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Thesis Abstract
The potential for transforming lithium-ion batteries and the capabilities of
future transport vehicles is a huge one given that the capacity of the
battery is key in determining the range the vehicle can travel to prior to
charging. Lithium ion battery technology is a promising field for the
present time and the next few decades. Its value lies in 100s of millions of
portable devices, EV and other form of energy storage systems dependant
on this technology. Alternative materials such as silicon are being
investigated to be part of the lithium ion battery anode composition. That
is due to its high capacity compared to other materials such as graphite.
Developing more stable lithium ion batteries involves investigating; the
different part of the battery structure. This thesis investigates the
development of silicon anodes for lithium ion batteries, using various
techniques and procedures; and provides a series of results and
contributions to the scientific community.
This thesis starts with an in-depth literature review for battery technology
and the characterisation techniques used in the latest cutting-edge battery
research. It explains a general yet comprehensive overview of battery
technology including; the history of this technology, the different types of
batteries and materials used. The thesis then investigates the optimisation
of anode synthesis, followed by detailed studies of synthesised anode
composites and characterisation techniques used generally in this field.
The prime focus in this thesis is on silicon anodes due to their ultrahigh
capacity and potential for future applications. This is explained via a
comprehensive study of silicon, silicon/graphite, and silicon/graphite/BTO
using two different electrolytes. Using various testing and characterisation
techniques including battery cycling system, XPS, SEM, Raman and others;
this work then investigates the development and transformation of
materials on the surface of the anode before and after cycling, and
correlates these findings with the battery performance. Amongst the
findings of this work is the benefit of using BTO in the silicon composite
which significantly enhances the performance of the battery compared to

pure silicon anode. This is observed through the cycling performances of
the synthesised cells. The XPS scans for the enhanced silicon/BTO anode at
different cycles provide a novel set of results showing slower degradation
of the electrolyte, a more stable cycling performance on the longer cycles,
and slower irreversible degree of permanent lithium intercalation on the
anode compared to the pure silicon anode. The Raman spectrum on the
other hand shows a strong direct relation with the degree of crystallinity
of the silicon nano powders and the capacity of the battery. The higher the
degree of crystallinity the better the specific capacity and the columbic
efficiency of the battery. The SEM images also provides an insight on the
degree of accumulation of the electrolyte on the surface of the anode after
cycling. An in-depth XPS mapping study revealed that within the same
anode, regions with very different properties can be found with various
degrees of crystallinity (for silicon) and various materials species. Within
this mapping observation, the volume expansion of silicon nano powders is
recorded and correlated with elemental species observed via long XPS
scans. Finally, graphite is added to the silicon/BTO composite and recorded
a more stable battery performance mainly due to the high level of
conductivity graphite particles provide to the silicon particles.
The thesis concludes with detailed list of recommendations and
observations, and provides a vision for a future research and development
led by in-operando XPS scans and mapping for lithium-ion batteries to
observe the development of elemental species on the surface of the anode
as they occur. This would help boost the effectiveness of XPS studies for
battery research and would provide a better understanding of the changes
that happen inside the battery, which would help the development of
batteries with higher capacity, more stable and more promising battery
technology.
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umans built their civilization with help of
one or more forms of energy. It can be
mechanical, thermal, etc. Energy with its
various forms can be converted from one form
to another, and one prime form of energy is
electricity. It can be generated in several ways and can be used
to light the millions of devices around us. In order to utilize
electricity, it has to go through several stages; Generation,
transmission and distribution. For many applications,
electricity needs to be stored too. This chapter will present an
introduction to energy storage systems with focus on
electrochemical batteries, their materials and their recent
development.
Keywords: Lithium-ion batteries; Battery Structure;
Electrochemical reactions; Cathode Materials; Anode
Materials

Introduction
As a general definition, a battery is a galvanic cell that has
two electrodes that are in contact with an electrolyte. It
converts electrochemical energy into electricity. Batteries
are mainly two types; primary (non-rechargeable) and
storage batteries (rechargeable) as will be explained later
.

Brief history of batteries
In the year 1800 Alessandro Volta conducted an experiment
that can be considered the start of battery technology. He
assembled a pile of two different types of metals (i.e. copper
and zinc) and separated them with a piece of cloth that had
been immersed with brine. He connected the two ends of the
disks via wires and observed a flow of electrical current. This
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was the first recorded galvanic battery. However, the voltage
output from Volta’s battery was weak since water was used
as an oxidizer. In 1836 further development by J. F. Daniell
from King’s College London was made when copper sulphate
solution was used as an oxidiser instead of water. In 1895,
the first lead acid battery was made by the French scientist
G. Plante, and in 1899 W. Jugner from Sweden developed an
alkaline Nickel-Cadmium (NiCd) battery. In 1901, Thomas A.
Edison developed the first alkaline Ni-Fe battery. Further
development on these types of batteries occurred in the last
century and they found place in many everyday applications
.

Basic battery structure
A battery can also be defined as a container that undergoes
electrochemical reactions within it, in which chemical
energy is converted into electrical current. This current can
then be used to power devices such as smartphones and
watches etc. An electrochemical battery generally consists of
four main parts: cathode, anode, electrolyte and a separator
.
Cathode; It is one of the two electrodes (along with
the anode) to exchange charges. The cathode carries a
positive charge and represents the positive pole of the
battery. It is where the current flows when the battery is
connected to an external resistance (a lamp or a screen)
towards the negative pole of the battery [5].
Anode: It is the other electrode in the battery and it
carries a negative charge and represents the negative pole of
the battery. In most cells, it is the source of electrons flowing
toward the external resistance connected to the battery [6].
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Electrolyte: It represents a medium for i.e. the lithium
ions (a prime material used in batteries) to flow between the
anode and the cathode and for the oxidation / reduction
(Redox) reactions to take place.
Separator: This layer is responsible of preventing the
anode and the cathode from touching and causing short
circuit and at the same time allow the flow of lithium ions to
flow freely between them [4].
These four main parts make the basic structure of most
batteries.
During charging, when the battery is discharged and
connected to a charger for recharging, electrons flow from
the charger towards the anode and current flows from
charger towards the cathode. In other words, the current
flows towards the positive pole of the battery (opposite to
what happens during discharge). At the same time, lithium
ions flow from the cathode towards the anode through the
electrolyte. During Discharging when the battery is charged
and connected to an external circuit that requires current
(i.e. a lamp, calculator etc) the anode releases electrons
around the external circuit towards the cathode. Yet at the
same time, the lithium ions flow from the anode to the
cathode in the internal circuit (inside the battery) through
the electrolytes layer

. This process can be observed

in Figure 1.
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Figure 1 Basic battery structure shown here as a diagram during discharge state

Shapes of batteries
In general, batteries come in small sizes with single cell
configuration such as those found in watches, toys and
smartphones. However they are also found in bigger sizes
such as those found in combustion vehicles (liquid
batteries). In this work, the focus is on dry cell batteries.

Cylindrical Cell
This is one of the most widely used shapes of batteries in
industry. That is due to its ease of manufacture and its
mechanical stability. [2] This type can be found in both
chargeable and non-rechargeable batteries. The design can
be equipped with several safety features such as:
-

-

Positive thermal Coefficient (PTC) switch. It is a
conductive polymer material that when heated becomes
an insulator. It acts as a circuit breaker when the battery
is exposed to excessive current. When the excessive
current flow stops, the PTC polymer cools down and
restores its conductive feature. This type of safety barrier
can be found in many lithium and nickel cylindrical
batteries.
Pressure Relief Mechanism (PRM). This safety feature
utilizes a membrane seal that breaks if the battery
experiences high pressure. It can also be bound as a
resealable spring-assisted pressure relief mechanism. It
prevents the accumulation of pressure inside the cell
body. The downside for this system is that it can cause
dry out of the cell or the leakage of the electrolyte.
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Charge Interrupt Device (CID). This is another pressure
safety mechanism system that
Permanently disconnects the battery should it
experiences paranormal pressure.

Button (Coin) Cell
Button or coin cell batteries [4] are also a common battery
design found widely in electronics applications such as
watches, calculators etc.. They can provide a higher voltage
i.e. 3V and carry smaller current density (i.e. 100mAh/g)
compared to cylindrical cells (1000mAh/g) as found in the
commercial batteries

. They are widely used in

research for new battery materials due to the ease of
manufacturing compared to cylindrical or larger cells. They
are the main battery type used in this research. The main
disadvantage of this type of batteries is the swelling effect
when charged rapidly.
Coin cells can come in different sizes as Table 1 present.
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Coin cells normally come with a code name that indicates the
size of the battery. For instance batteries used in this
research are CR2032.
In coin batteries i.e. CR2032 (Figure 2), layers of different
materials are arranged on top of each others. It explains the
different layers of a half cell coin battery. This type of
batteries is discussed in details later on.

Figure 2 CR3032 half-cell battery design; 1. Lid and positive side of the cell; 2.
Cathode electrode where the active material is coated and normally cupper foil is
used; 3. Separator; 4. Electrolyte; Anode active material normally coated on
aluminium foil; 5. Spacers; 7. Spring; 8. Lid and negative side of the cell.

Prismatic Cell
The need for different shapes of batteries to fit the
developing electronics derived the design of another type of
batteries called prismatic cells. They are packaged in a thin
aluminium box shape and are commonly found in smart
phones and tablets and deliver power of 800−4000mAh.
Their shapes gives the ability to stack high current capacity
in a small shape due to the efficient use of electrodes surface
area. Main disadvantage of this type is the swelling due to
accumulation of gases after charging and discharging for
many times. Thus it is important to achieve full
encapsulation to prevent any gas leakage[11], [12].
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Pouch Cell
This is one of the latest battery designs to be brought to the
market when it was introduced in 1995. It comprises of a
Lithium polymer welded package instead of metallic
encapsulation. This reduced the total weight of the battery
and opened the door for use in applications such as
automotive, spaces, drones, and military application. In
addition to light weight, the flexibility of the design is a big
advantage for this type of batteries compared to others. The
simplicity of the design makes this type favourable for
increasing number of applications. A big concern for this
type of batteries is the swelling. This is mainly due to long
cycling, exposure to humidity and high temperature. About
3% of pouch batteries made reported swelling [3], [13].
The aforementioned battery designs have a dry nature and
mostly operate in electronic applications. Another battery
type not related to this work is the liquid battery found in in
current fossil fuel vehicles. It uses a liquid electrolyte and
hence the name. They come in larges shapes and carry larger
charge. They are a type of the secondary batteries which
means they are rechargeable. For instance, in lead acid liquid
battery, the resultant output is 2V. If this battery is to be used
in cars, 6V is required. So 6 cells are connected in series to
give an output voltage of 12V. This type is capable of
generating high start-up current. Although the previous
battery types mentioned commonly use liquid electrolytes as
well, they have a dry nature and should not be mixed with all
solid state batteries discusses later in this work.

