafting reaction. The functional groups could
also improve the electrolyte wetting of the electrodes. Therefore, using 13C-NMR or X-
ray photoelectron spectroscopy (XPS) to investigate surface functional groups at different
carbonization temperatures and optimize the amount, would be valuable.

The suspensions with m-Si and increasing amounts of RF-resin, showed some visual
differences after the aging overnight. For m-Si@RF_0 m-Si@RF_40 and m-Si@RF_60,
all Si particles did not settle, even after centrifuging at 4400 rpm (max). The particles,
most likely nano-sized, were therefore decanted out in the washing steps. The washing
step intended to wash out CTAB and possible residual of R and F. Most Si particles in
m-Si@RF_80 seemed to settle. Therefore, it is believed that less Si was decanted out in
the washing steps. The supernate of m-Si@RF_80 looked similar to the pure RF-resin
supernate. After washing and centrifugation, it became apparent that particles with the
same color as the pure RF-resin settled on top of the Si particles. Since TEM confirmed
a high concentration of pure C spheres after carbonization, the pink particles were mostly
pure RF-polymer particles. In retrospect, separating the two layers by reducing the centrifugation
speeds to keep the lighter polymer particles in the water/ethanol, would be beneficial. The
powder would reduce the total amount of low-capacity hard carbon while including the
polymer that was coated to the Si, essentially, the only C that was desirable in improving
the performance of the Si.
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5.2.2 Material characterization

The flash analysis and initial delithiation capacity suggested a similar C content in m-
Si@RF_60 and m-Si@RF_80, 29.1 wt% and 33.2 wt%, respectively. This could be
explained by the increased loss of Si in the washing step for m-Si@RF_60. However,
if the polymerization reactions were not complete after aging overnight, the extra R and F
would be washed out, as they are soluble in water and thus explain the similar C contents
in m-Si@RF_60 and m-Si@RF_80.

The BET-analyses showed a decrease in the SSA for m-Si@RF_0, m-Si@RF_40, and
m-Si@RF_60, compared to the pristine m-Si. The reason for the reduced SSA in m-
Si@RF_0 remains unclear but could be explained by the fact that the smallest particles
were expected to be washed out in the coating procedure. Ostwald ripening leading to
particle growth in the carbonization step could also decrease the SSA. TEM revealed that
the coated particles in m-Si@RF_40 and m-Si@RF_60 most often consisted of multiple
Si particles encapsulated by a thick C layer. Thereby, increasing the overall particle sizes
and reduce surface area. The extreme SSA value of m-Si@RF_80 was a result of its
microporous character. The BET-analysis is not valid for microporous materials at the
pressures it was ran at, due to the nitrogen pore-filling that occurs at low pressures. The
obtained SSA is therefore inaccurate. The reason why m-Si@RF_40 and m-Si@RF_60
did not appear to have a microporous structure remains unclear, however, the porosity has
been reported to vary with the rate of polymerization.121

After carbonization, SEM-images revealed a high number of spherical particles and a
significant change in morphology in m-Si@RF_40, m-Si@RF_60, and m-Si@RF_80. In
m-Si@RF_40 these spheres were distorted and TEM revealed that they were a result of
a thick C layer encapsulating smaller Si particles. The same was seen for m-Si@RF_60,
however, the spheres were less distorted than for m-Si@RF_40, which is explained by the
increased thickness of the C layer. The spheres in m-Si@RF_80 were completely spherical
because they contained only C or had extremely thick layers. SEM also revealed the same
trend for the larger irregular shaped Si particles, in which increased coating thickness
gave more rounding of the particles. This confirms that SEM can be used to indicate the
formation of a C surface layer on irregular micron-sized particles, however, with great
caution.

The lack of polymerization at the surface of m-Si@RF_80 is believed to be a result of the
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high RF-resin concentration which increases the reaction rate. The increase in reaction rate
allow for the formation of particles in the solution and not at the proposed energetically
favored surface of the Si particles. These initial particles become the favored sites for
further polymerization and the particles grow. In order to promote polymerization at the
surface, a decrease in RF concentrations, temperature and pH could be beneficial as it
would slow the polymerization reaction.121, 88

The initial EDS-mapping done with the SEM, clearly indicated that C was present on
the Si particles in samples m-Si@RF_40, m-Si@RF_60, and m-Si@RF_80 and not in m-
Si@RF_0. This was later confirmed by TEM. This EDS-mapping proved to be a fast and
easy method in determining the relative positions of the elements of interest, however, with
great limitations in terms of accuracy and determining the nature of the C. This includes
the thickness and homogeneity. The C map of m-Si@RF_80 did not differ significantly
from the C maps of m-Si@RF_40 and m-Si@RF_60, even though TEM revealed huge
differences in the C thickness.

