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Abstract
Lithium-ion batteries are currently most commonly used in most electronic devices. These bat-
teries are used because of their superiority in gravimetric energy and cyclability compared to
other battery technologies. The most common anode used in lithium-ion batteries is currently
graphite. Graphite has proven to be a very stable cycling material. However, with a specific
capacity of 372 mAh/g, there are alternatives with higher specific capacities.

One of those alternatives is silicon, which has a theoretic capacity of 3000 mAh/g. However,
a volume change of 200-300% occurs when a pure silicon anode is cycled. Thereby cracking the
material and losing the majority of this theoretic capacity. The capacity retention of a silicon-
based anode can be increased by various techniques. Of those techniques two are used in this
work, alloying the silicon with carbon and creating a porous material.

This research aims to evaluate the effect of carbon concentration and porosity in the hydro-
genated amorphous silicon carbide (a-SiCx:H) on cycling performance of Li-ion batteries when
this material is used for the anode. The a-SiCx:H used in this research is deposited on carbon
fiber paper (CFP) using Plasma Enhanced Chemical Vapour Deposition (PECVD). By varying
the precursor gas flows used during the PECVD the structure of the a-SiCx:H is changed and
samples with varying porosity and carbon concentration are obtained. These anodes are then
tested using coin-cell batteries in a half-cell configuration. The results of a stability test indi-
cated that the sample with an estimated carbon concentration of 8% and a porosity of 29% had
the best capacity retention, retaining 61% of the initial 1800 mAh/g during 60 cycles at 0.3C.
This result is achieved with the sample having the highest carbon concentration and porosity
that was researched in this work, suggesting that both a high carbon concentration and a high
porosity value increase the capacity retention of the a-SiCx:H anode. Individual contributions
of the carbon concentration and the porosity to the capacity retention have not been researched.
Therefore, conclusions to these individual contributions cannot be drawn.
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1 INTRODUCTION

1 Introduction
Currently, the primary energy mix of the world is dominated by fossil fuel technologies like
coal, gas, and oil. As the world moves to a more renewable future this energy mix will shift
towards renewable energy sources like solar and wind energy [1]. The introduction of these
renewable energy sources in the energy mix will require adaptations to the energy system as
it is currently known. This has to do with the intermittent behavior of the newly introduced
energy sources and the carrier in which the energy is stored, which will predominantly be
electricity.

By 2050, 65% of the world energy consumed will be generated by renewable energy sources,
while only 14% was produced using these sources in 2017. Of this energy that is consumed
world wide 86% of the electricity will be produced in a renewable way compared to the 26%
in 2018 [2]. The trend of an increasing share of solar and wind energy is shown in Figure 1
[3]. This increase will result in a need to cope with the intermittency of the produced energy
by storing the excess energy and retrieving it when there is a shortage of energy. This energy
will need to be stored using different energy storage technologies. This can be done using
mechanical storage technologies, like compressed air energy storage and flywheels. But this
energy can also be stored as chemical storage like storage in chemical bonds such as hydrogen
or batteries [4].

Figure 1: Global electricity generation in 2050 [3].

The sizing possibilities of mechanical storage are limited so most of the energy that is generated
by renewable sources will need to be stored using (electro)chemical energy [5]. When energy
is stored in chemical bonds it can be stored for longer periods and thereby be used as seasonal
storage [6]. Batteries can be used effectively for shorter-term storage. The energy conversion
of electricity to chemical bonds has a low efficiency compared to that of energy storage in a
battery [7]. Therefore, it is important to store most short-term energy in battery systems.

Among the different types of batteries, the most common and important battery currently
used is the lithium-ion battery. This battery is used in all handheld devices because of its
superior volumetric and gravimetric energy density while it also has a stable cycling lifetime.
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1 INTRODUCTION

This chapter will firstly elaborate on the principles of lithium-ion battery technology. Secondly,
commercial anode materials will be discussed, which is followed by a description of silicon-
based anodes. After which an overview of silicon carbide alloys will be given. This chapter is
concluded with the objective of this work.

1.1 Lithium-ion batteries

The topology of a lithium-ion battery, while it is connected to an external power source, is
shown in Figure 2 [8]. When external power is applied to the battery it will be charged. During
this charging process, Li+ ions will flow through the electrolyte from the cathode side to the
anode side where they will recombine with the electrons that flow through the external circuit
to form the lithium element between the graphite layers.

Figure 2: Schematic charging of a lithium ion battery [8].

Popular cathode materials currently are lithium cobalt oxide (LiCoO2) and lithium nickel oxide
(LiNiO2) [9], while graphite is currently mostly used for the anode side of the battery [10].

When the external power is disconnected, the battery will start to deliver power. Li has
the tendency to form lithium oxide because of its lower Gibbs free energy. This lithium oxide
can be formed in the cathode of the battery. Therefore, when no external power is connected,
while the anode and cathode are electrically connected by an external device, the battery will
be discharged. During this discharge Li+ ions and electrons will flow through the electrolyte
and the external circuit, respectively. This flow will occur from the anode to the cathode side
of the battery.

With batteries being used for an increased amount of applications, demand is increasing
for lithium-ion batteries with higher volumetric and gravimetric capacities. For example, to
increase the range for electric vehicles, a lot of research is done to improve the battery technol-
ogy. Currently one of the limiting factors is the specific capacity of the anode material graphite,
having a specific capacity of 372 mAh/g [11], while the benchmark of next-generation anodes
is a specific capacity of more than 1000 mAh/g [12].
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1 INTRODUCTION

Other materials like silicon can provide those levels of specific capacity for the anode of the
battery, however, this comes with a significant material stability cost. The working principles
and the stability issues of these anode materials will be further elaborated on in the following
sections.

1.2 Anode materials

Since the end of the 20th century many different anode materials have been studied, since
then only a graphite-based carbon anode has been used commercially. The holy grail for an-
ode materials in lithium-ion batteries is lithium metal itself, with a specific capacity of 3860
mAh/g [13]. However, this has not been commercialized due to dendrite formation and a low
coulombic efficiency during the cycling process [13]. Coulombic efficiency is the defined as
the of electrons retrieved from an electrode compared to the number of electrons that were in-
troduced to the electrode. Ideally the coulombic efficiency is 100% since any lower coulombic
efficiencies result in an exponential decay of the battery.

There are several ways graphite is used in the anodes of batteries, for example using dif-
ferent structures of graphite. Graphite anodes that are commercially used are shown in Figure
3 [14]. This figure shows that the anode structure is built up from layers of graphene between
which the lithium ions can intercalate during the charging. When lithium ions are intercalated
between the graphene layers they are inserted into the carbon lattice. During this insertion, the
lithium-ion recombines with the electron that has traveled through the external circuit [14].

Figure 3(a) shows the semicrystalline, on nano-scale, graphite material is shown. This crys-
tallite is also shown in the middle in the middle of the figure, in which the layered structure is
visualized. In this part of the figure both the basal plane, parallel to the graphene layers and
the edge plane, perpendicular to the graphene layers can be seen. Lithium intercalation will
predominantly occur through the edge plane, thus parallel to the basal plane [14]. Figure 3(c)
shows the stacking of the individual layers of graphene, in an AB form.

Figure 3: Schematic representation of the graphene layers in a commercial lithium ion battery of a
lithium ion battery with (a) the aggregate graphite material, (b) stacked in a graphite crystallite, (c)

individual graphene layers [14].

The working of the graphite anode is described in Equation 1.

Li+ + e− + 6C↔ LiC6 (1)
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1 INTRODUCTION

To accommodate the intercalation of one lithium-ion it can be seen that 6 carbon atoms are re-
quired. Because many carbon atoms are required to store just a single lithium-ion the amount
of lithium that can be stored in the electrode is limited. This explains the fact that the specific
capacity of graphite is limited to 372 mAh/g of anode material.

Besides layered graphite, there are also other structures in which carbon-based materials
are used in the anode of lithium-ion batteries, for example, carbon nano-tubes. Carbon nano-
tubes are essentially graphene sheets that are rolled up to form a tube [15]. An advantage of
such a tube is that the lithium ions can reside on both sides of the tube. This, however, does
not cause specific capacities to be higher compared to that of layered graphene. The specific
capacity of the nano-tubes is in the range of 200 mAh/g [15].

Besides carbon-nano tubes, mesoporous carbon is also an alternative to the stacked graphene
layers. This mesoporous structure also has a high surface area with periodically occurring
pores in combination with tune-able particle size. Reversible capacities of 500 mAh/g were
recorded after 50 cycles using this mesoporous carbon [16].

Finally, hard carbon is also a promising alternative to layered graphene. Hard carbon, op-
posed to graphite does not have a periodic structure [17]. Despite this lack of periodicity spe-
cific capacities of more than 500 mAh/g are achieved with an initial coulombic efficiency of
80% [18].

1.2.1 Formation of SEI

A Solid Electrolyte Interphase (SEI) layer will form during the cycling of the battery. This is
most common on the anode side of the battery. SEI formation is caused by the transport of
lithium ions through the electrolyte. The number of lithium ions that are transferred during a
discharge effectively determines the capacity of the battery. Therefore if the lithium ions react
with the electrolyte to form inactive material on the anode the capacity will decrease [19].

The formation of SEI is typically caused by the instability of the electrolyte at the poten-
tial of the anode of the battery. However, the formation of this SEI layer is not detrimental
for lithium-ion batteries. Lithium-ion batteries can still be cycled at sufficient capacity despite
the SEI formation. This is because the layer of SEI is almost impenetrable by the electrolyte,
thereby suppressing further growth of the SEI layer. Therefore, once an initial layer of SEI has
been formed the formation of further SEI will be negligible [20]. As a result the battery will still
be able to be cycled because the lithium ions, unlike the molecules of the electrolyte, can still
penetrate the SEI [21].

The formation of such a SEI layer is shown in Figure 4 [22]. It can be seen that the SEI layer
prevents further contact of the anode with the electrolyte. Thereby suppressing further growth
of the SEI layer, all while the lithium ions can still penetrate the layer for the charge transport
to occur.
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Figure 4: The SEI formation at the interface of the electrolyte and the battery anode [22].

1.2.2 Graphite oxidation

Mildly oxidizing graphite modifies the graphite electrochemical properties. The effect can be
seen in two distinct processes, namely the evolution of nano-channels and the creation of a
more dense layer of oxides. The presence of nano-channels will enhance the settling of the
lithium atoms in the graphite lattice, while the latter results in less decomposition of the elec-
trolyte [23]. The oxidation must be done careful manner, over-oxidating the graphite would
result in the opposite effect.

1.2.3 Composites with metals and metal oxides

Besides oxidation, graphite anodes can also be composited with metals. Nickel can, for exam-
ple, be used in such a composite. The graphite particles will be encapsulated with the nano-
sized metal, thereby forming a composite particle. The nickel coating ensures that the active
surface between the anode and the electrolyte is minimized and minimizes the co-intercalation
of lithium atoms at the edges [24].

Other metals can also be used to enhance the specific capacity of a carbon-based anode.
Metals like tin (Li13Sn5) [25], aluminum (Li9Al4) [26] and silicon were researched since the be-
ginning of the century. Very specifically silicon is of interest since this metalloid can increase the
specific capacity of the anode enormously. The advantages of this increased specific capacity
and the issues regarding the volume expansion will be described in the next section.

1.3 Silicon-based anodes

Silicon can also be used as an anode material. With a theoretical capacity of 4200 mAh/g [27],
it is a major improvement compared to the 372 mAh/g of a graphite anode. Using silicon as an
anode has disadvantages, the main one is the volume change during charging and discharging.
This volume change is illustrated in Figure 5 [28]. During the charging process, the volume of
the silicon will increase by 300%, while this volume is lost during discharging [29]. Once again
a SEI layer will be formed on the anode, just like the case with the graphite anode. But because
of the volumetric change during charge and discharge this will become problematic.

In the graphite anode, the SEI formation was suppressed by the initial SEI layer, after this
initial layer was formed further formation of SEI was suppressed by this layer. This is not the
case when using a silicon anode, the volumetric changes during lithiation and de-lithiation will
create new surface area on which the SEI layer can be formed [30]. This will create a cloud of
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inactive SEI around the silicon particles. Furthermore, if the silicon is densely packed it will
crack during expansion. This can be seen in the figure, the material that splits of from the bulk
material results in inactive material, thereby decreasing the capacity of the battery. Therefore,
the theoretical initial capacity of 4200 mAh/g can only be achieved during the first cycle of
discharge of the battery when a pure silicon anode is used.

Figure 5: The volume change of silicon during charge and discharge [28].

The volume expansion is caused by the phase change, the reaction that occurs during this
transition is described in Equation 2.

Si + 4.4Li+ + 4.4e− ↔ SiLi4.4 (2)

In this equation, it can be seen that theoretically up to 4.4 lithium can be accumulated within
the silicon roster ions per silicon atom.