Electrochemical reactions in batteries
In a solid-state battery, chemical reactions take place to
generate an electric charge. This happens between an
oxidizer and a reducer. The reducer oxidizes because it
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releases electrons, whilst the oxidizer reduces and accepts
electrons. This is also commonly known as Redox reaction.
The two electrodes (the oxidizer and the reducer) are made
of different materials (normally metals) submerged in an
electrolyte. An Open Circuit Voltage (Voc) is generated as a
result of these electrodes being in contact with the common
electrolyte. The reaction that takes place between the solid
electrode and the liquid electrolyte involves solid state
diffusion. This results in phase changes and recrystallization in the materials [13]. A typical example is
nickel oxyhydroxide (NiOOH) battery during charging and
discharging:
(1)
(2)
For a rechargeable battery to be commercially viable, it
should withstand a minimum of 500 charge and discharge
cycles [16]. With this continuous charging and discharging,
several issues can occur:
1. Corrosion of the current collector layer which
may lead to a high internal resistance.
2. Loss of porosity due to densification of active
material.
3. Overheating.
4. Dryness of separator layer as a result of
overheating.
5. Expansion of active material from electrode
layers.
6. Gassing of electrode layers if battery is
overcharged.
7. The development of inactive phases which act as
insulators countering effective phase materials.
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With these challenges, further research for a better
rechargeable battery is needed [4].
In terms of electrochemical reactions inside a battery, they
can be classified to four types:

Formation Reaction
In this type of reactions in the electrochemical cells, element
A reacts with element B to form material AB. This can be
simply demonstrated with the following equation:
A + B→AB

(3)

In this reaction, element A travels from one electrode to the
other passing through the electrolyte. It then reacts with the
other element (B) on the other electrode and forms the
material AB. An example of these types of reactions in
batteries can be found in the Lithium Aluminium Battery.
This form of reactions is considered one of the most
important for energy applications. According to Hess’s law
on chemical reactions, it is possible to predict the enthalpy
of the reaction based on its type. In formation reactions, a
chemical reaction occurs between two elements in their
diatomic molecule state to form one mole of a substance [2].

Displacement Reaction
In this reaction, material A reacts with material BX and
displaces it to create material AX. This can be represented in
the simple equation below:

A + XB→AX + B

(4)

11

INTRODUCTION AND LITERATURE REVIEW

CHAPTER 1

Example of this reaction in batteries can be found in Li and
Cu2O reactions. This reaction occurs when element A is more
reactive than element B and the resultant is a more stable
product. Normally A and B must be either metals or halogens
for this reaction to occur. In cation displacement reaction,
one positively charged cation replaces the other. This is a
form of oxidation reduction reaction. Here B is reduced, and
A is oxidized. On contrary to this, when anion displacement
reaction takes place, a negatively charged anion replaces
another. Here A is reduced, and B is oxidized[3], [13].

Decomposition Reaction
This reaction involves breaking the bond between two
materials in a compound resulting in the creation of energy
and the two materials apart. This reaction can be simply
represented in the equation below:
AB→A + B

(5)

It is the opposite of the chemical synthesis reaction where
two or more elements are joined tighter to create a new
compound.

Insertion Reaction
In this reaction, a guest material is inserted to an unoccupied
site on a stable host material. This results in a change in the
composition of the host material with the insertion of the
guest material. This doesn’t however change the basic
crystal structure of the host material. It rather fills
unoccupied locations on the structure and cause a change in
the volume. Example is Li and TiS2.
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As mentioned above, batteries can be classified based on
their ability to be recharged and reused into two types;
Primary (non-rechargeable) and storage (rechargeable).

Primary batteries (non-rechargeable)
This type of batteries cannot be charged. Like other types of
batteries, it converts electrochemical energy into electricity.
This type of batteries is also called ‘throw a way’ battery
since once it’s consumed it cannot be recharged. The popular
model of these batteries is the cylindrical shape with zinc
manganese and zinc-carbon cells mostly used. The more
recent types such as the alkaline and lithium primary battery
dominate the market now and took over the old zinc-carbon
technology due to their higher capacity and long term
stability[3], [13]–[16].

Zinc-Carbon batteries
Also known as the dry cell battery. It is one of the first
batteries to be mass produced. It was invented by George
Leclanche in 1866. As the name indicates, it comprises of
Zinc anode, carbon cathode, and a carbon-oxide, manganese
oxide, zinc oxide and ammonium chloride paste as
electrolyte (Figure 3). The reaction at the anode is presented
as the ordinary oxidation of zinc:

(6)
This creates potential difference of Eo = −0.7618V anode The
reaction on the Cathode is more complex, and can be
simplified as:
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(7)
This creates potential difference of Eo = +1.28V
With the potential difference from the cathode and the anode
is about 2V in theory. But accounting for losses, the overall
potential is about 1.5V and decreases with the consumption
of the battery. However the voltage delivered is the same
regardless of the size of the battery since the reaction is the
same.

Figure 3 Illustration of dry cell zinc-carbon battery[17]. Licensed under CC BY
4.0.

Alkaline batteries
They are created as a replacement of the dry cell batteries in
the 1950s and they use alkaline electrolytes.
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Anode:
Zn(s)+2OH(aq) → ZnO(s)+ H2O(l)+2e−

Eanode = −1.28V

Cathode:
2MnO2(s)+H2O(l)+2e− → Mn2O2(s)+2OH−(eq)

Ecathode = +0.15V

Overall:
Zn(s)+2MnO2(s) → ZnO(s)+ Mn2O3(s)

Ecell = +1.43V

The output of an alkaline battery is about 1.5V. This type of
batteries generates 3-5 times energy generated by dry cell
battery. Figure 4 below demonstrates a cross section of an
alkaline battery.

Figure 4 Cross section of alkaline battery [18]. Licensed under CC BY 4.0.

Storage batteries (rechargeable)
This is where batteries come in more useful. This type of
batteries can normally be used several times depending on
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the type. It is also called (multi cycle) batteries. In principle,
it uses electrochemical reactions to convert chemical energy
to electricity. Then, with the aid of electricity again, those
electrochemical reactions can be undone or restored,
restoring its potential energy to be used again when needed.
This process also involves losses (the amount of electricity
used to charge the battery is higher than the amount of
electricity extracted from it again). Losses here are
dissipated on the internal chemical reactions that is involved
in restoring the potential energy of the battery. This type of
batteries has taken a lot of interest from industries and
research and development (R&D) institutes. That is due to its
wide applications and uses. Rechargeable batteries are
found in mobile phones, laptops, electric cars, and many
other applications. In the initial stages of the development of
rechargeable batteries, two main types were used; lead-acid
and nickel-cadmium alkaline batteries. Then early in the
20th century nickel-zinc and silver-zinc batteries were
introduced. These however had short cycle lives and cost
issues[3], [19].
xA + BX → AxBX

(8)

Nickel-cadmium (NiCd) Batteries
In this type of batteries, the cathode used is nickel-plated.
Anode is cadmium plated, and the electrolyte is potassium
hydroxide (Figure 5). The electrochemical reaction in nickelcadmium batteries is described as:
Anode:
Cd(s)+2OH −(aq) → Cd(OH)2(s)+2e−
Cathode:
NiO2(s)+2H2O(l)+2e− → Ni(OH)2(s)+2OH−(aq)
Overall:
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Cd(s)+ NiO2(s)+2H2O(l) → Cd(OH)2(s)+ Ni(OH)2(s)
This gives an output of 1.2−1.25V. A good NiCd battery can
be recharged over 1000 times and withstand good capacity
retention.

Figure 5 Cross section of a secondary battery [18]. Licensed under CC BY 4.0.

Lithium-ion (Li-ion) Batteries
At present time, this is most popular type of batteries. It is
used in many applications such as smart phones, electric
vehicles, laptops etc. That is due to several advantages:
They can provide a large amount of current.
They are lighter than comparable batteries of other
types.
They produce a nearly constant voltage as they
discharge.
They slowly lose their charge when stored.

17

INTRODUCTION AND LITERATURE REVIEW

CHAPTER 1

The electrochemical reaction in lithium-ion batteries varies
according to the materials used. Below is the reaction for
lithium cobalt oxide (LiCoO2) battery:
Anode:
Cathode:
Overall:

With this reaction, the potential difference output is 3.7V.
This type of batteries (Li-ion) will be discussed in more
details later on.

Batteries vs super capacitors
The most common small-scale energy storage devices are
batteries and super capacitors. Batteries can either be
rechargeable or non-rechargeable. The focus here would be
on rechargeable batteries and the most common
rechargeable batteries are Lithium ion batteries (Li-Ion
batteries). Li-Ion batteries and super capacitors differ from
each other in terms of functionality. Li-Ion Batteries carry
high energy density of up to 0.15 − 0.2kWh/kg and low
power density that is below 1.0kw/kg. While on the other
hand Super capacitors have low energy density of
0.005−0.01kW/kg and high-power density of 10kW/kg. This
attracted attention of electric vehicles manufacturers such as
Tesla ® as the combination of features from these two
different energy storage systems can boost the electric
vehicles industry [20].

Common materials used in batteries
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Common materials used in rechargeable batteries are
mentioned in Table 2. The most common type of
rechargeable batteries at the present time is Lithium ion.
That is due to their high energy density, life cycle, and the
ability to maintain charge for longer period of time
compared to other types in Table 2.
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Special attention is paid on lithium and its uses in batteries.
That is due to its high capacity compared to other materials.

Rechargeable battery technology
Lithium ion batteries have several advantages over alkaline
ones. 1- Carry twice the energy capacity 2- Use organic
electrolytes 3- Have higher energy density 4- Good cycle life
performance[2].