TEM revealed that Si/C core shell composites structures were successfully achieved for m-
Si@RF_40 and m-Si@RF_60. The amorphous C-coating was complete and with homogeneous
thickness. The amount of RF-resin was increased by a factor of 2.2 between m-Si@RF_40
and m-Si@RF_60 and the thicknesses roughly doubled from 50-70 nm to 100-150 nm.
The method has therefore easy tunability in terms of C layer thickness. However, as
the RF-concentration was further increased in m-Si@RF_80, the opposite trend was seen
as most C formed as spherical particles. The SiOx surface layers of m-Si@RF_0 and
m-Si@RF_80 showed similar thicknesses. The C layers made for m-Si@RF_40 and m-
Si@RF_60 are a lot thicker than the optimal amount previously reported for Si nanoparticles.
Luo et al. reported an optimal thickness of 10 nm for nanoparticles with a diameter of∼80
nm.4 That was achieved with a 50 wt% Si and 50 wt% resorcinol, under similar reaction
conditions (same temperature and reaction time). Thus highlighting the strong relationship
between SSA and the achieved C-coating thickness.
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5.2.3 Galvanostatic cycling

Figure 5.2: Delithiation capacity retention in the ninth cycle for Micron-Si, m-Si@RF_0, m-
Si@RF_40, m-Si@RF_60, and m-Si@RF_80.

The galvanostatic cycling revealed significant differences between the Micron-Si and m-
Si@RF_0, indicating that the C-coating procedure changed the Si particle properties. This
is illustrated in Figure 5.2, which shows the capacity retention in the ninth cycle. The SiOx

surface layer has been shown to grow in contact with water and the oxidation rate increases
with the increase in pH.122, 123 The reaction suspension was slightly alkaline (pH = ∼8),
however, the TEM revealed a narrow oxide layer (1-7 nm) which is not considered as a
thick layer in previous research.111 Sim et al. reported an optimum SiOx thickness of
7 nm for Si nanowires anodes.111 If an increase in the total SiOx content is true for m-
Si@RF_0 compared to the Micron-Si, it would be expected to have lower initial capacity,
however, this was not the case, as seen in Figure 4.2.112 The increased capacity losses
of m-Si@RF_0 are not expected to be caused by the carbonization step, as previously
demonstrated in Section 4.1.3. The only notable difference in the differential capacity plots
for Micron-Si and m-Si@RF_0 was in the doublet peak (∼0.25–0.3 V) associated with the
lithiation of a-Si to a-Li2.0Si, as seen in Figure 5.3 a) and b). A faster disappearance of the
shoulder peak (∼0.3 V) was seen in the formation cycles for m-Si@RF_0 and is marked
with a red arrow in Figure 5.3 b). This means that the initial lithiation of a-Si is shifted to
lower potentials. The reason for this behavior remains unclear and further investigations
are needed.
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Figure 5.3: Lithiation differential capacities of cycles 2-9 for a) Micron-Si and b) m-Si@RF_0,
between 0.2 and 0.4 V.

The differences in the initial capacity retention between the highly C-coated m-Si@RF_40
and m-Si@RF_60, and the mainly uncoated m-Si@RF_80 show higher retension for m-
Si@RF_80, as seen in Figure 5.2. The standard deviation of m-Si@RF_60 is large,
however, the same trend was also shown in the cells where Si-loadings were matched. The
reason for the decreased cycling stability in the formation cycles for the coated samples
remains unclear. However, a finite element analysis on C-coated Si nanoparticles have
suggested that a C shell may result in increased fractures which had been experimentally
shown for C-coated nanoparticles.124 The core shell structures in m-Si@RF_40 and m-
Si@RF_60 were revealed to often consist of multiple irregular shaped Si particles, encapsulated
by C. During lithiation of the core, the volume expansion would be anisotropic with high
tension stress on the C-coating. This could lead to intensive fractures and unstable SEI.
However, this is highly speculative and the behavior difference could also be described
by differences in the SEI layer or the binder-particle interaction. Post-mortem analysis of
cycled cells would be beneficial to shed light on the differences.