1.3.1 Porous structures

Porous structures can be used to cope with the volume expansion of silicon during charging.
In these structures, small silicon particles can expand within the cavities of the material. This
is illustrated in Figure 6 [31] in which the de-lithiated state can be seen on the left while the
charged and thus lithiated state is shown on the right of the figure. Because of the void space
around the silicon atoms, the anode as a whole will not change in volume only the void spaces
will be filled.

Porous structures have been researched for quite some years. Porous doped nano-wires showed
capacity retention of more than 2000 mAh/g with a charge and discharge current of 0.5 C, for
the extent of more than 250 cycles [32]. The best battery having a capacity that was maintained
above 1000 mAh/g after 2000 cycles.

A downside to the porous structure of the silicon anode is the area of the anode that is ex-
posed to the electrolyte, on which SEI formation can occur. Research by Lu, in which the outer
surface of micro-sized silicon particles was sprayed with a carbon coating. Thereby leaving
the porous interior unfilled resulting in a solution for this SEI formation at the surface area.
Because of this carbon coating, the SEI formation was mainly limited to the outside of the mi-
croparticles. Causing this composite structure to be able to achieve a specific capacity of 1500
mAh/g after cycling a thousand times at a rate of 0.25 C [33].

1.3.2 Nano-structures

Nano-structures can be used to cope with the volume expansion when these structures are
smaller than the critical diameter they will not crack under the volume differences. This critical
diameter is determined to be 150 nm [34]. This has given rise to several nano-structure variants
like nano-powders, -wires, -rods, -tubes, -fibers. Besides the advantage of these nano-sized
structures, there is a big disadvantage, the surface area. To have a certain mass for the anode,
a large surface area is required when nano-structures are used. This area in turn results in
additional SEI formation resulting in a poorer capacity performance while the anode is cycled.
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Figure 6: Porous pomegranate structure solution to expanding lithiated silicon [31].

To cope with this large area in which SEI formation will occur, a coating could be applied to the
silicon nano-structure to keep the reactivity of the structure in place. This will recreate the SEI
which would naturally be formed while maintaining the reactivity of the silicon atoms [35].

1.3.3 Binders

Binders are also a way to cope with the volume change of the silicon atom during charging and
discharging, these binders will keep the nano-structures of the silicon bonded to each other to
keep a coherent material. Figure 7 illustrates the difference between the case with and without
the use of binders. The nano-structures without the binders may fall apart after cycling contin-
uously, while the silicon with the binders keeps its structure and will thereby keep its capacity
[28].

Figure 7: Schematic representation of binders which keep silicon atoms bound to each other [28].
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1.3.4 Composites

Lastly, composites are used to cope with the volume change of the silicon. Composites of sili-
con are often made with different metals like nickel, cobalt and tin. These metals can provide
an enhanced electrical conductivity with a stable capacity during cycling. An example, a com-
posite of silicon nano-wires that were tin-doped could maintain a capacity of more than 1000
mAh/g for more than 100 cycles with a current density of 2800 mA/g [36].

Apart from metals, composites of silicon with graphite are also researched [37]. This is
due to the high conductivity and the small volumetric change during charge and discharge
of graphite. As remarked above, theoretically one silicon atom can facilitate 4.4 lithium ions.
However in practice this is only 3.75 lithium ions per silicon atom, because the is a thermody-
namically favorable formation [27], while six carbon atoms are required to store one lithium-
ion. Therefore the theoretical capacity of graphite is much lower compared to that of pure
silicon with a capacity of 372 mAh/g and 3600 mAh/g respectively [27]. By combining both
silicon and graphite a composite can be created with a relatively high capacity with better sta-
bility during cycling compared to pure silicon.

The volume expansion of different anode materials is characterized in Figure 8, in this fig-
ure the volume expansion is compared with the volume-specific capacity of the material. It
can be seen that from a specific capacity point of view pure lithium is most efficient. However
pure lithium is a unstable and will thus oxidize quickly. Second to lithium is lithiated silicon,
however, as is shown in the figure the volume expansion is much higher when compared to
lithiated carbon. Using a combination of both silicon and carbon can thus give an anode with
both a high specific capacity and limited volumetric changes. This will be further elaborated
on in the next section.

Figure 8: Specific capacities and volumetric expansions of different lithium alloys [38].
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1 INTRODUCTION

1.4 Amorphous silicon carbide alloys

Amorphous silicon carbide (a-SiCx:H) can be used as an anode in a lithium-ion battery to bene-
fit from the high specific capacity of silicon of 4200 mAh/g, while furthermore having superior
structural stability from the carbon compared to pure silicon. A schematic representation of
such a a-SiCx:H alloy is shown in Figure 9 [39], which the silicon and carbon atoms form an
amorphous structure causing the intercalation vacancies to be randomly organized. In this fig-
ure the silicon atoms are depicted in grey/green, the carbon atoms in black while the hydrogen
atoms are white.

Figure 9: Schematic representation of silicon carbide.

According to Zhang et al.[40] the reactions in the amorphous silicon carbide material can be
described using equations 3 and 4.

SiC + 4Li+ + 4e− ↔ Li4C + Si (3)

Si + 3.75Li+ + 3.75e− ↔ Li3.75Si (4)

In these equations it can be seen that there there are two reversible reactions that occur during
the charging and discharging process of the battery. Firstly, there is a conversion reaction be-
tween silicon carbide which forms silicon, after which this silicon is alloyed with lithium ions
during the charging process. The study by Zhang et al. resulted in a specific capacity of only
309 mAh/g [40].

According to Huang et al., this low specific capacity can be attributed to the reversibility of
the Equation 3, therefore they suggest that equation to be like is displayed in Equation 5, with
y being smaller than 1 [41]. This equation emphasizes the irreversibility of the initial reaction
in which the silicon is produced. This reaction would occur more spontaneously because of the
lower Gibbs free energy. After Equation 5, Equation 4 would occur during the cycling process.

SiC + xLi ++xe− → LixSiyC + (1− y)Si (5)
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The creation of a-SiCx:H was always hard to avoid because of the strong tendency of silicon
and carbon atoms to bond. In recent years the potential of the a-SiCx:H as part of the materials
used in lithium-ion batteries has been reported. Huang et al. have shown an initial specific
capacity of 917 mAh/g of which 376 mAh/g was left after 100 cycles were completed [41].

Another example is the work done by Zhang et al., in which silicon/carbon nano-tubes
were made as an anode material. The synthesizing of the nano-tubes is a difficult process and
the interaction is weak between the silicon and the carbon nano-tubes. This was resolved by
using silica as a reactant via a magnesium reduction. This resulted in a capacity of 1100 mAh/g
and retention of the capacity of nearly 84% after cycling 200 times [40].

These research results have proven that the use of a-SiCx:H as an anode material can be a
viable option. Thereby increasing the specific capacity of the anode compared to when purely
graphite is used. However, the fade in capacity should be minimized to have a stable anode.
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2 OBJECTIVE OF THIS WORK

2 Objective of this work
This work will focus on depositing a-SiCx:H layers on carbon fiber paper (CFP). The aim of
this research is to evaluate the effect of a varying carbon concentration on the cycling stability
of the material. The a-SiCx:H will be deposited directly on the CFP and tested in coin-cell
batteries. The CFP can be used as the anode of the coin-cell battery, making this a relatively
simple process.

To determine the specific capacity of the deposited a-SiCx:H the capacity contributions of
both the CFP and the deposited a-SiCx:H have to be taken into account. An assumption is made
that the specific capacity of both materials is used during the cycling of the battery, which is
verified by the use of a varying mass load of a-SiCx:H.

The anode material will be placed in a coin-cell battery to evaluate the initial capacity and
capacity retention of the material. Alloys with a varying carbon concentrations will be tested
and the differences between these alloys will be highlighted.

This will be done based on previous work by Wang [38] who deposited a-SiCx:H on CFP
and achieved a capacity retention of 58.8% with a mass load of 1.2 mg/cm2 after 10 cycles. This
sample consisted of a carbon concentration of 7.2% and a porosity of 33%.
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3 Experimental procedures
In this chapter the deposition and characterization of hydrogenated amorphous silicon carbide
(a-SiCx:H) is described and how this material is incorporated in a coin-cell for battery testing.
These a-SiCx:H layers have been made using different gaseous mixtures and deposition pow-
ers. By varying the deposition conditions the composition and porosity of the layers deposited
onto the substrate is altered, each contributing differently to the overall performance of the
battery. During this research, the a-SiCx:H anodes were deposited using the AMOR machine
located in the Else Kooi Lab of the Delft University of Technology. The deposition process and
the substrate preparation are described in Section 3.1. The substrates that are used in this work
are discussed in Section 3.2, while the coin-cell battery assembly process is described in Section
3.3.

3.1 Sample deposition

In order to fabricate the anodes the a-SiCx:H needs to be deposited on the desired substrate.
For this project, Plasma Enhanced Chemical Vapour Deposition (PECVD) was used. In this
process precursor gases react on a preheated substrate and form a thin layer on this substrate.
The energy required for dissociating the precursor gasses into growth particles is provided by
radiofrequency electromagnetic waves. Therefore the deposition can occur at a lower substrate
temperature. The composition of the deposited layer and the deposition rate is highly depen-
dent on the deposition power and the mixture of the gases used. Therefore the deposition
settings are carefully reviewed before depositing a sample.

Since the results of this research are based on the findings of previous work done by Wang
[38] the conditions of that research have to be reproduced. Reproducing these findings will not
simply be achieved by using the same deposition settings as were used before. This will not
result in an exact match of the deposition environment that was achieved during the previous
research because the PECVD machine used in both research work, the AMOR, has been dis-
mantled and reassembled in between the deposition periods. Besides that, the settings of the
AMOR also drift during periods of use thereby causing a shift in absolute deposition settings.

In order to do the reproduction of the depositing environment used in the previous research
three depositions are made on Corning glass. During these depositions, the gas mixture is the
same as used during the previous research. Also, the substrate temperature and the deposition
pressure are kept constant. The deposition power, however, is varied, first a deposition is per-
formed using the same deposition power as the previous work. After which two deposition
are performed, one with an increment of 0.5 W of deposition power and one with a reduction
of 0.5 W of deposition power.

3.1.1 Plasma Enhanced Vapour Deposition

A schematic representation of the PECVD is shown in Figure 10 [42], the plasma provides
the energy required for breaking up the gaseous mixture to form the desired a-SiCx:H. In the
schematic representation, the showerhead PECVD configuration is shown, the metal holder is
positioned on the grounded electrode with the substrate facing down. This ensures that dust
particles that are generated in the plasma will not fall onto the substrate. The holder with
the substrate is heated to the processing temperature of the deposition chamber by the heater
located on top of the chamber, while the grounded electrode provides an electrical ground for
the holder. The powered electrode is located below the substrate and uses the RF-generated
energy to create the plasma required for cracking the precursor gasses. The vacuum pump
that keeps the chamber in a vacuum is located on the right while the precursor gases enter the
chamber from the bottom.
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Figure 10: The schematic setup of the PECVD machine used to deposit the anodes in this research [42].

AMOR specifications

As mentioned in the introduction of this chapter, all of the depositions are done using the
AMOR deposition tool located in the cleanroom 10000 in the Else Kooi Laboratory. This ma-
chine consists of five vacuum chambers. Four of these are used for depositing either n-/ p-
doped or intrinsic material, while the last chamber is used to flip the holders and substrates.
Because this research requires very different deposition conditions and deposition duration
solely chamber four of the AMOR is used, in order to ensure that the photovoltaic research is
not affected by the deposition for the anodes. The technical specifications of chamber four can
be seen in Table 1.

Table 1: Technical specifications deposition machine AMOR.

AMOR specifications Values
Chamber used 4
Electrode distance 21 mm
Type of electrode Showerhead
Area of electrode 144 cm2

When the substrate is heated up to the correct temperature the gas lines are purged to prevent
previously used gas flows to be introduced in the chamber when the plasma is on. After the
gas flow is cleaned out the gas flows that are used for the deposition are introduced. Further-
more the pressure and thereby the position of the gas flow valve are tuned before lighting the
plasma.

The gases used during the deposition are silane (SiH4), methane (CH4) and phosphine
(PH3). Silane is used to retrieve the silicon precursor, while methane is used to retrieve the
carbon that is desired in the a-SiCx:H. Lastly, phosphine is used to dope the material, increas-
ing both conductivity and porosity [43].

In order to make a comparison between the different depositions, some deposition settings
are fixed, for example, deposition pressure and substrate temperature. But also the total partial
pressure of the silane and methane and phosphine is kept constant. In Table 2 all of the con-
stant conditions are described. These fixed deposition settings are equivalent to the settings
used in the prior research and thereby make a comparison between the results of both pieces of
research possible. In the table φCH4 and φPH3 are the flow rate, in standard cubic centimeter per
minute (sccm), of the methane and silane respectively, while φSiH4 is the flow rate of the dopant
phosphine.
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Table 2: Deposition specifications used during research.