Theory behind lithium ion batteries
Generally, to make the electrodes of the lithium ion battery,
the active material is mixed with a binder. A conductive
agent can also be added. This mixture (slurry) is then used
to coat the current collector. For example, the active material
created for the positive electrode should have the ability to
reversibly intercalate and de-intercalate lithium ions.

Li-ion battery structure
As previously seen in Figure 1, a Li-ion battery has the typical
battery structure described below.
Positive electrode
In Lithium ion rechargeable batteries, the positive electrode
is generally made of lithium metal and a transition metal
oxide. This active material is used to coat a current collector
such as aluminium or copper layer. Common positive
electrode materials are: LiCoO, LiMn2O4 and Lithium nickel
cobalt oxide (LNCO) and others.
Negative electrode
In Lithium ion batteries, negative electrodes are generally
made of carbon-based material or composite. The negative
electrode active material is used to coat a current collector
layer such as aluminium or copper. In general, the thickness
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of the current collectors affect the life cycle of the battery as
it tends to increase with the increase in the current collector
thickness.
Electrolyte
Electrolyte is generally made of lithium salt material and a
non-aqueous organic solvent. It helps the movement of
lithium ions in the battery. Ideally the lithium salt should
have a concentration between 0.1−2.0M. If less than that, the
conductivity decreases leading to poor performance of the
battery. On the other hand if the concentration is higher the
electrolyte becomes thinker and makes it hard for the
lithium ion to move freely.
Separator
A polymer layer made of common polymer materials such as
polyethylene terephthalate film. It has the ability to bend and
rotate without being stretched out. Generally it has a
thickness between 1−30µm and a minimum melting point of
80℃ [21].

Terms and features for rechargeable
batteries
Capacity
The capacity of the battery is the electric charge that can be
extracted from the battery during discharging. It is measured
in Amp.Hour (Ah). The electric charge of a battery is also
measured in coulomb (C) where 1C is equivalent to A.s.
Sometimes the term rated capacity can be found on battery
data sheet from the manufacturer. It is used to indicate the
rated capacity a battery is expected to carry under certain
conditions. In addition, the term residual capacity is also
used to indicate the remaining capacity in a discharged
battery or the capacity remaining in a battery after storage
or certain discharge conditions[22].
2.
Volumetric capacity
1.
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It is the indicator of the capacity of the battery based on its
volume, measured in ampere hours per cubic decimetre
(Ah/dm3) [7].
3.
Areic capacity
It is the indicator of the capacity of a battery based on its
electrode’s surface area, measured in ampere hours per
square metre (Ah/m2) .
4.
Gravimetric capacity
It is the measure of the capacity of the battery based on its
mass. It could be the total mass of the battery or the mass of
the active material within. It is measured in ampere hours
per kilogram (Ah/kg) [22].
5.
Working potential
Working potential of a battery is the difference of potential
voltage between the cathode and anode of a battery[23].
Working potential is measured in (V ).
6.
Specific capacity
The specific capacity of a battery is the current capacity per
unit mass [9]. It is used to determine how much current can
be stored in a battery. Commonly the unit used is (mAh/g).
7.
Stability
The stability of a battery can be described as for how long
can the battery perform as theoretically expected under
storage or under working conditions. In other words, the
time the battery can sustain its consistent functionality
without loss in capacity or degradation.
8.
Energy Efficiency
This feature describes the ratio of the energy provided to the
battery during charging to the energy extracted from the
battery during discharging
[2].
9.
Charge Efficiency
This feature describes the ratio of the electric charge
extracted from the battery to the electric charge provided to
the battery during the previous charging operation[22].
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Lithium intercalation
It is the process of ions or atoms migration through a barrier
in a reversible way. In rechargeable lithium ion batteries for
example, the migration of lithium ions from one side of the
battery through he separator to the other side. During
charging, Lithium ions travel from cathode to anode with the
aid of the electrolyte through the separator. During
discharging the opposite happens where ions[24].
11.
Battery Energy Density calculations
Calculations can be done according to the following set of
equations[25]: In order to be able to determine the energy
density desirable for certain applications, it is important to
calculate the energy density expected from the materials
used in batteries. Based on Faraday’s law, the amount of the
substance participating in a reaction on the battery electrode
is proportional to the amount of electricity passing through
it. That is one mole of the active material participating in the
reaction. The electricity released F is Faraday constant, and
measured using:
10.

F = eNA

(9)

Where e is the elementary charge, 1.6∗10−19 and NA is
Avogadro’s number 6.02∗1023. The value of F then becomes
96,500C or 26.8Ah. According to that, the formula for
theoretical capacity of an active material in a battery is:
(10)
Where m is the amount of active material (g), M is the molar
mass of the active material (gmol−1) and ne is the number of
the electrons in the electrode side.
Then, theoretical specific capacity of active material can be
calculated as follows:
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(11)
Thus energy density can be calculated using:

(12)
Where E0 is electromotive force (volt), K0is total theoretical
electrochemical
equivalent
which
is
equal
to
.
Since the active materials lies in positive electrode and
negative electrode materials, then they can be added using:
(13)
Where
is the theoretical electrochemical equivalent of
positive electrode material and it can be defined as:

(14)
And
is the theoretical electrochemical equivalent of
negative electrode material which can also be defined as:

(15)
Hence the formula for calculating energy density of lithiumion batteries can be written as follows:

(16)
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However, since the active substance cannot be fully utilized
and actual working voltage of a battery is less than the
electromotive forces, the actual energy density should
always be smaller than theoretical value. In addition, since
there are other inactive materials such as conductive
additives, binder, separator, electrolytes, packaging and
electrode tabs, it is important to take into account the real
efficiency for calculating the energy density. According to
literature [28] this efficiency factor is set as ∗0.5. So the final
formula for calculating energy density becomes:

(17)
Where V is actual working voltage of the battery, K+ is actual
electrochemical equivalent of positive electrode material
and K− is actual electrochemical equivalent of negative
electrode material used. From that current density battery
capacities can be derived.

Selected battery materials
Electrochemical energy storage devices or what is
commonly known as batteries have been utilized in many
shapes and using various materials. Common materials used
in rechargeable batteries can be observed in Table 3 and
Figure 6. Usually, the materials used in rechargeable lithiumion batteries are carbon related material such as graphite for
anodes and a metal oxide for cathodes. Some of the most
commonly used materials are surveyed in the literature and
discussed below.
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Table 3 Brief list of common batteries and their main properties. Adopted from
[26].
specifications

Lead Acid

Specific
Energy 30-50
Density (Wh/kg)
Internal
Resistance (mΩ)

<100
pack

NiCd

NiMH

45-80

60-120

12V 100-200
pack

6V 200-300

Li-ion
Cobalt

Manganese

Phosphate

150-190

100-135

90-120

150-300
7.2V

25-75 Pre cell

25-50 Pre cell

Life Cycle (80% 200-300
discharge)

1000

6V pack

500-1000

500-1000

1.000-2000

Fast- Charge Time 8-16 h

1h typical

300-500

2-4h

1h or less

1h or less

Overcharge
Tolerance

Moderate

2-4h

Low cannot tolerate trickle charge

Self- Discharge/ 5%
month
(room
temp)

20%

Low

<10%

Cell
Voltage 2V
(normal)

1.2V

30%

3.6V

3.8V

3.3V

4.2V

4.2V

3.6V

2.5-3.0V

2.5-3.0V

2.8V

High

Charge
Cutoff 2.40
voltage (V/cell)
2.25
Discharge
voltage

Float 1.2V

Cutoff 1.75

(V/cell, 1C)

5C 0.2C

1.00
20C 1C

5C 0.5C

>3C to <1C >30C to <10C

Peak Load current -20 to 50C -4 0 to 45C 32 to 113F
Best Result
to 122F

0 to 45C 32 to 113F

Charge
Temperature

-20 to 50C -4 -20 to 65C -4 to 149F
to 122F

-20 to 60C -4 to 140 F

Discharge
Temperature

3-6 Months 30
-60
(topping
(discharge)
charge)

Maintenance
Requirement

Thermally
stable

Thermally stable fuse protection Protection circuit mandatory
common

Safety
Requirements

Late 1800s

1950

1990

1991

Toxicity

Very high

Very high

low

low

d 60-90
(discharge)

>30C to <10C

d Not required

1996

1999
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Figure 6 Brief representation of energy density comparison of different batteries,
adopted from [27].

Cathode Materials
Lithium Iron Phosphate
This type of cathode material is used in electric vehicles, and
power grid systems[28], [29]. That is due to their long
service life, low cost, low environmental impact and high
current discharge capability. This material however has low
electrical conductivity and to improve its conductivity,
materials such as carbon is used in enhance conductivity.
This battery normally operates at specific energy of 90–
120Wh/kg [11].

Lithium Manganese dioxide (MnO2)
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It is a low cost material, has low toxicity and high voltage
output up to 4.2V[30]. It can be found in several polymorphic
forms. Work has been done on this material due to its
stability in the long term and its structural properties. For
instance, its hollow and porous Nano-structure was studied
by research group Yue et al in China. They investigated the
preparation of manganese dioxide with hollow Nanospheres using carbon Nano-spheres as template. They
managed to obtain specific capacity of 840mAh/g at rate
100mAh/g for 60 cycles. They also observed reversed
property of this battery at 500mAh/g where the battery
demonstrated capacity retention of 637mAh/g after 150
cycles. This unique feature of reversed capacity is also
present in some perovskite batteries as will be explained
later[31]. This material can also be utilized along with other
materials to cathode or anode coatings. Typical capacity of
this type of batteries is 100–150Wh/kg.

Lithium Cobalt Oxide
First reported by Goodenough et al in the 1980s and first
commercialized by Sony Inc. Lithium Cobalt Oxide cathode
and graphite anodes made big change and attracted
attention towards rechargeable lithium-ion batteries [32],
[33]. Batteries made with this material have high capacity
(150−200Wh/kg) and can operate at potential difference of
around 3.6V[11]. This material has a layered structure that
builds up with lithium-ion batteries. The disadvantage for
lithium cobalt oxide batteries is the high cost of cobalt, the
short life cycle due to lithium plating and anode thickening.
In addition, fast discharge can cause overheating and
damage the battery.