Lower initial capacities for the Si/C composites, compared to the Micron-Si, were expected
as they contained less Si. However, based on the capacity and amount of hard carbon, the
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capacities were lower than expected. Nava et al. studied the lithiation of amorphous C-
coated Si and showed that full lithiation of the Si particles did not occur.74 They proposed
that the amorphous coating either prevented the transport of Li through the C or that
the C shell mechanically constrained the expansion of the Si core. The first hypothesis
contradicts previous research.125 As the current was increased by a factor of ten, a larger
drop in capacity was seen for the samples with thick C-coating compared to m-Si@RF_80,
suggesting that the C-coating limits the full lithiation of the Si core at high current rates.
This could also explain the following cycling behavior, as m-Si@RF_40 and m-Si@RF_60
cycled stably at a low capacity. Limiting the capacity and volume expansion in order to
achieve sufficiently high stability would be beneficial, however, this was not the case for
m-Si@RF_40 and m-Si@RF_60 as the capacity was too low compared to the pristine Si.

Increasing capacity with increasing cycle index was seen after ∼25-30 cycles for all
samples. This pseudo "self-healing"-mechanism is in line with previous work and is
proposed to be related to the highly lithiated phase, a-Li3.5Si.126, 65 Firstly, as the cycling
current is increased, the formation of this phase is substantially decreased, which leads
to a large decrease in the capacity. In other words, the Si becomes "self-limiting", by
restricting the formation of this phase. This results in the stabilized capacities seen in
Figure 4.27. As the cycling continuous, the formation of a-Li3.5Si occurs again, leading
to an increase in capacity. Restricting the formation of a-Li3.5Si is proposed to be related
to the SEI and electrolyte additives.65 After ∼100 cycles, the average capacity of m-
Si@RF_0 was higher than Micron-Si. This could be explained by the fact that the fast
reduction in capacity, for m-Si@RF_0, makes the Si "self-limiting" at an earlier stage and
therefore having less volume expansion and electrolyte consumption. The self-limiting
behavior followed by the pseudo "self-healing"-mechanism is illustrated in the differential
capacities of m-Si@RF_40, m-Si@RF_60, and m-Si@RF_80, shown in Figure 5.4. The
disappearance of the lithiation peak at ∼0.1 V was seen for all the Si/C composites. This
peak is associated with the highly lithiated phase, Li3.5Si.126 For m-Si@RF_80, this peak
was less dominating in the overall lithiation compared to m-Si@RF_40 and m-Si@RF_60.
Furthermore, the peak also disappeared at a lower cycle index for m-Si@RF_80, as shown
in cycles 15 and 20 in Figure 5.4 (red arrows). The peak reappeared for all samples at a
higher cycle index.
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Figure 5.4: Differential capacities of m-Si@RF_40, m-Si@RF_60 and m-Si@RF_80 for cycle 10,
15, 20, 25, 30 and 40 (I = 1.6 A g–1). The curves are derived from one representative cell.

The m-Si@RF_80 demonstrated∼10% higher capacity retention after 100 cycles, compared
to Micron-Si, however, in terms of equivalent cycles, the Micron-Si outperforms all samples
for the first 100 cycles. Instead, limiting the capacity of industrial-grade micron-sized Si to
around 1000 mAh g–1 has been shown to be an effective strategy in increasing the capacity
retention and cycle life.127 The internal resistance measurements of Micron-Si and m-
Si@RF_80 showed a correlation to the rapid capacity loss seen at around 100 cycles.
Extensive SEI growth after this point would reduce the Li+-conductivity and increase the
cell’s internal resistance.104 Increasing the total loadings to have matching Si-loadings
demonstrated earlier capacity losses for m-Si@RF_80. This would be expected as the
total surface area and active material expansion would consume the electrolyte additives
at a higher rate.

Rate-testing

Micron-Si and m-Si@RF_80 demonstrated the best rate performance. The major capacity
losses off m-Si@RF_0 in the formation cycles and the low initial capacities of the Si/C
composites made it difficult to directly compare the effects of increasing the cycling rate.
However, normalization to the capacity of the last formation cycle made it apparent that
Micron-Si and m-Si@RF_80 retained higher capacities as the current was increased. The
restored capacity as the current was decreased was also higher for Micron-Si and m-
Si@RF_80, indicating less irreversible losses during the rate-testing. The rate testing
supported that the thick C-coatings of m-Si@RF_40 and m-Si@RF_60 were limiting the
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full lithiation of the core Si, as proposed earlier. This was not seen for m-Si@RF_80.
The samples showed increasing overpotentials with increasing rates which explains the
decreased capacities seen for all samples. By comparing the rate performances of m-
Si@RF_0 and m-Si@RF_80 it became clear that the extra C did improve the performance.