Deposition parameters Values
φCH4 + φSiH4 40 sccm
φPH3 11 sccm
Pressure in chamber 0.7 mbar
Temperature of substrate 180 °C

In order to make samples with a varying carbon concentration, the partial pressures of the
precursor gas flows are varied. Since the combined partial pressure of silane and methane is
kept constant a methane flow fraction can be defined, as shown in the equation below. In here
R is the fraction methane relative to the combined methane and silane flow rate.

R =
φCH4

φCH4 + φSiH4

(6)

The variation of the methane flow fraction causes a change in carbon concentration. If this
methane flow rate is increased the carbon concentration in the deposited anode will also be in-
creased. The carbon concentration is not solely dependent on the relative methane flow fraction
and other factors such as the deposition power used also play a key role. Since the deposition
power is also varied in order to achieve similar deposition conditions as the previous research
both the deposition power and the relative methane flow rate will determine the actual carbon
concentration. In this work, the carbon concentrations of Wang [38] are assumed when similar
deposition rates and thus similar deposition conditions are achieved.

The relative methane flow fraction used in this research are 0.5, 0.6, 0.7, 0.8, with estimated
carbon concentrations of 0.2% , 2% , 5% and 8 % respectively.

3.2 Substrates

During this research different substrates have been used. First to determine the correct deposi-
tion settings in order to reproduce the results of the previous research the a-SiCx:H is deposited
on Corning glass.

The depositions on Corning glass are not used as anodes in the coin cells during the bat-
tery testing. The anodes which are used in the battery tests are deposited on CFP. This is due
to its small thickness and shape ability to be cut into the desired size. Besides these practical
dimensional aspects of the substrate, it is also a material that can be lithiated. Therefore this
electrochemical capacity has to be taken into account during the battery experiments.

Corning glass

Corning glass is used to determine the deposition conditions which is similar to the previous
research by determining the rate of material deposition. Three depositions are done with a
varying deposition power, each of these depositions is analyzed using Scanning Ellipsometry
(SE), which is further elaborated on in Section 4.1.

Using a model within the library of the SE, of amorphous silicon deposited on glass, the
thickness of the deposition can be determined. Since the deposition is timed the deposition
rate can be determined when the deposition thickness is known. By interpolating these rates
between the different deposition powers the desired deposition power can be determined. The
properties and the preparation of the Corning glass are described in Table 3.
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Table 3: Corning glass substrate properties and preparation.

Dimensions 10 cm x 10 cm with 0.7 mm thickness, split into 3 pieces of roughly
3.3 cm x 10 cm

Application Performing measurements using Spectroscopic Ellipsometry
Substrate preparation First the Corning glass is subsided for 10 minutes in an ultrasonic

bath of acetone.
Secondly the Corning glass is subsided for 10 minutes in an
ultrasonic bath of isopropyl alcohol.

Carbon fiber paper

The a-SiCx:H that is used in the coin cells that are tested during this research is deposited on
carbon fiber paper (CFP). This is done due to its noncontaminative nature, unlike copper or
nickel foil of which processing with silicon can pose serious issues in the EKL cleanroom, and
the easy-to-process nature of the material.

The CFP is not pre-treated, unlike the Corning glass and the deposited layer will simply at-
tach to the carbon fibers in the substrate. The a-SiCx:H will be deposited in the porous structure
of the substrate. The thickness of the deposited of the a-SiCx:H is low compared to the thickness
of the substrate. This thickness of deposited a-SiCx:H is in the order of several microns while
the substrate has a thickness of 127 microns [44].Because of this surface area within the sub-
strate nearly all a-SiCx:H is deposited in the porous structure of the carbon fibers. Thereby the
porous structure of the fibers will not be filled. Therefore no layer of a-SiCx:H will be formed
on top of the substrate.

The structure of the CFP is very porous, which will be visualized by the Scanning Electron
Microscopy images. Because of this porous structure it was assumed that a part of the deposi-
tion would be deposited on the holder underneath the CFP. To evaluate if this was indeed the
case a piece of aluminum foil was placed beneath the substrate, cut to the exact size of the CFP.

Table 4: CFP properties and preparation.

Dimensions Cut to the desired size, generally, 5 cm x 4 cm
Application Performing battery tests by using the substrate as anode in coin cells
Substrate preparation No special preparation is done before deposition

The substrates used in this research were prepared before deposition, and mounted onto a 10
cm by 10 cm metal holder. To ensure that the layer thicknesses was homogeneous over the
substrate, the substrate was mounted at the center of the holder, as the deposition is fairly
homogeneous in the center of the holder and falls off near the edges of the holder. The glass
substrates were sized so they could be mounted using the backplate of the holder, as is shown
in Figure 11a, while the CFP needed to be taped to the holder using heat-resistant tape as is
shown in Figure 11b.
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(a) (b)

Figure 11: Metal holder with mounted substrates before deposition, (a) Corning glass substrate and (b)
the CFP.

Aluminum foil

To determine the transmission through the CFP during deposition aluminum foil is placed
behind the CFP. The aluminum foil is cut to the same size as the CFP in order to ensure that all
of the deposited a-SiCx:H will have passed through the CFP. Like the CFP, the aluminum foil is
not exposed to any cleaning solutions. Dust or other particles are removed from the material by
a pressurized nitrogen gun. The properties and preparation of the aluminum foil are described
in Table 5.

Table 5: CFP properties and preparation.

Dimensions Cut to the desired size, generally 5 cm x 4 cm to match CFP size
Application Determining transmission of CFP
Substrate preparation Excess dust and other particles are removed by pressurized nitrogen

The transmission of the a-SiCx:H through the CFP is illustrated in Figure 12. In Figure 12a the
backside of deposited CFP is shown, it is clear that there is a color difference and that this has
to do with the deposition. This difference can also be observed in Figure 12b in which the metal
holder is shown after deposition.
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(a) (b)

Figure 12: (a) Transmission of a-SiCx:H through CFP seen from back of substrate,(b) a-SiCx:H
deposited onto the metal holder.

a-SiCx:H deposition

By using conditions with a similar deposition rate and optical bandgap as previous research by
Wang it was assumed a similar material composition would be achieved given that the same
gas mixture and pressure were used while deposition. Only the deposition power itself was
varied in order to match the deposition rate of the previous research. All deposition were car-
ried out at low powers ranging from 2.6 to 3.3 W, while the previous research results were
computed using the deposition power of 3 W. Therefore similar conditions and thus material
properties can be assumed.

This research aims to vary the carbon concentration using different gas mixtures. As de-
scribed earlier the total flow of methane and silane combined is 40 sccm while the flow of
phosphine is kept constant at 11 sccm. The specific flows of the methane and silane are varied
in order to produce samples with a varying carbon concentration. This is shown in Table 6, in
which the different partial pressures and the resulting carbon concentration are shown. The
carbon concentrations that are shown in this table have been determined during prior research
by Wang [38].

Table 6: Partial pressures silane and methane and the corresponding carbon concentration.

Partial pressure SH4 Partial pressure CH4 Carbon concentration
20 sccm 20 sccm 0.2%
16 sccm 24 sccm 2%
12 sccm 28 sccm 5%
8 sccm 32 sccm 8%

With these varying flows not only the carbon concentration is changed but also the porosity
of the sample. Unfortunately, due to time constraints, the effect of a solely changing porosity
could not be tested with a constant carbon concentration. Therefore the effect of a variation in
carbon concentration could not be tested fully orthogonal.
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3.3 Coin-cell assembly

In order to evaluate the performance of the deposited anodes they are tested in a coin-cell.
Coin-cells are widely used for powering a multitude of appliances and are also commonly
used in half-cell experiments in which either the performance of a battery anode or cathode is
tested. In this research, the electrode which is to be tested, the a-SiCx:H anode, is used as the
cathode of the battery, while a lithium metal plate is used as the anode material in the battery.

Previously in this report, the a-SiCx:H deposition has been described as the deposition of
the anode of the battery, while in fact the a-SiCx:H is used as the cathode material in the half-
cell test. The role of an electrode in a lithium-ion battery is either that of a cathode or an anode,
which electrode performs which role is dependent on their reduction potential. The anode con-
sists of the electrode with the lower reduction Li/Li+ potential, while the cathode has thus the
higher reduction potential.

In commercial batteries metal oxides such as Lithium Nickel Cobalt Aluminum Oxide (NCA)
[45] or Lithium Cobalt Oxide (LiCoO2) are used as electrodes. These have a reduction poten-
tial around 4 V Li/Li+ while this is only 0.4 V for the a-SiCx:H electrode [46]. Therefore the
a-SiCx:H electrode would function as the anode in a conventional commercial battery.

This is not the case in the half-cell test used in this work, the lithium plate electrode has a
0 V reduction Li/Li+ potential and therefore the reduction potential of the a-SiCx:H is higher
and thus the a-SiCx:H will be the cathode in the half cell test. Therefore the terminology of the
deposited electrode is changed from anode to cathode in this research. This will however not
change any of the previously discussed mechanisms with regards to capacity fade and elec-
trode reactions.

The coin cells that are used for the half cell battery tests are constructed at the Reactor In-
stitute in Delft using one of the onsite located gloveboxes. This construction process will be
elaborated on in the following part.

Figure 13: The 12.7 mm diameter elec-
trode clipper used to cut the anode.

First the deposited anode is cut into the desired
circular shape, this is done using an anode clip-
per as is shown in Figure 13. This circle has
a radius of 6.35 mm and thus an area of 126.7
mm2. This area will later be used to determine
the areal capacity of the anode. The process of
this clipping is shown in Figure 14. First, sev-
eral anodes are clipped from the deposited sub-
strate, after which each anode is weighed sepa-
rately.

The anode is weighed on a scale to determine
the weight of the combined substrate and deposi-
tion. When the mass of the bare CFP is known the
weight of the deposited a-SiCx:H can be determined
with an accuracy of± 0.014 mg, as is shown in Equa-
tion 7.

mSiC = mtotal −mCFP

∆mSiC =
√
(∆mtotal)2 + (∆mCFP)2

∆mtotal = ∆mCFP = 0.01mg

∆mSiC =
√
(0.01)2 + (0.01)2 = 0.014mg (7)
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(a) (b)

Figure 14: The process of clipping the anodes to be used in the battery tests, (a) Anodes are clipped
from the deposited substrate and (b) a single anode which is used in the coin cell during half cell

experiments.

After the weighing the anodes are dried in a vacuum oven, this in order to ensure that all of the
humidity in the sample is evaporated since this can be harmful to other battery samples which
are constructed in the glovebox.

Once the samples are dried they are entered into the glovebox and the coin-cell battery is
assembled. The different components of this coin cell are shown in Figure 15 [47].

Figure 15: The different components of the coin cell assembled during the half cell test [47].
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Figure 16: The coin cell crimper MSK
160D used to crimp the coin cell.

First the deposited cathode is placed on the coin cell
base after which a minor part of the electrolyte is
added on top of the cathode. This ensures both ad-
hesion and conduction to the separator and also to
fill the porous structure of the cathode with elec-
trolyte.

After the separator is placed the remaining
electrolyte is added on top of it after which
the lithium metal plate is placed. The battery
processing is finished with a metal spacer plate
and a spring after which the coin cell lid is
placed on top. The coin cell is then crimped
using the coin cell crimper shown in Figure
16.

23



3 EXPERIMENTAL PROCEDURES

24



4 MEASUREMENT SETUP

4 Measurement setup
In order to evaluate the material properties and cycling capability of the batteries, several mea-
surements are performed. Material characteristics such as refractive index and porosity are
deduced from Spectroscopic Ellipsometry which is elaborated on in Sections 4.1, 4.2 and 4.3.
The transmission of the carbon fiber paper (CFP) is discussed in Section 4.4. A closer look at the
structure of the substrate is taken using a scanning electron microscope in Section 4.5. Lastly,
the testing of the deposited anodes using half cell tests is discussed in Section 4.6.

4.1 Spectroscopic Ellipsometry

To measure the deposition thickness at certain deposition power and gas distribution spectro-
scopic ellipsometry is used. Since this deposition has been running during a timed period the
rate of deposition of the a-SiCx:H can be determined. Reproduction of the previous research
is assumed when the same deposition rate is observed while using the same gas mixture and
pressure settings. Furthermore the optical bandgap is used to get a rough measurement of the
composition of the material. When both the deposition rate and the optical bandgap measure-
ment match that of the previous research similar deposition conditions are assumed.

The measurement in this work is performed using the J.A. Woollam M2000DI, which can
be seen in Figure 17. The J.A. Woollam covers a 193 up to 1690 nm wavelength range and has
a rate of data acquisition of 0.05 seconds. Furthermore, it can estimate thicknesses of samples
from a few nanometers up to 18 mm [48]. During the spectroscopic ellipsometry measurement,
a beam of light is reflected by the deposited substrate onto the receiver. This characterization
technique has several benefits.