Lithium Manganese Cobalt Oxide
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This battery combines the advantages of operating voltage of
Manganese Oxide and the high capacity of Cobalt Oxide. It is
not commonly used though. The more commonly used
combination includes the addition of Nickel in the equation
which further improves the electrochemical properties and
provides higher energy density as Table 5 illustrates [34].

Lithium Nickel Oxide
Huang it al reported the use of lithium nickel oxide in ink-jet
printing for electronic applications[35]. They presented a
considerably simple method to print conductive layers of
lithium nickel oxide using acetic acid as a solvent. Ink-jet
printing of lithium nickel oxide is a useful method that is
used in lithium ion batteries electrodes making. Not much
has been presented in literature utilizing this material in
lithium-ion batteries cathodes. Instead it found more uses in
capacitors as Jezowski et al presented in their work
explaining a better cyclability achieved using this material
[36]. More common use of this material is as a composite
with other materials such as manganese and cobalt to
achieve a more desirable cathode property material for
lithium ion batteries.

Titanium (II) Oxide
TiO is used widely in electronics applications such as
capacitors, super capacitors and batteries. This inorganic
material is normally combined with other materials to reach
more stable status and more desirable properties i.e. better
electrical performance, capacitance etc [37]–[39].Yang it al
reported the use of TiO with 1,4benzoquinone as a cathode
for lithium ion batteries[40]. This composite materiel was
able to demonstrate good cycling performance (80.7 after
100 cycles), and had capacity of 441.2mAh/g. This makes it a
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Lithium Manganese Oxide LMO
(LiMn2O4)
It is a widely used cathode material. That is due to its
relatively low production cost, and the low environmental
footprint. The disadvantage of this material is the instability
and the drop in capacity in operating conditions above 55oC.
LMO cathodes carry within a 3D spinal structure. This
improves the mobility of ions and reduces internal
resistance. In addition it has high thermal stability and
safety. However the cycle life of spinal cathode batteries is
narrow[11], [30].

Lithium Nickel Manganese Cobalt NMC
(LiNixCoyMn1xyO2(x0.5))
Lithium Nickel Manganese Cobalt combines several material
technologies that improved the properties of the materials
that make the structure. LiCoO2 for example has good
capabilities for lithium intercalation and de-intercalation.
However it lakes the structural stability. In addition, its best
cycling performance is at 140mAh/g which is its half
theoretical capacity add to that the high cost of cobalt. So
interests in finding better formula for better performance,
stability and reduced cost all derived the research to
investigate the use of materials such as LiNiO2. It is cheaper
than LiCoO2 and more environmentally friendly. Its
theoretical capacity is about similar to LiCoO2 at 274mAh/g
and has similar structure. The disadvantage is that the
stoichiometric compound is not easy to find. That is due to
Ni2+ having an atomic radius similar to Li+. This leads to the
migration of some Ni2+ atoms to replace Li+ atoms during
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high temperature calcination which transforms the
structure. Moreover, Ni2+ atoms don’t easily oxides to Ni3+.
This leads LiNiO2 to phase decomposition at high
temperature calcination and the non-stoichiometric LiNiO2
are not considered good conductors. During charging, Ni2+
atoms are oxidized to Ni4+ and Ni4+ which leads to the
deterioration of the crystal structure of LiO6. This would
decrease the diffusion capability of Li+ during discharging. So
the less there is Ni2+ the better for the crystal structure
stability and Li+ diffusion. Finally LiNiO2 experiences
irreversible phase change and becomes inactive during
charging. With all this, further research was done to yet find
a better formula to overcome these challenges. Researchers
looked at spinal LiMn2O4. Similar to LiNiO2 it is a low cost
material and environmentally friendly. It has good Li+ ions
diffusion capability due to its 3D channels structure. It has
good charge and discharge cyclability under normal
temperatures (< 50oC). However, its theoretical capacity is
about half of that for LiNiO2 and its Mn3+ ions experience the
Jahn-Teller effect [2], [3]That is the generation of hydrofloric
acid (HF) which will lead to Mn3+ being dissolved and the
deterioration of electrochemical performance [25]The
performance of the combination of Ni, Co, Mn oxides with
lithium ions was found to have better performance
compared to having them separately as discussed above . For
instance, LiNixCoyMn1−x−yO2 combination would give different
sets of performances when the value of x is over 0.5 and the
voltage cut-off is greater than 4.5V . That is after optimizing
the concentrations of these materials in the compound.
Three main combinations were investigated in research and
development for the electric vehicles (EV) industry.
LiNi0.5Co0.2Mn0.1O2 (NCM523) , LiNi0.6Co0.2Mn0.2O2 (NCM622)
and LiNi0.8Co0.1Mn0.1O2 (NCM811). The difference in these
compounds lies in the concentrations of the materials which
as a result affect the total energy density. Table 4 and Table
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5 explain these variations in energy densities. The
calculations are explained in the battery density calculations
section.
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Table 4 Energy densities of LiNixCoyMn1-x-yO2 common compounds under research and development
for EV industry. (With Si-C anode) [26].

Table 5 Energy densities of LiNixCoyMn1-x-yO2 common compounds under research and
development for EV industry. (With Graphite anode) [26]
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Lithium Nickel Cobalt Aluminium
Oxide NCA (LiNiCoAlO2)
The general formula for NCA is LiNi1–x–yCoxAlyO2. This
material benefits from the addition of Ni at the cost of Co
concentration. This delivers higher total capacity since Ni
has higher capacity than Co, in addition to the reduction of
cost when less Co is used. The operation voltage for NCA is
4.2−4.3V which is high compared to other materials.
However the disadvantage of introducing Ni to the mixture
is comes from the fact that Ni leads to less structural and
thermal stability of the cathode material [41]. Moreover,
after lithiation, some Li+ ions remain on the surface of the
cathode as Li2CO3 or LiOH. These reactant materials can react
with the electrolyte which leads to gas formation and the
swelling of the battery. This deteriorates the structure and
performance of the battery. One way of reducing the effect of
gas generation is reported by Kim et al via coating cathode
surface with oxide materials[39], [41]. They demonstrated
the effectiveness of this method without sacrificing the
performance of the battery.

Others batteries, challenges and
solutions
These include:

Nickel–cadmium battery
This Alkaline battery has been first invented by W. Jungner
in 1899. The main challenge of this type of batteries is in the
electrolyte. It tends to degrade due to CO2 absorption as the
battery ages. The electrolyte tends to attracts absorbed CO2
and form carbonate solution which weakens the
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performance of the battery as Pourabdollah presented in his
research [42].

Nickel–metal hydride (Ni-MH) battery
This type of batteries has the ability to store energy with
efficiency of 70−90. They offer good level of safety,
cyclability, are cost effective and have capacity of 290mAh/g.
The electrochemical reaction for this battery happens on
30wt KOH aqueous solution amid redox reactions:
On the positive electrode
(18)
On the negative electrode
(19)
Giving a total reaction of
(20)
Research done by Uesato et al at Hiroshima University
presented a way to use this type of battery design along with
Hydrogen gas anode to make a hybrid cell [43]. They proved
its feasibility and the improved in performance over the
typical Ni-MH battery. That is 275Wh/kg energy density for
the hybrid model compared to only 189Wh/kg for the Ni-MH
without the utilization of hydrogen. Further research is
recommended for this design for wide scale commercial use
[43].

Nickel–zinc battery
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This type of rechargeable batteries have the advantage of the
being low cost and environmentally friendly. However due
to the hydrogen evolution reaction on the anode (zinc), this
type of batteries suffers from drop in the columbic efficiency.
In addition, the generation of hydrogen increases the
internal pressure in the cell which degrades the
performance. Research to hinder the hydrogen evolution
reaction has been done including the use of solid
electrolytes, the development of 3-electrode model and the
attempt to use black phosphorus in a flexible battery [44].

Lithium Sulphur
Lithium sulphur is a promising battery model for research
due to the high theoretical capacity of sulphur (the cathode)
of 1675mAh/g and its environmentally friendly and cost
effectiveness. Its theoretical energy density is about
2500Wh/kg and a practical energy density of 500Wh/kg
which is 2−3 times higher than average lithium-ion batteries.
Lithium sulphur battery shares similarities with current
commercial lithium-ion batteries in terms of structure and
principle of operation. It uses the same separators (i.e.
Polypropylene). The main difference is at the start of the
battery life since the cathode is sulphur and anode is the
lithium. This means that the sulphur is in the charged state
and that the battery starts with discharge [45].
It is worth explaining the charge-discharge profile of lithiumsulphur battery as it shares some aspects to the current
research on other lithium-ion batteries. Figure 7 presents a
charge-discharge profile for a lithium sulphur battery.
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Figure 7 Lithium-sulphur charge-discharge profile [45].

In the discharge state, lithium oxides at the anode and
produces lithium-ions and electrons. Li-ions start migration
towards the cathode inside the battery and the electrons
move towards the cathode through the external circuit. The
reduction of sulphur is divided in to two stages. The first
being at 2.4−2.1V and the other at 2.1−1.7V. The first
experiences the formation of long chain poly sulphides and
the other represents the conversion of Li2S4 to solid-phaselower-order Li2S2 or Li2S as Zhu et al explains.
This can be observed in the following reactions:
First region:

S8 +2Li → Li2S8

(21)

Li2S8 +2Li → Li2S8−x + Li2Sx(4 ≤ x < 8)

(22)

Second region:
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2Li2Sx +(2x −4)Li → xLi2S2

(23)

Li2Sx +(2x −2)Li → xLi2S

(24)

Li2S2 +2Li → 2Li2S

(25)

The disadvantage of lithium sulphur batteries is the rapid
fading of its capacity [49]. In addition, the insulating nature
of sulphur and its intermediates made it harder for this type
of batteries to be widely commercialized [45]–[47].

Lithium Air
This relatively new battery model operates when the lithium
on the anode of the battery oxidizes and the oxygen is
reduced on the cathode which would generate a current
flow. They operate at a nominal voltage of 2.91V and can
provide a theoretical specific energy of around 40MJ/kg. This
is 5 times more than lithium batteries or about the same as
gasoline. However technology suffers from the formation of
dendrites during the charging operation which accumulates
lithium as small towers which consequently causes the
battery to halt. Interest is increasing in this type of battery
due to its potentials [48].