Full-cells

The m-Si@RF_0 also demonstrated rapid capacity losses in a full-cell. The cycling behaviors
of Micron-Si and m-Si@RF_80 were similar, however, a higher capacity loss and low CE
was seen in the first cycle of m-Si@RF_80. Since the m-Si@RF_80 powder had a lower
specific capacity compared to the pristine Si, a higher loading had to be used in order to
match the capacity of the cathode. The increased total active material means more SEI-
formation and Li-trapping. Since the amount of Li is limited in a full-cell, the losses are
not restored, as seen in a half-cell. The higher loading used for m-Si@RF_80 also means
that the battery has a lower gravimetric energy density, compared to Micron-Si.

5.3 Si/C composites with glucose

5.3.1 m-Si/C composites

Coating procedure

The procedure of making m-Si/C composites with varying amounts of C was achieved.
Even though all Si/glucose samples were hand-grinded to a powder before carbonization,
the high glucose content in m-Si@G_60 meant that the sugar melted together to form
one Si/C structure in the furnace. This was not seen for m-Si@G_20 and m-Si@G_40,
however, the powders obtained from the furnace had increased particle sizes. An attempt
to only hand-grind before electrode fabrication failed to give a homogeneous electrode
cast and cells failed after a few cycles. Therefore, ball-milling was deemed necessary
to obtain a homogeneous powder with reduced sizes. In order to keep the ball-milling
step consistent within the different powders, they were milled equally. However, it was
believed that the targeted powder sizes were obtained at an earlier stage for the powders
with less C, thus making further ball-milling unnecessary. This was evident as the m-
Si@G_60 was the only sample with particles left in the sieve. The SEM images suggested
that the ball-milling was more destructive of the Si-structures containing less or no C.
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The EDS-analysis mapping indicated that a mixture of Si particles, with and without C
at the surface, was obtained after ball-milling. By comparing the SEM images and maps
from EDS with the ones obtained from the composites made with RF-resin, it is clear
that the same rounding of the edges was not present and that the C was more randomly
distributed in the powders obtained with glucose. C-coatings with glucose have previously
been reported to yield microporous structures with increased SSAs.96 The CEs were not
included in the results as they were inaccurate, however, initial testing with glucose gave
decreasing CEs with increasing C content.

Galvanostatic cycling

The hard carbon reference cell of carbonized glucose cycled at ∼160 mAh g–1 (1.6 A
g–1), which was about 20% lower than the reference cell from the RF-resin. However, the
initial capacities were very similar. The highly polymerized structure of the RF-polymer
particles was expected to have a higher graphitic order after carbonization, compared
to the glucose. This would result in higher electrical conductivity and possibly explain
the improved capacity retention as the current was increased by a factor of 10. Raman
spectroscopy could be used in order to study the graphitization degree of the C structures.

Figure 5.5: Delithiation capacity retention in the ninth cycle for Micron-Si, m-Si@G_0, m-
Si@G_20, m-Si@G_40, and m-Si@G_60.

The galvanostatic cycling results revealed that the coating procedure decreased the initial
capacity and capacity retention when no C was added. After nine formation cycles,
the average capacity retention of m-Si@G_0 was only 50%, as shown in Figure 5.5. A
lower initial capacity after ball-milling of industrial-grade micron-sized Si has previously
been reported.128 The growth of the SiOx surface layer was proposed to be the reason.
Improved capacity retention was seen for samples m-Si@G_20 and m-Si@G_60, compared
to m-Si@G_0. However, the m-Si@G_40 showed similar behavior as m-Si@G_0. Therefore,
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a relation between C content and cycling performance was not seen.

The differential capacity plot is seen in Figure 4.43, and showed that the narrow delithiation
peak at ∼0.45 V still remained, for m-Si@G_0, after the first cycle. This narrow peak is
associated with the delithiation of c-Li3.75Si to a-Li1.1Si.50 This phase has been related
to large overpotential and forms during lithiation at potentials below the cut-off potential
of 50 mV.50 The peak normally disappears after the first cycle for c-Si, however, for m-
Si@G_0, the narrow peak was present for the three initial cycles, which indicates that
the phase either formed at potentials higher than the cut-off potential or that the actual
potential dropped below 50 mV, before it was measured.