(a) (b)

Figure 17: The spectroscopic ellipsometry machine used in this research to determine deposition rate,
(a) the light source and polarizer head and the detector head with sample stage, (b) the J.A. Woollam

power source.

First of all the measurement is done within one minute, therefore many measurements of dif-
ferent depositions can be made in a short time which allows evaluation many samples. Thereby
allowing to tune the deposition power accordingly in order to recreate the deposition condi-
tions of the previous research.

Secondly, the measurement is non-evasive thus it does not change the integrity of the evalu-
ated sample, making it possible for further characterization to be done using the same sample.

Finally, a multitude of characterization aspects can be determined using a single measure-
ment, such as deposition rate, by evaluating the thickness after a specified deposition time.
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But also the optical properties such as refractive index and the bandgap of the material can
be determined. Furthermore, the porosity of the deposition that is evaluated can be deter-
mined, in this work this is done using the Bruggeman Effective Medium Approach [49]. This
approach will be discussed in Section 4.3.

4.1.1 Working principle of spectroscopic ellipsometry

Light is an electromagnetic wave that consists of two different components, an electrical com-
ponent and a magnetic component. These two waves traverse space with a phase difference of
90 degrees and are schematically represented in Figure 18 [50].

Figure 18: Schematic representation of light consisting of electromagnetic waves [50].

Linearly polarized light is emitted from the polarizer head. Once the light interacts with the
surface of an object it can either be reflected or absorbed, in this research the reflected electro-
magnetic wave is of interest since this wave is received by the receiver of the J.A. Woollam.
When the linearly polarized light interacts with the surface of the substrate the polarization is
changed. This change in polarization is measured by the detector head.

The complex reflection coefficients r̃p and r̃s are used in to determine the change in polar-
ization. These reflection coefficients are defined as follows [51]:

r̃p =

(
Ẽr

Ẽl

)
p

=
nt cos θi − ni cos θt

ni cos θt − nt cos θi
(8)

r̃s =

(
Ẽr

Ẽl

)
s

=
ni cos θi − nt cos θt

ni cos θi − nt cos θt
(9)

In these equations, r̃p and r̃s are Fresnel coefficients which are solutions to the boundary prob-
lems at the material interface. Furthermore, Ẽi and Ẽr represent the incident and reflected
electric field respectively, while θi and θt and ni and nt are the angles of incidence and trans-
mission of the light.
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The variables that are estimated to model the substrate are γ and ∆. When taking the ratio of
these complex reflection coefficients they are retrieved [52].

r̃p

r̃s
=

|Eout|
|Ein|
|Eout|
|Ein|

ei(δp−δs) = tan(ψ)ei∆ = ρ (10)

From the ellipsometry measurement the complex refractive index, N, of the material can be
deduced. This complex refractive index can be described using the following equation.

N = n + ik (11)

In here n is speed of light inside the film as a function of wavelength, while k is the extinction
coefficient. This extinction coefficient is dependent on the absorption coefficient of the material
and wavelength. It is a measure of the amount of light that is absorbed in the material. The
values of n and k are always related to each other and are always positive.

From the complex refractive index the complex dielectric function can be determined. This
complex dielectric function is the square of the complex refractive index and can be described
using

ε̃ = ε1 + iε2 (12)

In this equation ε1 can be negative for some metals in some parts of the wavelength range,
while ε2 is always positive in order to be a physically feasible model. This physical feasibility
should be taken into account when analyzing spectroscopic ellipsometry data.

4.2 Determination of deposition rate

To determine the layer thickness ∆ and ψ is retrieved from the SE setup in the Complete EASE
software. From the SE measurement, the ψ and ∆ data are retrieved for 5 different angles of
light. In Figure 19 the data of the two parameters are shown for a sample with 0.2% carbon
concentration. The ∆ parameter is shown in green, while the ψ parameter is shown in red. The
model that is used to match the data is represented by the dotted.

Figure 19: The measured Delta and Psi data of the 0.2% carbon sample.

The model used in this research, amorphous silicon on glass without backside reflection, is a
model that is standard in the Complete EASE library. The parameters of this model are shown
on the right of Figure 20. The Mean Square Error (MSE) is shown on the left, this value needs
to be below 20 for the model to be a good representation of reality.
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Figure 20: The model in used to match the data and the MSE that corresponds with the data.

For the data presented in Figure 20 the MSE is, 4.385 which means that the model used is a
good representation of reality for this set of parameters. Therefore an estimation of the thick-
ness of the a-SiCx:H layer can be made and this is shown on the right of the figure. In this case,
the thickness of the layer is 107.56 nm with an estimated roughness of 1.35 nm.

The model used in the library is based on pure amorphous silicon on glass, this results in
a good fit for the samples with low carbon concentration but will differ more when substrates
with higher carbon concentrations are tested. However, since the estimated carbon concentra-
tions do not exceed 8% the model still gives a good fit to the measurement data to determine
the thickness of the layer and the optical properties of the sample. These optical properties
are then used to determine the porosity of the sample using the Bruggeman Effective Medium
Approach, which is elaborated on in the next section.

4.3 Porosity determination using Bruggeman Effective Medium Approach

A schematic representation of a heterogeneous material is displayed in Figure 21. The Brugge-
man Effective Medium Approach (EMA) is based on the theory that the properties of two het-
erogeneously mixed phases can be determined by evaluating the properties of each component
[53].

In this thesis the two phases are described as voids and bulk material. Since the Bruggeman
EMA treats both phases equally the voids and bulk material can either be of material A or B in
Figure 21. The fraction of voids compared to the fraction of the bulk material will determine
the type of material structure that is observed. When one phase is dominant the separated-
grain structure will be observed, while the aggregated structure will be observed when these
fractions are in the same order of magnitude.
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Figure 21: Heterogeneous material that can be described used the Bruggeman EMA (a) with
separated-grain structure or (b) aggregate structure [49].

The Bruggeman EMA uses the data that is retrieved in the far-infrared region of the measure-
ment [53]. In this work the far-infrared region is defined as the region which starts when the
value of k is zero. To determine the porosity the measured data is first structured in order to be
used in Equation 13 [54].

(1− p)
(

n2
i − n2

a

n2
i + 2n2

a

)
+ p

(
1− n2

a
1 + 2n2

a

)
= 0 (13)

In this equation, the ni represents the intrinsic refractive index of silicon, which is the square
root of the relative permittivity (3.4 [55]). Since the samples that were evaluated were not solely
made from silicon also the permittivity of the alloying element carbon has to be taken into ac-
count. This was done by assuming a linear relationship between the permittivities of both
materials, which in turn showed a good resemblance while evaluating stoichiometric a-SiCx:H
as is displayed in Figure 22.

In this figure, the linear trend between the permittivity of silicon, with a corresponding
carbon fraction of 0, and the permittivity of carbon, which in turn corresponds with a carbon
fraction of 1 is displayed. The permittivity of stoichiometric SiC is 6.2 [56]. This linear estima-
tion is plausible because the linear trend is in line with the permittivity of stoichiometric SiC.
Furthermore, since only low carbon concentrations are used the error made using this estima-
tion is limited.
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Figure 22: The linear permittivity estimate compared with the stoichiometric permittivity of SiC.

The na of Equation 13 represents the measured refractive index of the deposited substrate in
the far-infrared region of the wavelength range..

As described using Figure 22 the ni is dependent on the sample composition, using the
linear approach of the permittivity, which is in the square of the refractive index, and incor-
porating the estimated carbon concentration will lead to the value for this parameter. The
permittivity of silicon and graphite is assumed to be 12 [57] and 2.7 [58] respectively.

Lastly, p represents the void volume fraction which will be referred to as the porosity of
the sample. The na is determined using the optical parameters retrieved by the spectroscopic
ellipsometry, an example of such retrieved data is shown in Figure 23.

Figure 23: The optical parameters retrieved from the Complete EASE software.
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4.4 Transmission of CFP

Figure 24: The scale used to measure
the substrates before and after deposi-
tions.

The CFP has a porous structure, therefore part
of the deposition will be deposited on the metal
holder beneath the substrate. To determine the
transmission of the substrate a mass measurement
pre and post-deposition is done. The transmis-
sion of the CFP is determined by the mass that
is deposited on the Al foil which is placed un-
derneath the CFP during the deposition. The ra-
tio of the mass deposited on the Al foil com-
pared to the total deposited mass (on both the
CFP and the Al foil) is determined to be the
transmission. Therefore the mass of both the Al
foil and the CFP have to be measured. The
scale used in this research is displayed in Figure
24

In Figure 25 both the aluminum foil and the carbon
fiber substrate are shown after deposition. The color
difference that is caused by the deposited a-SiCx:H is
visible on both the CFP and the Al foil.

(a) (b)

Figure 25: (a) Deposited a-SiCx:H on both the CFP, (b) the transmitted a-SiCx:H through the substrate
on the Al foil.

31



4 MEASUREMENT SETUP

4.5 Scanning Electron Microscopy

To evaluate the structure of the CFP with and without deposited a-SiCx:H the substrate is eval-
uated under a scanning electron microscope. Also, the structural change of charging and dis-
charging of the a-SiCx:H electrode is evaluated using this technology, thereby comparing struc-
tural changes in the material. The microscope used in this work is the Hitachi Regulus 8230
which is shown in Figure 26 [59].

Figure 26: The overview of the scanning electron microscope used in the research [59].

4.6 Battery testing

When the batteries are assembled they are tested to evaluate the performance of the anode as
a whole. As mentioned before this is done by doing a half-cell test, as opposed to the test of
a regular battery with both a cathode and anode this test is only focused on the anode. Dur-
ing this test, the a-SiCx:H carbide anode acts as the cathode of the battery, this is because it
is coupled with a pure lithium metal electrode. This lithium electrode has a lower oxidation
potential, being -3.04 V [60] compared to the a-SiCx:H , being 0.4V [46].

The capacity of the lithium metal anode is greater than the capacity of the a-SiCx:H cathode.
This causes the a-SiCx:H cathode to be the limiting factor during cycling. Therefore only the
performance of the a-SiCx:H is tested during the cycling of the coin-cell batteries.

In order to determine the capacity of the a-SiCx:H the battery is charged and discharged in a
battery bank, which is shown in Figure 27. In Figure 27a the room where 100 different batteries
can be cycled is shown. For this research 6 so-called channels were available for the cycling of
the coin cells. The coin cells are cycling using holders specifically made for this purpose, one
of which is shown in Figure 27b.
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The battery is charged and discharged based on the the theoretic capacity of the cathode. To
determine this rate of charging and discharging the specific capacities of the CFP and a-SiCx:H
are taken into account. The specific capacity of the carbon fiber substrate is 350 mAh/g [61],
while the deposited a-SiCx:H has a specific capacity of 3000 mAh/g. The respective mass con-
tributions of the CFP and the deposited a-SiCx:H are taken into account in combination with
the respective capacities to determine the cycling rate of the battery.

(a) (b)

Figure 27: The coincell cycling setup used during this research with (a) the battery cycling room and
(b) a individual coin cell test setup.

4.6.1 Battery rate test

To determine the rate capability of the battery a rate test is used. During this test, the battery
is charged and discharged at different rates. Initially, the battery is conditioned by cycling it
at 0.05C, after which it is cycled at 0.1, 0.2, 0.3, 0.5, 1 and 0.1 C. During these cycles it can be
observed that the amount of energy that can be stored in the battery diminishes with increasing
rate of charge. The last cycles of 0.1 C can be compared with the initial cycles of 0.1 C in
order to evaluate the effect that the cycling has on the capacity of the battery. During this test
the battery is cycled with a constant current. When a voltage of 1.5V is reached the battery
has been completely charged, while a voltage of 0.01V indicates that the battery is completely
discharged.

4.6.2 Battery stability test

Besides determining the capability of charging and discharging the battery, the stability of the
material while experiencing a greater number of cycles is researched. This is done using five
initial cycles of 0.05C, after which the battery is charged and discharged using a C-rate of 0.3.
At this rate the battery is subjected to 100 cycles in order to evaluate the aging effect and thus
the stability of the anode material while it is repeatedly exposed to a substantial charge and
discharge rate. In order to compare the data of the stability test with the data of the rate test,
the batteries are also cycled using a constant current in the same voltage window.
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5 Material characterization
To be able to compare different depositions individual depositions are characterized and dif-
ferences between depositions are highlighted. With a varying precursor gas flow composition
and deposition power both the porosity and the carbon concentration of the deposited sample
will change. One of the factors that influences these differences is the deposition rate. This de-
position rate and the properties on which this deposition rate depend are discussed in Section
5.1. One of the effects of the variation of the precursor gasses and deposition power is a change
in porosity of the sample. This variation in porosity and the trend of increasing porosity with
an increase in carbon concentration is discussed in Section 5.2.1.