Lead Acid
Oldest rechargeable battery type invented in 1859 by Gaston
Plante. It has found its uses in conventional vehicles (to start
the engine) due to its ability to supply high current. That is
despite its low specific energy. Its negative side carries out
the following chemical reaction:
(26)
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Whilst its positive side reacts as follows:
(27)
Giving a total reaction of:
Pb(s) + PbO2(s) +2H2SO4(aq) → 2PbSO4(s) +2H2O(l)
Ecello = 2.05V
(28)
Despite its wide use in transport and conventional vehicles
industry, it is not very attractive to the electric vehicles
industry due to its low pacific energy density. Electric
vehicles require batteries to have high energy density to be
able to operate the car for longer period of time [2].

Lithium-sulphur
This emerging type of rechargeable batteries have a specific
energy of up to 500Wh/kg. This is about double of what
current lithium-ion batteries provides. In addition, the use of
sulphur reduces the cost of the battery. They also
demonstrate competing cyclability of up to 1500cycles and
operate on a nominal voltage of 3V . However the
disadvantage of this type of batteries is the low electrical
conductivity of sulphur cathode which is of increased
interest for research and development[45], [46], [49].

Sodium ion battery
Similar to lithium-ion batteries, this battery uses sodium
ions to carry charge and generate current. They operate at a
nominal voltage of 3.6V and the advantage of this type of
batteries is its ability to cycle for up to 2000 times. In
addition, sodium is much cheaper compared to lithium and
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is environmentally friendly. However their specific energy is
∼ 100− 115Wh/kg compared to 100−265Wh/kg for lithium
which makes lithium more attractive for applications that
requires sustained specific energy [50]–[52].

Li3V2(PO4)3 (LVP)
This material has been developed in an attempt to replace
the more expensive less environmentally friendly cathode
materials such as LiCoO2. LVP also has a good theoretical
capacity of 197mAh/g (Figure 8). This makes it a suitable
candidate for electric vehicles applications as Rui et al
explained. Generally, LVP can be found in two different
structures. The first being the rhombohedral (sodium superionic conductor) NASICON and the second is the mono-clinic
form. The difference between the two lies in the crystal
structure. The rhombohedral structure is denser compared
to monoclinic. The voids in the two structures allow the
lithium ions to intercalate and fill in those gaps. However
because the mono-clinic structure has more gaps in-between
its molecules its electrochemical performance is better
compared to the first as Yin et al presented in their NMR
testing [53], [54].
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Figure 8 Common cathode materials and their practical capacity and operating
voltage [54].

Anode Materials
The main focus in this thesis is on the development of the
anode side of the battery. A general overview of common
anode materials are discussed below.

Carbon Nano Tubes (CNTs)
Zhang et al present in their paper a way to use a uniformly
arranged CNTs which led to a better performance and
conductivity [55]. That is done by staking Tin Oxide (SnO2)
in between the structure voids of the arranged CNTs. Similar
to a steel-concrete structure found in buildings. This unique
method provided a more stable structure and maximized the
active material’s capacity. The novelty was the constructing
the CNTs in an engineered way where they are stacked
uniformly. This is generally hard to achieve and is not cost
effective. The high surface are of CNTs can be a disadvantage

42

INTRODUCTION AND LITERATURE REVIEW

CHAPTER 1

due to the potential difficulty of mixing them homogeneously
with other anode materials which would have lower surface
area along with their wet-ability and adhesion with the
binders [55]. This makes them less desirable as prime cathod
material and more desirable as an additive to enhance
conductivity.

Carbon Black
Carbon black (CB) has been reported as a potential
replacement for lithium ion batteries anodes. That is due to
its effect on increasing the cycle life and anode polarization.
However due to its relatively low charge/discharge capacity
and its large first cycle irreversible capacity CB didn’t receive
as much attention as some other carbon-based materials i.e.
graphite. Its first cycle irreversible capacity drop can be
explained due to the high surface area of CB which helps lead
to formation of solid electrolyte inter-phase layer (SEI) [56].
For instance LiMn2O4 was used as cathode along with a CB
anode proved the effect of CB on the irreversible first cycle
capacity drop as D. H. Jang et al presented in their study. In
addition, D. H. Jang et al also proved the effect of surface area
of CB on polarization of the electrode [57].

Lithium Titanium Oxide LTO (Li4Ti5O12)
This material is considered a promising replacement to
carbon-based i.e. graphite anode materials for lithium ion
batteries. That is due to possessing better properties with
lithium ion processes of insertion and extraction
reversibility. This allows good cycle life and capacity
retention under wide range of operating temperatures. In
addition, LTOs have high and stable operating potential of
1.55V vs Li/Li+ and this helps prevents lithium metal
deposition. However, due to the low electrical conductivity
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of LTO for having an empty 3rd state on the Ti with a band
gap of 2 eV and high cost and high temperature instability
this material requires further research and development to
be considered for commercialization [37].

Silicon
Silicon attracted attention for use in anode materials for
lithium ion batteries due to its high capacity (4212mAh/g)
and low working potential (0.5V). However, one of the
biggest challenges in utilizing silicon is its large volume
change during lithiation. Silicon experiences large volume
expansion when it is charged at and this deteriorates the
performance of the battery.
In the paper “Chemical Evolution in Silicon” published in ACS
Materials and Interface, Rose Ruther et al investigated the
problem of swelling and loss of performance for lithium ion
batteries utilizing silicon [58]. Using a high capacity material
such as silicon is promising for the total capacity of the
battery however it is a challenge to the cycle life. This is due
to the fatigue that occurs due to the oxidation reduction
reactions, the loss of lithium crystals and their conversion to
the amorphous phase, the lithium alloying with silicon which
leads to the expansion of the silicon volume. These
challenges are looked in their research using the spectrum of
Raman and Fourier Transforms for Infrared, X ray diffraction
and the SEM images. Rose Ruther et al observed the
behaviour of the lithium intercalation and de-intercalation
for the first few cycles and after 100 cycles. They noticed the
loss of capacity on the long term cycling due to the challenges
mentioned. In particular the formation of unwanted
materials that resist the reversible migration of lithium ions
between the cathode and the anode. They observed what are
the reactions and the materials that comes as a result of this.
They used a full cell pouch type in their work. They did
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disassemble it using the known method for cell disassembly.
Their analysis aids the understanding of the behaviour of
silicon as anode material in lithium ion batteries [58], [59].

1.7.4.1

More advancements on
silicon

The advancement of silicon anodes for lithium ion batteris
has not stopped for the last decade. Last year more than
1100 publication was listed on Science Direct website for
Elseiver as Figure 9 illustrates. A more detailed investigation
on the material of interest for this work – silicon is presented
here.

Figure 9 Number of publications on silicon anodes for lithium ion batteries on
Science Direct website as of Mid May 2021.

Silicon anode’s structural stability was investigated by Yao
et al when they introduced carbon nanofibers (CNFs) with
silicon nano powder. The addition of CNFs to the mix
increased the stability of the anode and reduced the number
of cracks on the surface [60].
Other attempts included introducing lithium titanite to
support the stability of the silicon expansion [61]. This
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method however requires radio frequency magnetron
sputtering where silicon and lithium titanite targets are used
as sputtering source. Silicon thin films are then deposited on
multi-walled carbon nano tubes (MWCNT). This mix
provides higher level of structural stability but is relatively
more expensive compared to the more simpler speed mixing
methods [62]. Pre-lithiation was also one of the techniques
used. In this method the silicon anode is put in contact with
lithium before assembling it into the cell. This allowed silicon
to intercalate with lithium ions which maximises the active
material surface when discharging is conducted. They also
tried controlling the thickness of the pre-deposited lithium
using heating and evaporation [63], [64].
Xie et al. tried encapsulating silicon nano powders into a
nitrogen-enriched porous carbon matrix using CaCO3. This
yielded in improved battery performance where the battery
retained 81% of its capacity after 200 cycles [65]
Other groups used 2D graphene to enhance the conductivity
between the anode particles. [66] et demonstrated that the
addition of graphene layers hot only improved conductivity
but also added to the structural stability as well. Han et al
showed that the silicon anode had an increase in volume of
about 13% after 100 cycles compared to the much higher (up
to x4 times) potential silicon volume expansion. They also
received a relatively high capacity of more than 2600 mAh/g
after 500 cycles [67].
Other research groups investigated electrochemical etching
with hydrofluoric acid to prepare silicon from silicon crystal
wafers. This method used CNFs as matrix and resulted in a
capacity of 670 mAh/g after 100 cycles [64]. Alternatively
ball milling was used as a was to synthesise silicon micro
powders. Several groups used this method and prepared a
mix of silicon and graphite powders [58], [68]–[72].
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Cost of materials

The cost of the most common battery materials is vital to
understand where the development of this technology is
headed. Anode materials such as graphite and silicon are
listed in Table 6 below with some of the common cathode
materials such as NMC variants and MWCNTs material
mentioned here for reference.
Table 6 Prices of some of the active materials used in lithium ion batteries.
Source:

, and (Merck – Sigma Aldrich) for the MWCNTs and rGO.

1.7.4.2

Cost comparison for
potential EV applications –
case study

In a study conducted by Wang et al, they compared between
the manufacturing cost of a silicon based battery unit and
graphite based for electric vehicle applications [73]. They
used the ccathode material as Lithium nickel manganese
cobalt oxide (LiNi1/3 Mn1/3 Co1/3 O2, NMC) and anode material
was silicon nanowire (SiNW) or graphite. For their power
output they assumed 120 kW required and simulated a
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required distance of 320 km. In their findings they concluded
that the SiNW was the more cost effective option both in
terms of manufacturing and as a more suitable solution for
the EV’s capacity to weight ratio. This can be observed in
(Figure 10, Source [73]). They also laid out the
manufacturing procedures in a clear way as can be observed
in the same figure. The main steps followed here were:
1. Battery pack manufacturing
2. Configuration/sizing of the battery pack
3. Cost modelling of the battery pack and
manufacturing processes
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Figure 10 Comparisons between the silicon-based and graphite basted battery
packs in terms of: Mass, volume, gravimetric capacity and volumetric energy
density (A), Cost of materials and manufacturing in USD-$ (B), and Logic steps for
the manufacturing processes of the battery cells (C). These figures are presented
here as developed by Wang et al in their study.
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Germanium
Similar to silicon, germanium has a high capacity of
1348mAh/g. This makes it very desirable for the different
electronics applications including rechargeable lithium-ion
batteries. It can be utilized on the anode side and can be
alloyed, 3D printed, used as Nano-wires, and as composite
with other materials. However, it also shares the same
disadvantage of silicon of having volume expansion during
charging and discharging which degrades battery
performance and limits its functionality [74].