5.3.2 n-Si/C composites

Coating procedure

The C contents in n-Si@G_40 and n-Si@G_60 were a lot lower than the m-Si with the
same Si/glucose ratios. The reason is not known but is speculated to originate from either
the weighing out of n-Si or insufficient evacuation of oxygen in the furnace. Since the n-Si
was received as a slurry with isopropanol, it was challenging to weigh out accurately as the
isopropanol would evaporate readily. The two powders were also carbonized in a separate
run compared to n-Si@G_20, which had the same C-content as m-Si@G_20. If oxygen
was still present in the furnace, some C would burn off as CO2. The SEM images revealed
a highly agglomerated structure for the n-Si@G_0, even after being ultrasonicated in
ethanol, in the sample preparation. The samples containing C showed similar structures
with a mix of micron-sized "chunks" and smaller nano-sized particles. EDS mapping
revealed that the "chunks" of n-Si@G_40 and n-Si@G_60 consisted of C and Si. This was
not clear for n-Si@G_20, which only contained 3.2 wt% C. The n-Si@G_0 also looked to
have some C in the sample, which could be caused by C contamination from insufficient
cleaning of the balls and vessel during ball-milling. It is worth mentioning that the EDS
mapping of nano-Si and n-Si@G_0 were done on a separate occasion. No deliberate
software changes were made, however, the counts from these two samples look to be a
lot higher as the C film from the TEM-grid was clearly visible. The EDS analysis was
also taken at different magnifications due to the different sizes. This highlights the great
caution that must be taken when using EDS-mapping as a method of verifying C-coating.
The method also proved to be insufficient in determining if there was any surface coating
of individual n-Si particles, due to the limited accuracy.
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Galvanostatic cycling

Figure 5.6: Initial delithiation capacity for Nano-Si, n-Si@G_0, n-Si@G_20, n-Si@G_40, and n-
Si@G_60.

The initial delithiation capacities of the n-Si/C composites had extreme deviations between
cells. The initial capacities are shown in Figure 5.6 The large size distribution of the so-
called "chunks", are believed to give non-homogeneous electrode-castings, resulting in
large variations. No relation between average initial capacity and C content was seen.
However, the samples containing C demonstrated higher average capacities for the first
120 cycles compared to the n-Si@G_0. The average capacity increase with C can not be
explained by the lithiation of the hard carbon alone, due to the low C contents and low
capacity for the hard carbon (∼160 mAh g–1 at 1.6 A g–1). Therefore, it is proposed
that the C either improved the electrical contact between particles or that the C limits the
oxidation of Si during the coating process/ball-milling. The n-Si@G_0 showed a shift
towards a lower potential for the peak associated with the first lithiation of c-Si (normally
∼0.1 V), as shown in Figure 4.48. Therefore, the cut-off potential of 50 mV was likely
met before fully lithiating the Si in n-Si@G_0. The increased overpotential leading to the
shift in the lithiation peak is speculated to occur due to a thicker SiOx-layer.

After around 70 cycles, the n-Si@G_20 surpassed the average capacity of the pristine
Nano-Si. The increased stability of n-Si@G_20 is believed to be a result of its low
initial capacity. Firstly, lower capacity means lower volume expansion and a more stable
electrode layer. Secondly, less cracking of the SEI and consumption of electrolyte additives.
In other words, limiting the initial capacity postpones the point of rapid capacity loss. This
is one of the reasons why a direct comparison of composites and pristine Si is difficult. In
terms of equivalent cycles, non of the powders would perform better. A strategy of also
limiting the capacity of Si to around 1200 mAh g–1 would be a fairer comparison.
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5.4 General remarks

In summary, reducing the bulk particle sizes from the micron-range to the nano-range
of industrial-grade Si did not improve the cycling stability in half-cells and decreased
the initial capacity. It was also determine that heat treating the industrial Si would not
drastically affect the initial capacity. The RF-resin coating method proved to be successful
in making Si/C core shell composites with high tunability, as long as the concentration
did not exceed a critical amount. However, the samples with thick carbon layers (m-
Si@RF_40 and m-Si@RF_60) did not demonstrate improved cycling performance compared
to the pristine Si. The layers are proposed to be too thick as they were about 5 to 15 times
thicker than the optimal layer thickness previously reported for Si.4 The low capacities
demonstrated by these samples are proposed to limit the lithiation of the Si core. This
was supported by the fact that the sample with minor C-coating, but similar C content (m-
Si@RF_80) cycled at a significantly higher capacity for the first 100 cycles. Therefore,
a wt% ratio of 20% Si and 80% R was the optimal amount in this series, however, it is
believed that reducing the RF-resin amount to reduce the rate of polymerization would
make surface layers <50 nm, which would perform better than m-Si@RF_80. Although
improving the performance of m-Si@RF_80 would be possible, the real question is if the
Si/C core shell composites made from this specific method would actually outperform the
pristine m-Si. Further work is necessary to answer that question.