Besides the characterization of the deposition, the substrate itself can also be characterized.
This is done by evaluating the substrate using a Scanning Electron Microscope (SEM) in Section
5.2.2. The transmission of the carbon fiber paper (CFP) substrate is characterized by determin-
ing what fraction of the deposited hydrogenated amorphous silicon carbide (a-SiCx:H) passes
through the substrate onto the metal holder behind it. The results of this characterization are
elaborated on in Section 5.2.3.

5.1 Deposition rate

The rate of deposition during the PECVD depends on the mix of precursor gasses and the
deposition power and deposition pressure used, and to a smaller extent on the substrate tem-
perature. This section will focus on the effect of the gas mixture and deposition power. The
precursor gas mixture influences the deposition rate because of the energy that is required to
break the atomic forces between the molecules of the precursor gasses.

The variation in deposition rate is also shown in Figure 28. In this figure, the deposited
mass-load per square centimeter on the CFP is displayed. Since samples in the order of 1
mg/cm2 are required these deposition times are in a different order of magnitude compared to
the depositions discussed on Corning glass.

In the figure, it can be seen that the mass load of a-SiCx:H increases linearly with deposition
time. Besides the relative methane flow rate fraction, the deposition power plays an impor-
tant role in the deposition rate. This can be observed by comparing the curve of the 2.6W 0.2%
carbon concentration with the 6W 0.2% carbon concentration curve, both depositions use a pre-
cursor flow rate of 20 sccm CH4 and SiH4. The difference in deposition rate is, however, clear:
the mass-load of the 2.6W sample increases by 1.85 × 10−3 mg/cm2/min, while this is 7.25 ×
10−3 mg/cm2/min for the 6W sample.
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Figure 28: Mass load of deposited a-SiCx:H on the carbon fiber substrate.

Besides the importance of the deposition power the effect of a varying methane precursor flow
can be observed, this is displayed in Figure 29. When evaluating the 2% carbon concentration
sample with the 8% carbon concentration sample it can be deduced that the 2% carbon concen-
tration sample has a higher deposition rate. This sample reaches has a deposition rate of 1.4 ×
10−3 mg/cm2/min, while the 8% sample has a deposition rate of 0.9× 10−3 mg/cm2/min. This
complies with the depositions on Corning glass during which the depositions of high carbon
concentration resulted in lower deposition rates compared to the samples with lower carbon
concentrations.

The deposition rate of four different carbon concentrations is shown during a deposition of
15 minutes on Corning glass. The depositions with a methane flow fraction of 0.6, 0.7 and 0.8
sccm are made with the same deposition power, 3.3W. The methane flow fraction, R, is defined
as

R =
φCH4

φCH4 + φSiH4

, (14)

in here φCH4 is the flow of methane and φSiH4 is the silane flow. Each increase in flow rate de-
creases the deposition thickness that is measured and thereby the deposition rate of the sample.

The deposition with the methane flow fraction of 0.5 is deposited with a lower deposition
power, 2.6W therefore this sample can not be used to make conclusions about the influence of
the methane flow rate for the deposition rate.

The energy required to break the bonds of the methane precursor gas is higher, the average
bond strength of C-H is 415.5 kJ/mol [62], while the average bond strength of the silane pre-
cursor gas Si-H bond is only 384.15 kJ/mol [63]. Therefore an increase in the methane flow rate
decreases the deposition rate.
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Figure 29: Deposition rate of a-SiCx:H on the Corning glass.

5.2 Deposition results

5.2.1 Porosity

To determine the porosity of an anode a deposition on Corning glass is done, after which it
is evaluated using SE as described in Section 4.1. Using the wavelength-dependent n and k
values of this measurement in the far-infrared region, when the value of k is zero, an estimate
can be made of the porosity using the Bruggeman Effective Medium Approach [53].

The porosity of the different carbon concentrations varies with the composition of the ma-
terial. A trend can be observed, samples with a higher carbon concentration also have a higher
porosity value. This is shown in Figure 30.

Figure 30: The porosity of the deposited a-SiCx:H as a function of the carbon concentration of the
sample.
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The increase in porosity with the increase of carbon concentration is important to take into ac-
count when evaluating the performance of the batteries. Since the carbon concentration and the
porosity both trend up when a higher methane flow fraction is used the change in performance
of the battery cannot only be attributed to the increase in carbon concentration. The increase in
porosity increases the internal surface area of the a-SiCx:H.

5.2.2 Structure of CFP

The CFP has a very porous structure. A picture of the CFP made using the SEM is shown in
Figure 31a, using a magnification of 1000. The fibers have a diameter of approximately 10 µm
and create a rough mesh on which the a-SiCx:H is deposited on. This deposited a-SiCx:H on
the fibers can be seen in Figure 31b.

Since this picture, which is representative for a larger surface area, is taken from the top
side of the substrate it may be concluded that very little material onto the fibers.

Furthermore, it can be concluded that the deposited a-SiCx:H is not homogeneously at-
tached to the carbon fibers, it clusters at certain parts of the mesh. This suggests that the
a-SiCx:H does not attach to the carbon fibers directly, since it would be divided more homoge-
neously on the fibers if this were the case, but grows from previously deposited a-SiCx:H.

(a) (b)

Figure 31: SEM images of (a) bare CFP and (b) CFP with a-SiCx:H deposited on it.

5.2.3 Transmission through CFP

The CFP has a porous structure as shown in the SEM pictures in Section 5.2.2. In order to de-
termine the transmission of CFP for growth particles during a-SiCx:H deposition, the CFP was
mounted on top of Al foil. The transmission of the CFP is determined using the mass difference
before and after deposition on both substrates. Therefore both substrates are weighed before
and after deposition and the mass difference measured on the Al foil is considered the total
mass transmission of the CFP.

From the SEM images we conclude that not a compact a-SiCx:H layer is deposited on top
of the substrate. Most of the a-SiCx:H will be deposited within the porous structure of the sub-
strate or on the metal holder underneath the substrate.

The results of the mass transmission experiment are displayed in Figure 32. In this the mass
loading is plotted as a function of deposition time. Both the mass load in the CFP and on the
Al foil are displayed. It can be noticed that practically all of the a-SiCx:H is deposited within
the CFP.
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Using the ratio of deposited a-SiCx:H on the Al foil compared to the total deposited a-SiCx:H,
being the a-SiCx:H deposited in the CFP and on the Al foil, the transmission coefficient, Tdep,
can be determined. This ratio is described in Equation 15 in which a− SiCx : HAl is the mass
of the deposited a-SiCx:H on the aluminum foil and a − SiCx:HAl + CFP is the total deposited
a-SiCx:H.

Tdep =
a− SiCx : HAl

a− SiCx:HAl + CFP
(15)

Figure 32: a-SiCx:H deposited on both the CFP and aluminum foil.

Figure 32 shows the transmission of a-SiCx:H through the sample is low when being compared
to the deposition of a-SiCx:H on the CFP itself. To emphasize this the transmission of the a-
SiCx:H a closer look is taken to evaluate the transmission of the CFP, this is shown in Figure 33.
In this figure, it can be noticed that the transmission through the CFP is only a fractional part
of the total deposition in the order of 0.75% for an 8 hour deposition.

Furthermore it can be noticed that the transmission is not linearly distributed over the com-
plete deposition range. It can be observed that for the first 4 hours there is less transmission
through the CFP compared to when an additional 4 deposition hours are added. This suggests
that during the initial hours of the deposition the a-SiCx:H does not penetrate to the back of the
substrate, while this becomes the case for deposition periods that extend over 4 hours.

Care must be taken when making concluding remarks about Figure 33 because of the min-
imal mass-loads that are visible, especially when being compared to the total mass deposited
during that deposition period. However, the most important conclusion that can be drawn is
that more than 99% of the a-SiCx:H is deposited on the CFP.
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Figure 33: a-SiCx:H deposited on the aluminum foil.
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6 Battery test results
Various battery tests have been performed to evaluate the potential of hydrogenated amor-
phous silicon carbide (a-SiCx:H) as an anode material. The result of these test will indicate
which properties the a-SiCx:H require to become a viable electrode material. First of all, the
specific capacity of the deposited a-SiCx:H must be characterized. This is done using a model
described in Section 6.1.

Furthermore, the material should withstand cycling at specific rates, these rates range from
0.1C, charging and discharging for 10 hours, up to 1C, when charging and discharging occurs
within 1 hour. During this rate capability test, the electrodes are exposed to these currents and
their stability at these currents is evaluated. The results of the rate tests of the bare carbon fiber
paper (CFP) electrode and the deposited a-SiCx:H electrode are is discussed in Sections 6.1.2
and 6.1.3 respectively.

Besides having a stable cycling battery during the rate test the stability during longer pe-
riods must be evaluated. This stability is evaluated during a stability test. In these tests, the
battery is cycled for 100 cycles at the theoretic 0.3C rate and the results of these tests are dis-
cussed in Section 6.2.

6.1 Characterizing specific capacity

The capacity of the battery can be divided into the capacity of the CFP and the deposited a-
SiCx:H in the anode, this is illustrated with

Ac = CCFP ×mCFP + Ca-SiCx :H ×ma-SiCx :H (16)

In this equation Ac is the areal capacity of the battery as a whole in mAh/cm2. CCFP and
Ca-SiCx :H are the specific capacities of the CFP and the deposited a-SiCx:H respectively in mAh/g.
mCFP and ma-SiCx :H are the mass loading in the total anode of the substrate and the a-SiCx:H
respectively in g/cm2.

Based on this equation it can be deduced that the capacity of the deposited a-SiCx:H can be
estimated by varying the amount of deposited a-SiCx:H. To verify this equation a test with four
different mass loads of a-SiCx:H is performed. The results of a charge and discharge cycle at
0.1C, meaning 10 hours of charge and 10 hours of discharge according to the theoretical capac-
ity of the combined substrate and deposition. This theoretical capacity consists of 350 mAh/g
for the CFP [64] and 3000 mAh/g for the deposited a-SiCx:H, used from experience.

For the depositions with higher carbon concentrations, this specific capacity is lower since
the specific capacity of the carbon itself is in the order of 350 mAh/g as opposed to the 3000
mAh/g of the deposited silicon. However, to cycle the batteries with a similar mass-load at an
equal rate they are charged and discharged the maximum theoretic capacity of 3000 mAh/g.

Furthermore, the capacity of the CFP is a substantial part of the total capacity of the anode.
This causes the differences in theoretical capacity between samples with different carbon con-
centrations to reduce, since the capacity of the CFP is constant for these samples. Therefore the
effect of using the theoretic capacity of 3000 mAh/g does not result in major test differences
between the different samples.

6.1.1 Internal surface area CFP

An important assumption in the model displayed in Equation 16 is that the deposited a-SiCx:H
does not influence the capacity of the CFP. Therefore the theoretic capacity of both the CFP and
the deposited a-SiCx:H is used. This assumption can be validated by determining an estimate
of the internal surface area of the CFP. After which an estimate can be made of the fraction of
that surface area which will be covered by the deposited a-SiCx:H.
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In this estimate, the area of the substrate consists solely of the area of cylindrical carbon fibers
with a 10 µ m diameter. An electrode of the CFP has a mass of 12.26 mg, when taking into
account the density of the CFP, 0.5 g/cm3, this equates to a volume of 0.025 cm3 of CFP.

The surface area of the CFP can be defined as the surface area of a carbon fiber multiplied
with the number of fibers that are in the substrate. Using the density and volume of the CFP
the following relation can be deduced

ρCFP ×VCFP =
1
4

πD2
f Lρg fb (17)

in here ρCFP and VCFP are respectively the density and volume of the CFP, while D f and L are,
respectively, the diameter and the length of a carbon fiber. Furthermore ρg is the density of
graphite and fb are the total number of fibers.

The area of a single fiber can be defined as

A f = πD f L f (18)

Taking this into account and defining At as the total internal surface area, being A f × fb,
Equation 17 can be rewritten to

ρCFP ×VCFP =
1
4

AtD f ρg (19)

This can then be rewritten to the surface area per volumetric area of CFP in the following
way.

At

VCFP
=

4ρCFP

D f ρg
(20)

Using this the surface area per volumetric are of CFP is estimated to be 900 cm2/cm3. In com-
bination with the volume of the CFP the total internal surface area of the CFP is estimated to
be 22 cm2.

The amount of deposited a-SiCx:H is dependent on the mass load of this a-SiCx:H. A mass
load of 1mg/cm2 is assumed for this validation, this corresponds to a total a-SiCx:H mass of
1.27 mg. Taking into account the density of silicon of 2.33 g/cm3 this equates to a volumetric
area of 5.4 × 10−4 cm3.