Tin
Tin is also an interesting material to work with as a
replacement to graphite with a theoretical capacity of about
993mAh/g. This makes it attractive to LIBs similar to its
neighbouring elements Ge and Si. However, it also shares the
same volumetric change as Ge and Si during lithium
insertion and extraction which limits its functionality [75].

Others
(Perovskite) Barium Titanium Oxide (BaTiO3) or BTO
(Figure 9) is s material with piezoelectric feature. With this
it has the potential to improve the electrochemical
performance of lithium-ion batteries. That is by creating an
electric field in response to a mechanical stress applied. The

piezoelectric feature was investigated by several research
groups around the globe for use in lithium-ion batteries. For
instance, self-charging battery design was reported utilizing
this feature. Mechanical stress can be applied also from
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within the battery itself. For instance due to the nature of
silicon of undergoing volume expansion under charging and
discharging, this volumetric change also carries mechanical
stress that can be utilized for the activation of piezoelectric
feature of i.e. BTO. This question requires stages of
optimization and testing. Lee et al from Samsung Advanced
Institute of Technology investigated this feature. They
experimented the use of BTO and silicon as composite anode
material for lithium ion batteries and have found that use of
BTO improved the capacity retention of the battery [58].
In another study Xia et al integrated BaTiO3 and silicon
monoxide with CNTs to develop a composite anode material
[76]. They dispersed the composite mix uniformaly in an
amorphous carbon matrix which provided additional
support and allowed the stress developing from the silicon
volume expansion to transfer to the BTO. The battery
retained more than 92% of its capacity after 200 cycles.
The compatibility of BTO with silicon made it ideal candidate
to be used in this research over materials from the same
caliber [76], [77].

Figure 11 BTO perovskite structure

Electrolyte
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Another focus of this thesis was the electrolytes used with
lithium-ion batteries. In this section, a brief survey of
electrolytes is given.

Liquid Electrolyte
Liquid electrolytes are the more common form of
electrolytes in lithium-ion batteries. They play an important
role in transporting the lithium ions between the cathode
and the anode. Hence it is critical for the electrolyte to be
pure and of good electrochemical quality. A common
electrolyte comprised on lithium salt is LiPF6. it is generally
dissolved in an organic solution. Its performance can be
enhanced by adding some additives. LiPF6/EC/DMC is widely
used in lithium-ion batteries due to its high performance.
Lithium hexafluorophosphate (LiPF6) is dissolved in
Dimethyl carbonate (DMC) and Fluoroethylene Carbonate
(FEC) is added in certain percentage for performance
improvement[78], [79]. The organic compound acts as
supporting source to facilitate the transfer of lithium ions
from the cathode at o the anode and vice versa. Some of the
common lithium salts can be observed in Table 7 below:
Table 7 Common lithium slats used to form liquid electrolytes [21].

#

Lithium

1

LiPF

2

LiBF

3

LiAsF

4

LiClO

5

LiCFSO

6

Li(CFSO)N
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8
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Concentration of salts presented in Table 6 of one or a
combination of the salts is preferred to be 0.1 − 0.2 in the
electrolyte. Less concentration would reduce conductivity
and it higher concentration increases viscosity would reduce
the mobility of lithium-ions [21].

Polymer Electrolyte
The advantage of polymer electrolytes is the fact that is can
allow development of flexible devices and wearables.
Generally, polymer electrolytes can be developed in tree
forms: 1. Composite polymer electrolytes; 2. Dry solid
polymer electrolytes and; 3. Gel polymer electrolytes. Figure
12 presents different electrolytes used in battery research
and development.
Composite polymer electrolytes offer more capabilities for
better electrolyte. Common additives are conductive ceramic
fillers such as zeolites and ionites [80]–[82]. This improves
the conductivity of the electrolyte and its inter-facial
properties with electrodes. In dry solid polymer electrolytes,
the solid polymer is the solvent and there is no organic
solvent involved. This offers very low ionic conductivity (10
− 6S/cm). However for gel polymers, due to their viscus
nature, they have poor mechanical strength and despite that
they can have good conductivity, they can be reactive with
lithium and hence their compatibility with lithium
electrodes might degrade rapidly [83].
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Figure 12 Chart of different electrolytes used in batteries [84]

Separators
Separators prevent direct contact between the two
electrodes to avoid short circuit and yet they allow the
migration of lithium-ions from cathode to anode and vice
versa.

Glass fibre (GF)
GF is common membrane used in lithium-ion batteries due
to its highly porous structure and high thermal stability. This
enhances the liquid electrolyte uptake and leads to good
battery performance [46].

Polymers (PP and PE)
Polymer separators generally have rigid yet flexible
characteristics which make them useful for batteries with
different types and shapes. They can be rolled and stretched
and yet still maintain their isolative properties. In addition,
they can operate at considerably high temperatures (80oC)
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at which most batteries operate. They generally have
thickness of 1−30um [21].

Binders and surfactants
Karkar et al conducted in a study comparison between two
commonly used surfactants for anode materials for lithium
ion batteries [65]. These materials are Carboxymethyl
cellulose CMC and polyacrylic acid PAA. These materials are
a form of polymers and make the solubility of other anode
materials easier and reduce the surface tension between the
particles. Their relationship with viscosity is controversial
[85], [86]. The higher the weight percentage of these
materials in the total mixture the lower the viscosity and the
poorer the mixing. That is due to the formation of coagulatelike regions within the wet slurry. For optimum coating
viscosity, anode coating thickness on copper current
collectors should be between 1−5 mm. To obtain such
optimum viscosity, some calculations must be made. In their
work here, Karkar et al presented an experimental work
which was based on trial and error rather than calculations
and prediction of optimum performance. Despite that, they
provided valuable sets of data and information that are very
useful for making composites for anode materials for lithium
ion batteries. That is in terms of mixing, synthesis and
coating of anode materials. They showed that around 10 of
both materials can provide a near to optimum cycle life [84],
[87]. For further research, other materials of interest would
be PVDF due to its stability and effectiveness in inhancing the
mixing process during composite preparation [88]–[91].

Summary and conclusions
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Battery technology has attracted high interest in both
scientific and industrial communities. It is involved in many
devices around us, its usage is increasing and billions of
pounds are invested in this technology research and
development every year. It is important to develop batteries
with high capacity, fast charging capabilities and high cycling
stability. Lithium-ion batteries in particular have been
widely used and have proven to be both reliable and effective
in these characteristics. However the aspiration to develop
batteries that are environmentally friendly, low in cost and
safer has pushed the research and development to look at
alternatives to lithium-ion. This includes lithium-air
batteries, sodium, sulphur, graphene and others. These
batteries still suffer from poor performance and stability.
With further research and development these types of
batteries may successfully make it to commercialization in
the next few years. Still however lithium-ion batteries are
expected to stick around for years to come due to their
unmatched overall performance.

Aims of this work
The development of State-Of-The-Art rechargeable lithiumion batteries through the use of high capacity materials such
as silicon, and the use of cutting-edge nano technologies such
as Perovskite BaTiO3 in the optimization of the battery nano
structure and capacity performance.

Objectives
•
•

Investigate the different battery types and structures
via thorough review of literature.
Design high capacity batteries using cutting-edge
technologies and materials Si, carbon and BTO Nanomaterials.
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Identify challenges in using cutting-edge technologies
and ways to overcome them. This includes achieving
stable capacity retention after repeated cycling, as
well as sustaining light-weight and ultra-high
capacity characteristics.
Test the lab-made batteries and analyse their battery
performance cycling data sets.
Characterize the properties of the emerged design
using different characterization techniques and
instruments including: SEM, AFM, Raman and XPS.
Optimize the design and the use of materials and
develop a better-functioning battery design.
Investigate the feasibility of using this type of
batteries on energy storage applications, with prime
focus on light-weight and high energy density battery
applications such as EVs and portable electronic
devices
Publish the progress in this work and produce a PhD
thesis to be submitted to the University of Lincoln.

The potential of developing this Silicon/Carbon/Perovskite
batteries would have a high impact on the emerging
technologies such as EVs which require high capacity, low
weight, low volume and highly durable and rechargeable
energy storage devices. Primarily, EVs would benefit form a
successful battery model of this form in: extending their
mileage range before the need to stop and recharge the
battery; reduce their total weight via using batteries with
higher specific capacity and; the potential reduction in the
cost of EVs via the use of affordable materials as per the
proposed battery model.
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Techniques
*Featured as a book chapter in: “Emerging
Nanotechnologies for Renewable Energy,
Elsevier, 2020”
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t the present time, energy generation and storage
technologies continue to play a fundamental role
in accelerating the integration of high-tech
applications in our lives. For example, many of
today’s mobile and transport applications rely
on energy storage devices and systems. Thus it is important to
keep developing such technologies. This chapter discusses
some of the state-of-the-art characterisation techniques that
are used to investigate the performance and quality of
laboratory-made energy devices. The focus is on lithium-ion
batteries, given their significant importance and dominance of
the battery technology field. To study the surface science of
electrodes and energy generation and storage devices, systems
such as x-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, scanning electron microscopy (SEM), energy
dispersive x-ray spectroscopy (EDX), x-ray diffraction (XRD),
and atomic force microscopy (AFM) are used in this work.
Keywords: Characterisation Techniques, XPS, Raman, SEM,
XRD, AFM

Introduction
Energy storage technologies embrace a wide range of
materials and concepts in physics and chemistry. The
characterisation of these materials and their properties is
key to improving these technologies. Spectroscopic,
structural, morphological and electrical analysis techniques
are similar throughout and are vital for a better
understanding of energy storage physical and chemical
properties.
Spectroscopy is the study of the interaction of matter with
electromagnetic or photon wave radiation [92]. Techniques
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such as x-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy are used in this research and detailed below
but many others exist. Other techniques such as x-ray
diffraction (XRD) is discussed here as a Diffraction methods.
It allows for structural analysis such as determining atomic
positions, lattice parameters and strain, crystallographic
group and secondary phases. For optical visualisation of
samples, microscopy at higher resolution than with what the
eye can see is used. Optical, electron and scanning probe
microscopy are all utilised for this purpose. Optical
microscope, Scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and atomic force
microscopy (AFM) are discussed in this chapter. For electric
and electronic characterisation, battery cycling system is
discussed in details as well.
Nanoscale materials come with unique challenges in
characterisation compared to films or bulk materials.
Properties can widely differ in size and distribution of
nanoscale features. Nanotechnology is at the forefront of
battery fabrication and optimisation due to the potential for
low-cost, improved efficiency and cost that a more optimised
battery can bring.
The information gleaned from each characterisation
technique is highlighted and references to examples from
literature where the techniques are employed are included.
While the list is not exhaustive, it provides a good
introduction to the main characterisation techniques used in
this field in general and this research in particular. A brief
introduction to further techniques and a case study are also
presented.