Based on the EDS-mapping analyses, the m-Si/C composites made with glucose did not
demonstrate complete surface C-coatings as was seen for m-Si@RF_40 and m-Si@RF_60.
The coating method was found to be devastating to the capacity and only slight improvements
with the presence of carbon was demonstrated. The optimal glucose amount in the series
was found to be 60%, however, the sample was still outperformed by the pristine m-Si
for the first 150 cycles. Due to the limited characterization, the reason for the decreased
capacity remains unclear. Further investigates into the effects of the method is therefore
needed.

The n-Si/C composites made with glucose had too similar C contents (3.2, 5.3, and 14.8
wt%) to distinguish any clear trend between C content and cycling performance. Large
standard deviations were also demonstrated for the composites. Again, the method proved
to be devastating for the capacity when no C was added but drastically improved with the
addition of C. The n-Si/C composites benefited the most from the introduction of C and
the sample with 20 wt% glucose demonstrated higher average delithiation capacities after
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around 70 cycles compared to the pristine n-Si.
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6. Conclusion
Reducing the size of industrial-grade Si from micron-sized to nano-sized did not improve
the cycling stability as they were long-term galvanostatically cycled in half-cells. A
significant decrease in the initial delithiation capacity was seen as the size was reduced
(-45%). Si/C core shell composites were obtained from coating irregular shaped micron-
sized industrial-grade Si with an RF-resin and further carbonizing them in a furnace.
The facile one-pot coating procedure yielded thick complete layers with homogeneous
thicknesses (50-150 nm) for samples under a critical amount of RF-resin. Under the
critical amount of RF-resin, the C thickness could be controlled by the amount of RF-
resin added. Over the critical amount of RF-resin, the majority of C formed pure polymer
spheres that were carbonized to hard carbon spheres. The Si/C composites suffered from
low initial capacities as they were cycled in half-cells, and did not improve the average
capacity of the pristine Si for the first 150 cycles. The composite with the least C-coating
on the Si surfaces demonstrated the highest capacity and capacity retention for the first
150 cycles. A slight improvement in capacity retention with increased current rates was
observed for the Si/C composite with the least coating, compared to the pristine Si. The
composites with thick C layers demonstrated low retention in capacities with increased
current rates and the C layers are proposed to limit the lithiation of the Si core.

Si/C composites with increasing C contents were obtained by using both the micron- and
nano-sized industrial-grade Si powders and glucose. The nature of the C layers for the
samples could not be determined but were believed to be incomplete and inhomogeneous.
No improvement was shown for the first 150 cycles for the Si/C composites with the
micron-sized Si. A slight increase in the capacity was seen for all composites of nano-sized
Si after 100 cycles, compared to the pristine n-Si. The best performance was achieved with
a composite containing 3.2 wt% C, which surpassed the average capacity of the pristine
n-Si after around 75 cycles.
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7. Further work
Controlling the polymerization reaction is key in obtaining C-coatings at the surface.
Reducing the RF-resin amounts to make Si-core shell structures with thinner C layer
thicknesses could be beneficial in approaching a potential optimum thickness. The RF-
resin will also polymerize under acidic conditions, which could be a good strategy in order
to reduce the oxidation of Si. The number of functional groups and the porosity of the C-
coating are important factors that could be controlled by the carbonization temperature.4, 96

Studying the effects of the carbonization temperature could therefore be beneficial in
reducing the initial SEI-formation and to ensure a covalent bonding with the PAA-binder.

The ball-milling after carbonization was suspected to be too energy-intensive and possibly
destructive of the C-coating. Ball-milling in an inert atmosphere would be beneficial to
reduce the potential oxidization. Optimizing the carbonization temperature and increase
the C content will be important for the glucose method.96 TEM is also necessary in order to
describe the nature of the C layer from glucose. Electrochemical impedance spectroscopy
would be beneficial to determine if the C-coatings improve the kinetics and to understand
the differences between the two industrial Si powders. Post-mortem analysis of cells to
study the C-coating’s effect on the SEI formation and to study the fracture resistance of
the coated particles would also be beneficial.
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Appendix

Figure A.1: Nitrogen adsorption and desorption isotherms of Nano-Si, Micron-Si, m-Si@RF_0,
m-Si@RF_40, m-Si@RF_60, and m-Si@RF_80.
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