The study for the transmission suggested that nearly all deposited a-SiCx:H was deposited
within the substrate with only 0.75% being deposited on the metal holder behind the substrate.
This suggests that the distribution of the a-SiCx:H is not uniform throughout the layers of
the substrate. Because there is only marginal transmission through the substrate most of the
a-SiCx:H will be deposited in the top layers of the substrate. Therefore an exponential distribu-
tion is assumed for the deposition of a-SiCx:H, this is illustrated in Figure 34. In this figure, an
estimate of the probability that a deposited a-SiCx:H particle is deposited in the substrate layer
or below it is shown. This probability is 100% for the top layer of the substrate since all de-
posited a-SiCx:H will either be deposited on this layer or be deposited deeper in the substrate.
This probability decreases when moving from the top to the bottom of the substrate.
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Figure 34: A schematic representation of the probability that a-SiCx:H is deposited on or below the
substrate layer.

Because of this exponential distribution most a-SiCx:H will be deposited in the top part of
the substrate, while this decreases deeper into the substrate. Even with this distribution of a-
SiCx:H only a fraction of the surface area of the fibers is filled with a-SiCx:H deposition. From
the SEM pictures, it can be estimated that the deposited a-SiCx:H structures have an average
thickness of 2µm. Using this observation only 12% of the fibers would be uniformly covered by
the a-SiCx:H. Because the a-SiCx:H only covers a fraction of the total CFP surface area it can be
assumed that both the theoretic capacity of the CFP and the deposited a-SiCx:H can be utilized
during the cycling of the battery.

6.1.2 Rate cycling CFP

The capacity of the CFP is determined using a rate test. The first part of the test consists of test-
ing the CFP without any deposition at various rates based on the theoretic capacity. Thereby
using the mass of the bare CFP anode and multiplying with its theoretic capacity to obtain the
1C charge and discharge current. The coin-cell is first cycled with two installation cycles of
0.05C, after which it is cycled for five cycles at 0.1, 0.2, 0.3 and 0.5C. This is shown in Figure
35, the vertical lines indicate the sections where a change in C-rate is made. After 17 cycles the
battery is cycled at 1C for ten cycles after which the final ten cycles occur at 0.1C. These last
ten cycles can be compared to the initial five 0.1C cycles to evaluate the loss in capacity that
occurred during the cycling at the higher rates used in the test.
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Figure 35: Cycling of the CFP electrode with various C-rates.

The CFP has a relatively stable capacity which it retains during the cycling at a specific rate.
However, the capacity of the anode decreases when the anode is exposed to a higher C-rate,
because the lithium has less time to be introduced and extracted from the electrodes. Therefore
the insertion of the ions is not as homogeneous at high C-rates when compared to lower C-rates.

6.1.3 Rate cycling a-SiCx:H and CFP

Besides the bare CFP, the deposited CFP is exposed to the same rate test. The results of this rate
test are shown in Figure 36. It can be seen that the initial cycles have a stable descending capac-
ity. This is especially visible for the cycles of 0.1C during which the capacity fades gradually.
However, more variation can be noticed when evaluating the 0.2C and higher C-rates.

Figure 36: Cycling of the a-SiCx:H with a 0.2% carbon concentration electrode at various C-rates.
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For the 1C rate it can be observed that the capacity of the whole battery is very small, with
areal capacity values of 0.10 up to 0.21 mAh/cm2 during a discharge cycle. This is due to
the effective rate of charging, and thereby rate of lithiation which is only 30 minutes during a
cycle. According to the theoretic capacity value this should be 60 minutes. However, because
the theoretic capacity of the battery is not reached for these C-rates.

The material itself is stable since the capacity of the material during the final cycles of 0.1C
is in line with the capacity measured during the initial 0.1C cycles with only a difference of 0.11
mAh/cm2 between the final cycles of both parts of the test.

6.1.4 a-SiCx:H mass load variation

To evaluate the specific capacity of the deposited a-SiCx:H, samples with a different mass load
using the same deposition conditions are deposited. The result of the initial five cycles at 0.1C,
after two installation cycles of 0.05C, is shown in Figure 37. Each data point represents the
capacity of a single cycle of the electrode. It can be seen that with an increasing amount of
deposited a-SiCx:H the capacity of the anode is increased. Furthermore, it can be deduced that
there is a fade in capacity between different cycles.

Figure 37: Variation in the mass load of deposited a-SiCx:H

The capacity fade of the deposited a-SiCx:H between cycles increases with increasing mass-
load. For the mass-load of 1.2 mg/cm2 the capacity difference between the initial and fifth
cycle is 0.6 mAh/cm2, a capacity fade of 14%. Nearly all capacity fade can be attributed to the
fade of the a-SiCx:H , because the fade of the bare CFP is only 0.04 mAh/cm2 between the first
and the fifth cycle.

The linear trend that was assumed in Equation 16 is displayed in Figure 38. This linear
trend between the cycles seems to hold for different a-SiCx:H mass-loads during the 0.1C rate.
The slope of this trendline can be seen as the specific capacity of the a-SiCx:H using the relation
of Equation 16. Therefore the model of the capacity of the a-SiCx:H electrode that is described
in this equation is used for the remainder of the experiments.
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Figure 38: Variation in mass load of deposited a-SiCx:H including linear trendlines between the
measured capacities.

To combat the capacity loss of the a-SiCx:H various strategies have been explored. One of
which is the increase of the number of installation cycles of 0.05C from the initial two to five.
A sample with a deposited a-SiCx:H mass loading of 0.57 mg/cm2 is cycled with these five
installation cycles. The result of these additional cycles is displayed in Figure 39. When the
two trendlines of the figure are interpolated the capacity of a sample with a mass loading of
0.57 mg/cm2 can be estimated. This interpolation is used to highlight the differences between
using two and five installation cycles. The areal capacity during the first cycle of is estimated
to be 3.8 mAh/cm2 with a fade to the fifth cycle of 0.36 mAh/cm2. Two observations from this
result are made, first is the stability during cycling.

When the battery is cycled with 5 installation cycles instead of 2 cycles the capacity fade be-
tween cycles is smaller and only deviates 0.10 mAh/cm2 between the first and fifth 0.1C cycle.
This deviation between the first and fifth cycle mass-load is 0.36 mAh/cm2 according to the
trendline estimation. This is a reduction of roughly 70% in capacity loss compared to the fade
of those respective cycles when only two installation cycles were used.

Secondly, it can be noticed that the initial capacity that is achieved during cycling is higher.
The initial cycle of the 0.57 mg/cm2 sample has a capacity of 4.3 mAh/cm2 while this is only
3.8 mAh/cm2 for the trendline sample which is only subjected to two installation cycles. This
increase in capacity is attributed to a more stable SEI formation on the electrode during the
installation cycles, this SEI layer should be as stable as possible to achieve the highest levels of
capacity, which in turn results in a increased capacity retention during cycling [65].

With the introduction of these additional cycles, the performance of the battery is increased,
the initial capacity that is measured is higher while the capacity retention is also increased.
Therefore these three additional installation cycles are used during the experiments of which
the results will follow in this chapter.
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Figure 39: Additional installation cycles result in a greater initial capacity and a better retention of that
capacity.

6.1.5 Rate capability 1 mg/cm2

For this work a comparison is made between samples with a mass load of 1 mg/cm2 for dif-
ferent carbon concentrations. First the rate capability of these samples is measured and the
results are shown in Figure 40. From this figure, it can be deduced that the initial capacity of
the samples with the 0.2% carbon concentration is the highest with a measured capacity of 4.3
mAh/cm2 after 5 cycles of 0.1C. However, the capacity of this battery also fades faster, relative
to the samples with the higher carbon concentration. This is especially visible at 0.2C and 0.3C
during which the measured capacity of the 8% carbon concentration deteriorates 0.3 mAh/cm2

while this is 0.6 mAh/cm2 for the 0.2% carbon concentration sample. Hereby an initial estimate
can be made that the samples which have a relatively high carbon concentration will operate
at a more stable capacity level, having less capacity fade.

However, for the 0.5C rate the capacity of the tested batteries fluctuates while the capacity
that is measured during the 1C rate is only 5-10 % of the capacity that was measured during
the 0.1C rate. This indicates that for all samples the lithiation of the material is an issue at a rate
of 1C. Therefore a C-rate of 0.3C was chosen for the stability experiments, during which the
different batteries still have a consistent capacity. These stability experiments will be discussed
in Section 6.2.
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Figure 40: The performance of the different anodes during the rate capability test.

6.2 Stability experiments

After validating the model of Section 6.1 for the specific capacity of the deposited a-SiCx:H
during 0.1C charge it was important to see how this capacity would change with an increasing
(dis)charge rate during more cycles. Therefore a stability test was designed. During this test
the anode was cycled 100 times at 0.3C after being cycled for five cycles at 0.05C.

This test was performed using samples of a similar mass load of 1 mg/cm2 with a varying
carbon concentration. The carbon concentrations sampled were in the order of 0.2%, 2%,5%
and 8% carbon concentration.

The results of these experiments are displayed in Figure 41. It can be observed that the
lower carbon concentrations initially have the highest capacity, whereas the samples with a
higher carbon concentration seem to have a more stable capacity. This can be deduced from
the fade in capacity between cycle 5, when the capacity is stable after an initial drop, and 64, af-
ter which the capacity of the 0.2% carbon concentration sample drops off. This fade in capacity
of the battery as whole is 36 % for the 0.2% sample, while this is only 13 % for the 8% sample.

An important note is that for some samples, for example, the sample with 8% carbon con-
centration, the capacity oscillates while fading. This oscillation is caused by temperature vari-
ations in the measurement room and can thus not be attributed to the fade of the battery [66].
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Figure 41: The measured battery capacity with various a-SiCx:H carbon concentrations.

The capacity of the battery consists of both the capacity of the CFP and the deposited a-SiCx:H
anode. To evaluate the performance of the a-SiCx:H these need to be separated from one an-
other. Therefore the capacity of the CFP that was measured during the rate test is used to
distinguish both capacities.

The fade in capacity of the CFP is relatively small in comparison to the fade in capacity of
the deposited a-SiCx:H. From the data of the rate test it can be concluded that the capacity of
the CFP is 0.73 mAh/cm2 at 0.3C. The rate test showed that the fade in the capacity of the CFP
is marginal when it is compared to the fade in the a-SiCx:H. Because of this and because the
bare CFP has not been exposed to the stability test the fade is assumed to be zero. Because of
this assumption the capacity of the a-SiCx:H will be slightly underestimated compared to when
the capacity fade of the CFP is taken into account.

When the capacity of the CFP is plotted in combination with the the total capacity of the
battery it can be seen that the capacity of the deposited a-SiCx:H drops off after having a sub-
stantial initial capacity. This can be seen in Figure 42, for all samples this capacity has decreased
more than 50% after 80 cycles compared to the initial cycles. This can be mostly seen in the
capacity of the 0.2% carbon concentration anode, while the anode with the 8% carbon concen-
tration keeps the most capacity after being cycled 100 times. The figure also shows the large
decay of all anodes, initially having more than two-thirds of the total capacity of the battery
down to having a fraction of the capacity of the CFP.
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The 8% carbon concentration sample retains the most capacity from the samples tested with a
measured capacity of 1.8 mAh after 100 cycles, in comparison the CFP has a capacity of 0.93
mAh. Therefore the capacity of the deposited a-SiCx:H is still 48% of the capacity of the total
battery. In contrast, the capacity of the 0.2% sample is 1.2 mAh on average during the final 10
cycles of the test, this is only 22% of the capacity of the battery as a whole.

However, it is important to note that all batteries are cycled with a constant current, which
is based on the theoretic capacity of the battery. When the battery is cycled with 0.3C the bat-
tery is theoretically cycled with 3.33 hours of charge and discharge cycles, in practice however
this time is much shorter, in the order of 1.5-2 hours. Taking into account the data of Figure 36,
in which it is shown that the capacity of the battery decreases when it is exposed to a higher
cycling rate this effectively means that decay of the battery is not only due to internal structure
changes but also due to in effect cycling the battery at a higher C-rate.

This in turn implies that the capacity of the CFP is smaller because of the higher (dis)charge
rate. However, this change in capacity is not taken into account because of limited CFP test
results. Therefore the capacity of the CFP is slightly overestimated while the capacity of the
a-SiCx:H is slightly underestimated. This becomes most prominent for the last 30 cycles of the
test.

Figure 42: The measured battery capacity with various a-SiCx:H carbon concentrations including the
separate CFP capacity.
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The trend of a higher initial capacity with a faster decay for the samples with the lower car-
bon concentrations is also visible in the calculation of the specific capacities of the respective
anodes. This specific capacity is determined using the difference in mass between a deposited
anode and a bare CFP anode. Using a scale with an accuracy of 0.01mg the specific capacity
can be determined with a relative error of 0.014mg.

With an initial specific capacity of 3170 mAh/g, the 0.2% carbon concentration anode has
the highest specific capacity of all anodes. However, this specific capacity fades the most dur-
ing cycling, as can be seen in Figure 43. In this figure, the change in specific capacity of the
four tested samples is visualized. The error margin that results from the mass measurement
is smaller than the marks used in the figure, therefore they are not displayed. The specific ca-
pacity fades similarly as the capacity fade in the whole battery, thus including the CFP. This is
because the capacity fade in the CFP is assumed to be zero during the cycling.