Characterisation Techniques
Several characterisation techniques are explained in this
section.
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X-ray Photoelectron Spectroscopy
(XPS)
Introduction
X-ray photoelectron spectroscopy (XPS) is a powerful
surface analysis technique used to identify the elemental
composition of a material, element species, oxidation states,
valence band positions and work functions. It is an ultra-high
vacuum technique (on the order of 10 nm probing depth)
that is very sensitive to changes on the surface. The primary
advantage of XPS analysis is the possibility to monitor shifts
in oxidation states and formation of different elemental
species. This gives a host of information on the chemistry of
the surface of the sample and can be used to monitor changes
and deterioration mechanisms in batteries and other
devices.
Basic Principles
Common XPS system and the one used in this research uses
characteristic Al Kα or Mg Kα x-rays impinging on a sample
under ultra-high vacuum (10-9 mbar), and ejecting core level
electrons from the sample material by the photoelectric
effect. The incident radiation energy (ℎ𝜈) is known as (Al Kα
= 1486.6 eV and Mg Kα = 1253.6 eV) and the kinetic energy
of the emitted electron is measured. The binding energy
(𝐵𝐸) of the core electron is then calculated by deducting the
measured kinetic energy ( 𝐾𝐸 ) of the electron from the
incident energy (ℎ𝜈) as presented in the following equation
and can be observed in Figure 13:
𝐵𝐸 = ℎ𝜈 − 𝐾𝐸

(29)
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Figure 13 Schematic of the photoemission process. Source [93].

As standard, an XPS spectrum is a plot of 𝐵𝐸 versus counts
or counts per second (CPS), where all energies are relative to
the Fermi energy of the sample. Since a given atom has
quantised electron energy in its orbitals which is a
characteristic identity of that element, the binding energy of
the emitted electron can be ascribed to the element it came
from. This helps identify the elements and their species in
the tested sample. Detailed tables of BE exist of the expected
energies of electrons emitted from different orbitals and
atoms that help identify a given BE and attribute it to a
certain element or specie [94].
If an atom is bonded to a more electronegative neighbouring
atom it becomes slightly more electropositive. This lead to
the increase in BE of the electrons in the electropositive atom
causing the emitted electron to have a lower kinetic energy.
In addition, a corresponding small chemical shift in the core
level features can be seen for an atom bonded to a more
electropositive atom. For example, if a thin layer of silicon
dioxide (SiO2) forms on the surface of silicon Nano powder,
the silicon peak would show a second peak at higher binding
energy while the oxygen region will display a peak shifted to
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lower binding energy, as will be presented later in the results
chapters.
The inelastic mean free path (IMFP) for a photoelectron
depends on its kinetic energy, and hence on the exciting
photon energy. Generally for lab based X ray sources, the
IMFP is of the order of 3-7 nm, which is why it is surface
sensitive. On the other hand, by using high X ray energies, i.e.
at the synchrotron, the IMFP can be >10 nm allowing for bulk
sensitive measurements [95]. This can be observed in Figure
14.

Figure 14 Universal curve of IMFP (nm) vs Kinetic Energy (eV). Source [95].

XPS System
Measurements for the XPS system (Figure 17) are
undertaken in ultra-high vacuum (10-10 mbar). This is the
base pressure electrons emitted from the sample can
traverse the chamber and reach the detector unhindered. Xrays are generated when electrons are emitted from a
filament by thermionic (Figure 15) and field emission. These
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electrons are then accelerated by a high voltage (on the
order of 10 keV) for core level measurements and impinge
on a thin metal (Al or Mg) target. The target atoms are
excited and emit characteristic radiation in the x-ray regime
upon relaxation, as well as in the broad bremsstrahlung
band. Bremsstrahlung is removed from the impinging
radiation by a thin foil covering the end of the x-ray gun.
Figure 16 present a schematic of a monochromated XPS
used as a main instrument in this work; and Figure 17
represent a detailed image of the lab XPS system used for
training, to generate initial results and to study the different
XPS signals.

Figure 15 Thermionic emission gun schematic. Source Jeol ® Japan Ltd 2020

A hemispherical analyser acting as a low pass filter is used in
conjunction with input lenses to catch these electrons and
detect them on a detector. Electrons with a particular kinetic
energy will obtain a suitable deflection to impinge on the
detector. Electrons arriving from the sample first enter a
column of electrostatic lenses which has the role of collecting
and focusing the electrons at the entrance slit of the analyser.
The lens also acts to reload or accelerate the electrons so that
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their energy corresponds to the pass energy of the analyser.
The detector counts the number of electrons for each lens
voltage and this leads to the output spectrum of BE versus
counts. Typically, a wide BE XPS scan is conducted to identify
the main peaks that are visible (survey spectra). These are
then followed by more detailed longer region scans of the
individual peaks at increased resolution
.

Figure 16 XPS system schematic (includes monochromator step represented by
the Quarts crystals). Source [96].
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Figure 17: Laboratory multi-chamber un-monochromated XPS system,
University of Liverpool

Spectral Analysis – Core Level Fitting
Detailed analysis of XPS spectra is non-trivial: a region of the
scan is selected, a background is subtracted, and core level
peaks are fitted with a Voigt function; which is a convolution
of Gaussian and Lorentzian line shapes. The system used
here is XPS CASA®.
Core electrons emitted from “s” orbitals will only display a
single peak in XPS spectra while “p”, “d” and “f” orbitals each
display two peaks due to spin-orbit coupling with welldefined peak separation and the same full-width-half
maximum (FWHM). While the analysis of the spectra from a
single sample is possible, shifts in peak position from sample
to sample and the relative change in intensity of peaks or
emergence of new peaks can be expected. Other peaks such
as ghost, satellite and auger electrons can occur in some
systems and can complicate the fitting procedure. Samples
with many elemental components may be particularly
difficult to fit, however, detailed and careful analysis allows
for shifts as small as 0.1 eV to be identified.
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Specialised Applications
Other features of the spectra can be exploited using XPS
including; the secondary electron cut off (SEC) which is at the
high BE end of the survey spectrum. This is where the work
function of the material can be determined [98]. At the other
end of the spectrum the valence band (VB) can be measured.
For semiconductor applications, the energy difference
between the Fermi level (which all XPS measurements are
relative to) and the VB can be determined. This allows for
band offsets between materials to be estimated [99].
Angle resolved (ARXPS) measurements allow the
inspection of species underneath the surface (5-10 nm) of
the sample to be analysed, by exploiting the surface
sensitivity of this technique. This can provide information
about the exposed material on the surface compared to the
material underneath [100].
In-situ etching using
argon can also be used to exfoliate the outermost layer of
material on their surface to investigate the variance of
material species as a function of depth.
Synchrotron based XPS allows for higher resolution spectra
to be obtained with a wide range of x-ray wavelengths at a
much faster throughput time [101]. An example is Diamond
Synchrotron in Harwell, Oxford. By varying the X-ray energy
of a synchrotron, the probing depth can be changed.
Other techniques such as near atmospheric pressure XPS or
NAP-XPS is of great interest for the analysis of
battery/water-splitting electrodes without the need for
ultra-low pressure [101].
Limitations
Standard XPS is only suitable for conducting solid and dry
samples and the preservation of the sample surface is
paramount for XPS measurements to be successful. Residues
on the sample surface may significantly affect the results
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leading to false conclusions or increase in the pressure in the
chamber. Moreover, some materials may degrade and lose
features under ultra-high vacuum or x-ray illumination. This
may alter the stoichiometry of the sample but also have
adverse effects on the XPS system itself and make the data
less informative. Materials may stick to the walls of the XPS
chamber causing contamination of future samples and
increasing the overall pressure in the chamber. Samples in
powder form prove difficult to analyse as well since these
can disperse under vacuum, or load to charging which can
affect the shape and energy of the core level line shape.
Finally XPS is an expensive and complex system with
sophisticated training and procedures to follow before being
able to test a sample using it [102].

Raman Spectroscopy
Introduction
Raman spectroscopy is non-destructive and quick
characterisation technique used to identify a material via its
vibrational (phonon) modes. In general, the obtained spectra
are compared to known spectra of a material. It has a small
spot size and localised and sensitive detection features and
has a shallow penetration depth (on the order of 1µm). Tests
can be performed at room temperature and atmospheric
pressure. This allows for the analysis of solids, liquids and
even gases which makes Raman spectroscopy a very
versatile and widely used technique.
Basic Principles
In this technique a continuous wave laser (wave vector 𝑘𝑖 )
is incident on the surface of the sample and interacts with
the rotational and vibrational states of the material.
Elastically scattered light (𝑘𝑠 ) is collected and dispersed via
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a grating and the wavelength shift from the incident beam is
identified. A plot of the intensity of the laser light versus this
shift (in wavenumbers) shows the characteristic peaks of the
material and can be compared to the standard values.
When the scan takes place, monochromatic laser light of
known wavelength is fired at the sample. Some of the
radiation of this light interacts with the sample and is
scattered. Raman spectrometers generally collect either the
directly backscattered light or light scattered at 90o to the
incident beam where most of the detected radiation is
elastically scattered light from the sample (Rayleigh
scattering). Photons (on the order of 1 in 106) are absorbed
into the sample which can create a phonon before emerging
with a different wavelength (Raman scattering). Spectra are
displayed in terms of wavenumber (cm-1), which is a
measure of the difference between the illuminating and
scattered light, versus the intensity [103]–[105]. Energy
levels diagram of Raman scattering can be observed in
Figure 18.