Figure 43: The specific capacity of the various a-SiCx:H carbon concentrations tested during the
stability test.

From Figure 43 it can be deduced that the a-SiCx:H anode specific capacity of the 0.2% carbon
concentration sample is nearly completely faded during the last 30 cycles with only 10% of the
initial specific capacity that is retained.

The 2% carbon concentration sample has better capacity retention with a capacity of 15% of
the specific capacity after cycling 100 times.
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The specific capacity of the 5% carbon concentration is well retained during the initial 50 cycles
of the test after which it decays at a quicker rate. This causes the battery to have a capacity
retention of roughly 13% on average during the last 10 cycles. Thereby not outperforming
the 2% carbon concentration sample. However, during the initial 50 cycles this sample does
outperform the tested 2% carbon concentration sample. Thereby supporting the observation
that an increased carbon concentration aids the stability of the battery and therefore increases
capacity retention.

The 8% carbon concentration sample retains the highest specific capacity from all samples
tested. With a capacity retention of 21 % during the final 10 cycles of the test the performance
of this sample is significantly better when being compared to the other test samples. Thereby
an initial conclusion can be drawn that for a stable cycling material a carbon concentration in
the order of 8% or more is required to have a stable cycling material.

6.2.1 Charge and Discharge cycles

Individual charge and discharge cycles give an insight into the differences in the cycling process
between the different samples. All samples are cycled using the same boundary conditions,
the most important boundary conditions are the voltage levels of a completely charged and
discharged battery.

According to the experiments, a battery is completely charged when the battery reaches a
voltage level of 1.5 V. On the contrary, the battery is completely discharged when a voltage level
of 0.01 V is reached. A representation of such a voltage cycle is displayed in Figure 44. In this
figure, the first 0.1 C cycle, after five installation cycles, of the CFP is displayed. In this figure
the charge cycle can be recognized by the increase in voltage level with increasing capacity.
The discharge cycle follows an opposite relation, with a decrease in voltage while the capacity
is discharged.

Figure 44: The initial 0.1C charge and discharge cycle of the CFP electrode.

From the figure, it can be deduced that most of the capacity is charged into the battery in the
voltage window of 0.1 V to 0.3 V whereafter the voltage in the battery rises steeply to reach
the completely charged voltage of 1.5 V. During the discharge it can be observed that discharge
does not start with the fully charged voltage level of 1.5V. This is because of the rest period
that the battery is subjected to after complete charging. During this period no external current
is applied and the battery reaches a stable voltage. When the battery is discharging it can be
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observed that 80% of the capacity is retrieved in the voltage window from 0.2 V to 0.01 V.
Furthermore, it can be noticed that the battery does not have a voltage plateau and thereby

a fixed operating voltage. This is ascribed to the lithium alloying mechanism that occurs during
charging and discharging. At each stage of lithiation, the Si- and Li-ions form a solid solution
phase, resulting in a gradually decreasing voltage curve.

In Figure 17 the charging and discharging cycles are shown for the CFP as well as for the
coin cells of CFP with deposited a-SiCx:H. When a charging and discharging cycle of a CFP
with deposited a-SiCx:H is compared to the bare CFP discharge curve, it can be observed that
the capacity that is stored in the CFP is only a fraction of the total capacity. Furthermore, it can
be noticed that the charging of the deposited substrate occurs in the voltage window of 0.1 V
up to 0.6 V, which is an extension of the voltage window of the bare CFP during cycling. It
should be noted that the axis of this figure covers a greater capacity compared to the charging
and discharging cycles of the CFP.

Figure 45: The charging and discharging curve of the initial 0.1C cycle of the rate test.

Besides the differences between the bare CFP and the deposited CFP there are also differences
between the different deposited electrodes. The first difference that can be observed is the dif-
ference in capacity in the charging voltage window from 0.1 to 0.6 V. The 0.6 V is reached at
the highest capacity by the 0.2% carbon concentration sample, therefore the most energy can
be stored in this sample. The 8% carbon concentration stores the least amount of energy. In this
case, the sample with 2% carbon concentration has a similar capacity when compared to the
5% carbon concentration sample.

In Figure 46 the same batteries are shown during the fifth 0.1 C cycle, it can be seen that
the charging curves of the different batteries have shifted towards the left of the figure, this
shift represents the fade in capacity. The capacity of all samples fade, but with this limited data
set conclusions about stability can not be drawn. For example, the sample with an 8% carbon
concentration fades the most in this case while this is assumed to be the most stable material.
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Figure 46: The charging and discharging curve of the fifth 0.1C cycle of the rate test.

To evaluate the stability of the samples the charging and discharging curves of the stability
test are evaluated. The cycles that are analyzed are cycles 5 and 64. During the fifth cycle, all
samples have reached a stable capacity level after the initial drop in capacity, while the capacity
fade of the batteries follow a similar trend up to cycle 64, after which the 0.2% anode capacity
drops off sharply. In Figure 47 the charging and discharging curves of the fifth cycle is shown,
when the capacity becomes stable. Compared to the charge and discharge curve of the batteries
cycled at 0.1C it can be noticed that the maximum capacity is lower, in general a decrease of
23%. This decrease highlights the effect of a different C-rate on the capacity of the battery.

Figure 47: The charge and discharge curve of the fifth 0.3C cycle of the stability test.
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When the 64th cycle is compared to the fifth cycle it can be observed that the reduction in
capacity measured of all batteries is almost 50%. The smallest decay in capacity is that of the
8% carbon concentration sample, whose capacity decreases 35%, while the largest decays in
capacity are that of the 0.2% and the 2% carbon concentration samples. The voltage window
during which the battery is charged and discharge of the 64th cycle is similar to that of the
fifth cycle, however the amount of energy that is introduced and retrieved from the battery is
significantly smaller.

Figure 48: The charge and discharge curve of the 64th 0.3C cycle of the stability test.

The results indicate that a battery with a high carbon concentration, in this case, the 8% sample
has a better capacity retention when compared to batteries with low carbon concentrations, in
this work 0.2% and 2%. Because only limited amounts of coin-cell batteries have been cycled
conclusions on absolute capacity retention cannot be made due. However, the trend that the
capacity fades less when the carbon concentration is increased from 0.2% to 8% is clear.

Lastly, it is once again important to note that during these experiments the porosity of the
samples differs with varying carbon concentrations. This has to be taken into account when
drawing definitive conclusions about the material with the least capacity fade.
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7 COMSOL model
As shown in the experimental section of this thesis hydrogenated amorphous silicon carbide
a-SiCx:H can be a viable option as an anode material in lithium-ion batteries. However, due
to time limitations, only a limited number of experiments can be done in the given timeframe.
Each battery experiment takes several weeks when taking into account the 5 installation cycles
of 0.05C and the test cycles themselves.

Therefore, to estimate the potential of this material further, a COMSOL model is made in
which a representation of the experimental setup is made. This will allow for a greater variety
of material properties to be observed and tweaked more easily. Also, longer cycling times and
a greater variety of (dis)charging speeds can be assessed. Furthermore individual parameters
of the model can tuned. During the experiments individual parameters, like the fraction of
carbon and the porosity of the sample, were dependent. These can be decoupled in the model
to evaluate the individual effect on the capacity of the battery of these parameters.

7.1 Model definition

The COMSOL model used in this research is a combination of two models from the COMSOL
libraries, which are ’1D Lithium-ion battery Model for Capacity Fade’ [67] and ’1D Lithium-Ion
Battery with Multiple Intercalating Electrode Materials’ [68]. The capacity fade model, as the
name suggests, explores the fade in capacity of a lithium-ion battery due to extended cycling.
This model can be evaluated for both a great number of cycles and single-cycle behavior. The
multiple intercalating electrode material model is focused on the battery performance when
varying the composition of materials in one of the electrodes. In this case, this is a variation in
the material of the cathode with components of silicon and a graphite anode. This way both
material of the a-SiCx:H cathode are represented in the model, with the carbon fiber paper
(CFP) and the carbon concentration of the a-SiCx:H being represented by the graphite anode
and the silicon of the a-SiCx:H by the silicon anode.

The principles and equations of the 1D capacity-fade model will be discussed in Section 7.1,
whereafter the principles of the 1D multiple intercalating materials will be discussed in Section
7.1. Next, the individual parts and boundary conditions of the model are described.

1D capacity-fade model

The 1D capacity-fade model that is used as a basis of the COMSOL simulations is displayed
in Figure 49. In this figure, the three main parts of the battery model are shown, the porous
a-SiCx:H cathode, the separator, and the lithium metal anode. The parameters of the a-SiCx:H
cathode can be altered to represent the cathodes used during the experiments.

Figure 49: The 1D COMSOL battery model, consisting of a porous a-SiCx:H cathode, a separator and a
lithium metal anode [38].
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The 1D capacity-fade model is based on three main equations that describe the electrochemical
reactions during charging and discharging of the battery. First the current density of the solid
electrolyte interface, iSEI (in A/m2) is calculated using the following equation [67]:

iloc,SEI = −(1 + HK)
JiIoc,1C,re f

exp
(

αηSEIF
RT

)
+ qSEI f J

iIoc,1C,re f

(21)

In Equation 21 the following parameters are used:
HK is the dimensionless expansion factor.
JiIoc,1C,re f is the dimensionless exhange current density for the parasitic SEI reaction.
α is the transfer coefficient for electrochemical reduction reaction.
ηSEI is the overpotential, in reference to the equilibrium potential of 0V versus lithium.
F and R are the Faraday and the gas constant respectively.
T is the temperature at which the battery is cycled.
qSEI is the local accumulated charged due to SEI formation.
f is the lumped non dimensional parameter which is based on the properties of the SEI film.

This result is used in Equation 22 to calculate the formation rate of the solid electrolyte interface
layer, ∂cSEI/∂t [67]:

∂cSEI

∂t
= −

vSEI iIloc,SEI

nF
, (22)

in here, vSEI is the stoichiometric coefficient of the SEI species in the reaction, and n is defined
as the number of electrons that take part in the reaction. This rate of formation of the solid
electrolyte interface is proportional to the rate of consumption of Li+ ions [69]. The result is
then used to calculate the Li+ consumption (in C/m2) that is related to the capacity loss of the
battery [67]:

qSEI =
FcSEI

Av
. (23)

In here, qSEI is the local accumulated charge due to the formation of SEI, while Av is the elec-
trode surface area.

1D lithium-ion battery with multiple intercalating electrode materials

Previous modeling work by Wang [38] simplified the simulations by only taking into account
the contribution of the silicon in the a-SiCx:H. In this way he was able to only use the 1D
capacity-fade model. By varying certain parameters the effect of porosity and carbon concen-
tration were implemented, but the CFP was neglected during modeling.

To improve the simulation of the performed experiments the multiple intercalating-electrode-
material model is added. Using the 1D lithium-ion battery with multiple intercalating-electrode-
material model an electrode consisting of multiple materials can be simulated. In the experi-
ments of this research, the cathode of the half-cell test is a-SiCx:H deposited on CFP. To rep-
resent this in the model a fraction of the porous cathode is made from graphite, while the
remainder of the porous electrode is made from silicon.

The porosity of the electrode is defined as the volume fraction of electrolyte that is in the
cathode. The carbon concentration, in combination with the CFP, is defined as the volumetric
fraction of graphite in the electrode.

Electrolyte

The electrolyte used in this model is the LiPF6 in a 1:1 volume ratio, which is also used during
the experiments. This electrolyte is predefined in the COMSOL library and can be imported
directly into the model. The electrolyte used in the experiments also contains some additives
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such as vinylene- and fluorethylane carbonate. In the model, the concentration of the elec-
trolyte is set to be 1000 mol/m3, which is similar to the experimental concentration.

In the experiments, the electrolyte is placed in contact with both the anode and the cathode
of the battery and thus also with the separator. Therefore the electrolyte is set to be present in
every domain of the battery model, thereby thus in the porous cathode and the separator. The
concentration of the electrolyte is described by [70]:

N+ =

(
−D2 +

2k2t+t−RT
c+z+F2

)(
1 +

∂ ln( f±)
∂ ln(c2)

)
∇C+ −

k2t+
z+F
∇φ1 (24)

N− =

(
−D2 +

2k2t2
−RT

c−z−F2

)(
1 +

∂ ln( f±)
∂ ln(c2)

)
∇C+ −

k2t−
z−F
∇φ1 (25)

In these equations the following parameters are used:
N+ is the positive ion molar flux in the electrolyte.
N− is the negative ion molar flux in the electrolyte.
D2 is the Li+ diffusivity in the electrolyte.
k2 is the ionic conductivity.
t+ is the transport number of the positive ions.
t− is the transport number of the negative ions.
c+ is the positive ion concentration.
c− is the negative ion concentration.
z+ is the charge number of the positive ions.
z− is the charge number of the negative ions.
f± is the average molar activity constant.
∇φ1 is the electrical potential of the cathode.
c1 is the Li+ ion concentration in the cathode.

The current density in the electrolyte is displayed in the following

il = (−σ1∇φ1) +
2σ1RT

F

(
1 +

∂ ln( f )
∂ ln(c1)

)
(1− t+)∇ ln(c1). (26)

In here, il is the electrolyte current density and σ1 is the stress in the Si electrode [71].

Cathode

During the half-cell test the cathode is made up of a-SiCx:H . This material is not included
in the COMSOL library. However, using the multiple intercalating-electrode-material model
an electrode consisting of both carbon and silicon can be simulated. Both the carbon in the
a-SiCx:H and the CFP substrate is taken into account when determining the total fraction of
carbon in the electrode.

The total volume fraction of carbon in the electrode is determined by taking the mass of the
CFP and determining the volume of the carbon fibers. The volume of the deposited a-SiCx:H
is determined using the mass-load of the sample. A mass load of 1 mg/cm2 used to determine
this volume. The carbon concentration of the a-SiCx:H can be simulated by adding the volume
fraction of the a-SiCx:H to the volume fraction of the CFP.

At the cathode of the model lithiation reactions 27 and 28 occur:

xLi+ + Si + xe− −→ LixSi (27)

Li+ + e− + 6C↔ LiC6 (28)

Besides this lithiation of the porous electrode, the parasitic formation of the Solid Electrolyte
Interface (SEI) layer is simulated using the following relation

S + Li+ + e− −→ PSEI (29)
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In here, S is the electrolyte, and PSEI is the SEI that is formed in the reaction with the electrolyte
The Li+ insertion and diffusion into the cathode is described by the Baker-Verbrugge law.

The chemical reaction between Si and the Li+ ions is described by the Butler-Volmer equation
[72].

ic = i0

[
exp

(
αaηF
RT

)
− exp

(
−αcηF

RT

)]
(30)

In here:
ic is the transfer current density at cathode/electrolyte interface
i0 is the exchange current density at cathode/electrolyte interface
αa is the negative charge transfer coefficient
αc is the positive charge transfer coefficient
η is the over-potential
The over-potential is described as:

η = φ2 − φ3 −U, (31)

in which φ2 and φ3 are the potentials of the solid phase and the electrolyte phase, respectively.
U is the equilibrium potential of the silicon and graphite composite [73].

Time-acceleration factor

To model the cycling process for a higher number of cycles a time-acceleration factor is in-
troduced. This time-acceleration factor τ is introduced in the SEI formation reaction in the
following equation [67]:

(τ − 1)S + (τ − 1)Li(s) −→ (τ − 1)PSEI . (32)

By using this time acceleration factor the number of cycles per computation is increased. If
simulation of singular cycles is desired this factor should be decreased to 1. While simulating
30 cycles at once can be done with a value of 30 for τ.

Anode

During experiments the anode is made out of a lithium metal plate. In the COMSOL model, a
representation of this lithium metal plate is made using an electrode surface. The reactions that
occur on this anode are

Li+ + e− −→ Li (33)

Li −→ Li+ + e− (34)

Like the reaction kinetics of the cathode, the reaction kinetics of the anode can be described
using the Butler-Volmer equation [72]:

ia = i0

[
exp

(
αaηF
RT

)
− exp

(
−αcηF

RT

)]
(35)

In here:
ia is the transfer current density at anode/electrolyte interface
i0 is the exchange current density at anode/electrolyte interface
αa is the negative charge transfer coefficient
αc is the positive charge transfer coefficient
η is the over-potential
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7.1.1 Boundary conditions

No flux

Li+ ions cannot move through the current collector at the boundary between the electrode and
the current collector. Therefore a no-flux boundary condition is applied:

N+ = N− = 0 (36)

Insulation

As electrons do not enter the electrolyte the boundaries and interfaces of the electrolyte have an
insulation boundary condition. ~il and~is represent the current at the surface of the electrolyte
and the electrode. ~n is the normal vector perpendicularly oriented to the electrolyte and the
electrode surface.

−~n ·~il = 0 (37)

−~n ·~is = 0 (38)

Cycling

During the simulation the battery is charged and discharged. The current with which the bat-
tery is cycled is determined to be 0.3C. Furthermore, the battery is initially discharged, as was
done during the experiments.

Electrode surface

The lithium metal anode is simulated as a lithium electrode surface. This is done because the
lithium metal is highly conductive for electrons and for the diffusion of Li+ ions. This results
in the effect that the thickness of the lithium anode can be ignored. Therefore, the anode can be
modeled as a surface electrode.

7.1.2 Modeling

After the model was built, it was desired to validate the results that were retrieved during the
experiments. This was done both using singular cycles and batches of multiple cycles. This
was done by varying the time-acceleration factor parameter in the model. The value of this
parameter was varied between 1 and 10 to simulate single cycles and 10 cycles at once.

A limitation of this factor is the total computation time. So if individual cycles are desired
there is a limited amount of cycles that can be evaluated. Therefore, this parameter is changed
in correspondence with the total number of cycles parameter.

Unfortunately due to the complexity of the model and the time constraints that are associ-
ated with this thesis the model has so far not been able to generate results that could be used
in this research.
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8 Discussion

The results of this research suggest that hydrogenated amorphous silicon carbide (a-SiCx:H)
could be used as an anode material in batteries. However, more research is required to validate
this and to find a material composition that can retain its capacity even better. To find this ma-
terial composition multiple anodes will need to be cycled.

The results of this research indicate that the sample with a carbon concentration of 8% and
a porosity of 29% had the highest capacity retention, while the sample with a carbon concen-
tration of 0.2% and porosity of 11% had the lowest retention of capacity.

The capacity retention of the battery as a whole, a-SiCx:H and carbon fiber paper (CFP), is
displayed in Figure 50. These cycles are chosen because all samples still have significant ca-
pacity during cycle 64, the capacity of the sample with 0.2% carbon concentration depletes to
a marginal capacity in the following cycles. This fade in capacity is not representative when
compared to the first 60 cycles, making a comparison in the retention of capacity unfair. The
capacity retention is defined as the fraction of capacity that is retained from the fifth to the 64th
cycle. From this figure, it can be deduced that an increase in carbon concentration in the sample
increases the capacity retention. The data displayed is that of the first 60 cycles after which the
initial capacity is assumed to be stable, being after 5 cycles.

Figure 50: The capacity retention as a function of carbon concentrations from cycles 5 - 64.

With this increase in carbon concentration, the porosity of the material is also increased, ex-
perimental work by Wang [38] concluded that porosity has marginal effect on the capacity.
However the experimental work in that research was limited, so in this work the possible ef-
fect of increased capacity retention by increased porosity is taken into account. Therefore the
increase in capacity retention cannot be fully attributed to the increase in carbon concentration.
The capacity retention as a function of porosity is displayed in Figure 51. In this figure, a sim-
ilar ascending trend is visualized as was seen in the relation between capacity retention and
carbon concentration. Because of time constraints, the individual effect of either an increase in
carbon concentration or an increase in porosity could not be determined experimentally.
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Figure 51: The capacity retention as a function of porosity from cycles 5 - 64.

In Figure 52 the trend of increased capacity retention is also visualized for the retention of the
specific capacity of the different samples. From the figure, it can be deduced that the spe-
cific capacity retention follows a linear relation with increasing carbon concentration. Thereby
suggesting that this capacity retention increases with increasing carbon concentration. Further-
more, it can be seen that there is less deviation of the trendline. This can be attributed to the
exclusion of the carbon fiber paper (CFP) substrate, which was taken into account in the total
capacity retention. These data are in agreement with Huang et al.[41] who showed that the
addition of carbon to silicon increases the capacity retention from 5.2% to 41% after 100 cycles
at 0.3C.

Figure 52: The specific capacity retention as a function of carbon concentrations from cycles 5 - 64.
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The same trend of specific capacity retention also holds for the retention based on the poros-
ity of the sample. Once again the relation of the specific capacity retention follows a linearly
ascending trendline. Like the specific capacity retention based on the variation carbon con-
centration, the data follows the linear trend more closely compared to the trend of the whole
battery.

Figure 53: The specific capacity retention as a function of porosity from cycles 5 - 64.

To isolate the effect of a varying porosity simulations can be performed. Simulation results
from Wang [38] indicate that an increase in porosity from 15% to 25% results in an increase in
capacity retention of 7%. Furthermore, research by Mingyuan et al. [32] indicated that silicon
nano-wire samples with high porosity and high pore size could retain specific capacities above
2000 mAh/g. Thereby indicating the importance of a high porosity for stable cycling perfor-
mance.

Since the individual effect of porosity has not been experimentally verified conclusions
about the individual effects can not be made. However, literature findings indicate that both
the addition of carbon and high porosity in the material gives rise to increased capacity reten-
tion.

The results of this research can be further refined in the future by cycling additional samples
in an orthogonal manner. The effect of the carbon concentration can be evaluated by creating
and testing samples with varying carbon concentrations while keeping a similar porosity. How-
ever, not only the individual effect of the different carbon concentrations and porosity values
are improvements to this research.
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9 Conclusion and Outlook

During this research, multiple tests have been performed to evaluate the potential of hydro-
genated amorphous silicon carbide (a-SiCx:H) as an anode material. a-SiCx:H compositions
containing 0.2% up to 8% carbon concentration have been tested at C-rates varying from 0.1C
up to 1C. During these tests the a-SiCx:H anode was part of a coin-cell battery which was tested
in a half-cell test configuration, thereby pairing the deposited a-SiCx:H cathode with a lithium
metal plate anode. This tested the sole performance of the a-SiCx:H electrode since the lithium-
metal electrode was not a limiting factor in the capacity.

The study on the rate capability showed that the a-SiCx:H deposited on carbon fiber pa-
per (CFP) can be cycled at various C-rates. When this rate is increased the capacity that can
be stored in the battery decreases. After cycling at 1C the batteries were cycled at 0.1C again
which resulted in a restored capacity, with only a 5% loss during the 0.1C cycles before and
after cycling with the higher C-rates. The low capacity values that were measured during the
cycling at 1C were a result of the rate of charging and discharging. The structural changes dur-
ing this high charging and discharging rates (0.5C and 1C) were limited because the capacity
that was measured during the last 0.1C cycles was comparable to the initial 0.1C cycles.

Besides testing the batteries at various rates the stability of the material is evaluated. After
100 cycles at 0.3C, the battery with the best capacity retention was the sample of 8% carbon
concentration with a porosity of 29%, while the capacity fade was the greatest in the 0.2% car-
bon concentration sample with a porosity of 11%.

With an increase in carbon concentration, the porosity of the sample increases with a simi-
lar trend. Therefore the capacity retention can not be solely attributed to the increase in carbon
concentration.

Furthermore, the charging and discharging curves of the batteries have been analyzed. The
bare CFP has a charging voltage window of 0.1 V to 0.3 V. This is extended for the CFP with
deposited a-SiCx:H to a charging voltage window of 0.1 V to 0.6 V. This voltage window is
constant during cycling. However, when cycles have passed the amount of lithium ions that
were stored in the a-SiCx:H cathode decreased, resulting in a decrease in capacity of the battery.

The results of this work can be refined in several ways, this was not possible during this re-
search because of time and resource limitations, but can provide insights for future research in
this topic.

First, the results that were obtained during this research were obtained by single coin cell
battery tests. The results were verified by a second set of batteries, thereby ensuring that the
trend in capacity fade was similar to the initial set of results. However, two batteries are still
too small of a sample size to make definitive conclusions about absolute values in the capacity
fade. Initial conclusions about global trends such as the capacity fade over 100 cycles can how-
ever be made.

Besides that, several different mass-loads of a-SiCx:H should be tested. In the current test
setup, the capacity of the batteries is predominantly based on the capacity of the CFP substrate.
When the mass loading is increased this will shift the capacity contributions of the sample. This
increase in mass loading would affect the rate of cycling of the battery when the capacity of the
a-SiCx:H starts to fade. Besides depositing higher mass loadings of a-SiCx:H, another option
is to deposit the a-SiCx:H on a substrate without electrochemical capacity, for example copper
foil. In this way, the change in the capacity of the a-SiCx:H can be evaluated more precisely.

Furthermore, it must be noted that the ambient conditions during which the batteries were
cycled varied between samples since the batteries were not cycled in a climate-controlled room.
Not all batteries were cycled at the same time so individual conditions will vary between sam-
ples. These varying conditions should be monitored or the batteries should be cycled at con-
stant conditions to remove these variations.
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Lastly, the batteries in this research were cycled 100 times at 0.3C. Most battery applications
require varying charge and discharge rates and a stable capacity for more than 100 cycles. The
effect of extended stability cycling and cycling with a multitude of different currents would
give insights into the capacity retention for everyday use.
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