Figure 18 Energy levels diagram of Raman scattering

Limitations
The Raman laser has a small spot size which can lead to
heating of some samples, degrade the sample and change the
morphology. This can cause oxidation and secondary phases
to be formed which makes the collected data less reliable
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[106]. Also, metals and alloys cannot be studied with this
technique. That is because in metal atoms, vibration which
results from change in polarization is not possible with
Raman compared to other atoms like i.e. silicon. Other
materials may exhibit very weak Raman scattering and
irregularly-shaped surfaces can be more difficult to analyse
and can weaken the intensity of scattering.

X-ray Diffraction (XRD)
Introduction
X-ray diffraction (XRD) is a technique used to determine the
underlying crystal structure of a material. It allows the
verification of the crystallinity and structure of a sample but
gives no information of a chemical nature. Fitting patterns
collected from XRD can allow for the calculation of lattice
parameters of the material, the determination of the
orientation of a crystal (or grain) and the measurement of
stress in crystalline regions and secondary phases in the
sample. It is a bulk characterisation technique so it produces
an average diffraction pattern for the area measured. XRD is
a non-destructive technique which can be conducted at room
temperature and at atmospheric pressure [107].
Basic Principles
Crystalline and polycrystalline materials consist of crystal
planes from which during testing diffraction can occur. Xrays impinge on a sample at a certain angle (𝜃). A portion of
the radiation is reflected at the upper surface while some xrays also penetrate into the sample and reflect from the
crystal plane below. The number of crystal planes involved
is reliant on the density of the material and energy of the
incident rays. This can be summed up in Bragg’s law where
constructive interference will occur when the rays
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recombine at the sample interface in phase. The wavelength
of the incident rays can then be found and is given by 𝜆 while
𝑑ℎ𝑘𝑙 is the inter-plane spacing, 𝜃 is the angle subtending the
surface and incident x-rays and 𝑛 is a multiplying integer
which represents the order of diffraction as the equation
below explains.
𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃

(30)

Interference maxima occur when the path difference
between the recombining rays is an integer multiple of the
incident wavelength.
An XRD schematic can be observed in Figure 19.

Figure 19 Schematic of XRD θ-2θ configuration shown as an example. Source
[107].

XRD System
X-rays are produced in the same way as described for XPS
systems. Electrons are emitted thermos-ionically from a
filament, then they are accelerated until they hit a metal
target (Cu, Mo). The target is normally water cooled to
prevent melting or overheating. To monochromate the x-ray
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beam, a filter may be added. Then the beam is focused and
pointed at the sample, diffracted radiation is detected,
amplified and finally analysed. The sample is rotated relative
to the incident x-rays where the change in the diffracted
beam intensity is measured by a detector. An XRD system is
shown in Figure 20. With the sample stage in the centre, the
x-ray gun to the left and detector is on the right. The data is
output in the form of a graph with i.e. 2θ on the x-axis and
the intensity picked up by the detector at each position on
the y-axis. Other angles and set ups can also be programmed
on the system depending on the sample.
Analysis

X-ray gun

Detector

Sample
stage

The diffraction pattern collected for a sample is the sum of
Figure 20: XRD system XRD system, University of Liverpool

the diffraction patterns of each of the constituent phases.
Amorphous phases show broad, featureless peaks generally
since no interference maxima occur. Polycrystalline sample
patterns show peaks in the diffraction pattern at each of the
orientations. An average pattern is constructed by analysis
of peak intensities. Patterns can be compared to known peak
positions and intensities for a given material to evaluate the
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quality of the scanned material [108]. In addition, some
common crystal cubic structure such as Body-centred cubic
(BCC) and Face-centred cubic (FCC) would require
additional selection methods to insure the appropriate
interpretation of the peaks.
Limitations
The main limitation for XRD analysis is the size of the sample.
Generally, relatively large sample size is required as x-rays
have a large penetration depth. XRD does not provide
information on the chemical composition of sample.

Scanning Electron Microscope (SEM)
Introduction
The scanning electron microscope (SEM) is a system used to
observe the surface of samples up to nm resolution using an
electron beam. An electron beam is focused on the surface of
the sample and secondary electrons are emitted. Although
the signal from the collected secondary electrons is
primarily the signal used to construct an image, other signals
can also be observed. This includes back scattered electrons
(BSE) and x-rays [109], as discussed below.
Basic Principles and Operation
The SEM is a complex electronic system with basic structure
as illustrated in Figure 21.
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Figure 21: SEM basic structure

The electron beam is generated at the electron gun.
Electrons are field emitted from the cathode (tungsten wire
filament) by heating the filament to a high temperature.
Other systems use LaB6 filament which have lower work
function. This beam of electrons is then directed through the
anode and accelerated at high voltage through the condenser
lens. The condenser lens controls and adjusts the diameter
of the electron beam, which then passes through the
objective lens to precisely focus the electron beam on the
sample surface [110], [111]. The beam is scanned across the
sample surface in a raster pattern to build up an image. When
the electron beam interacts with the sample surface, signals
are emitted back from the sample. These signals include:
Secondary electrons
These electrons are detected by the secondary electron
detector and give information on topography. They emerge
when the primary electron beam hits the outer shell of
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electrons of the atoms in the sample. Some electrons in the
outer orbitals are exited with enough energy that allows
them to escape the sample. The narrow spot size of the
primary beam makes targeting and detecting theses
electrons precise and it is what allows very high
magnification. An example of an SEM image can be observed
in Figure 22 along with the SEM system used.

Figure 22 SEM image for Tin particle (~10μm diameter) in a Carbon/Tin
composite anode material for a Lithium-ion battery (up). Images taken using
JEOL ASM 7001F SEM system (down) at iCal, University of Liverpool.
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Backscattered electrons
These electrons are a reflection of some of the electrons
originated from the primary electron beam. They are
backscattered from the sample through elastic interactions
with the atoms on the surface. Elements with high atomic
number (Z) reflect more electrons than those with low
atomic number. The detection of back scattered electrons
forms what is called “Z-contrast”, which is useful for
distinguishing between different chemical compositions in a
sample.
Characteristic x-rays
When the primary beam interacts with the core orbitals of
an atom this leads to the excitation of an electron into the
outer orbital. The vacancy that is left behind is filled by
another electron which relaxes from a higher energy state,
releasing x-rays in the process. The wavelength of the
emitted x-rays are distinctive and can therefore be used to
map the distribution of elements on the surface of the sample
[112]. This form of analysis is called energy dispersive
spectroscopy (EDS) and is often available on SEM systems.
The elemental map obtained can be overlaid onto the SEM
image to highlight the location of elements.
In some SEM systems other electron signals can also be
detected and analysed such as Auger electrons and
cathodoluminescence. When relaxation occurs, the energy
can be released as X-ray emission or as an Auger electron
emission. This depends on relative cross-section of the
process. Light elements like C and O emit Auger and the cross
section for X-ray emission is lower, as Figure 23 illustrates
[113], [114].
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Figure 23 X-ray and Auger electron yield per K-electron vacancy (cross section)
vs Atomic number. Source [113].

For example, a graphite/multi-wall carbon Nano tube
(MWCNT)/silicon lab-made half-cell was synthesised and
characterised using SEM and EDX to develop a better
understanding of the behaviour of the active material during
cycling. The image of the electrode surface can be observed
in Figure 24.

Figure 24 SEM images for a graphite/multi-wall carbon Nano tube
(MWCNT)/silicon composite anode with resolution of 2 μm and EDX mapping for
the same image showing silicon content (up) in red and carbon content (middle)
in green and both materials (down).
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Limitations
Samples must be conductive for SEM analysis otherwise
charging occurs. The sample is grounded through the stub on
which it is mounted to prevent charging by the incident
electron beam. Charged samples/areas interact with the
electrons emitted from the surface distorting the acquired
image (often seen as streaks on the image). Samples such as
insulators which are susceptible to charging are often coated
with a thin layer of carbon or with metals such as gold to
allow grounding to the stub.
Other artefacts include dust and cracking. Dust on the
sample may lead to false conclusions about the surface
topography. Several areas of a bulk sample should be
analysed to gain a more comprehensive understanding. SEM
systems operate under rough vacuum limiting the samples
to solids. The vacuum conditions may cause cracks in the
sample which could be falsely interpreted as sample
decomposition or attributed to another effect. Beam
sensitive samples may be identified by magnifying a small
region, scanning this area and lowering the magnification, i.e.
deterioration of the sample area scanned for a longer time
would be evident.
While SEM images appear to give an image of the sample
surface in a similar manner to an optical microscope with
higher resolution, it is important to remember the
interaction volume from which the image is built up.
Depending on the nature of the material this may reach
microns into the sample although for most samples it is on
the order of 100 nm. Therefore, the image is not merely
comprised of the electrons emitted from the surface but also
those that have interacted further into the sample.
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Profilometer
The profilometer is a way to determine the surface
roughness of a sample or thickness of a layer (i.e coating on
a surface). A very sharp needle is drawn across a horizontal
sample surface at a constant force and its displacement in the
vertical distance measured. Atomic Force Microscope or
AFM can be seen as an atomic force equivalent to this
technique. The system is calibrated with a reference sample
in order to give the difference in high. Measuring layer
thickness is possible only for relatively flat samples and the
thickness of the film should be within the range of hundreds
of nm or microns to be reliably measured. For thicknesses on
the order of a few nm and mapping, AFM is required as it
gives more detailed scan.
The profilometer shares the same principle with AFM
however instead of providing a complete image or a map it
generates a line that provides insight on the change in
altitude of the scanned surface. For battery electrode coating
measurements for instance; tests can be done by measuring
the step from the uncoated area to the coated area [115].
The system was not used extensively in this research
however it can be useful for different kinds of surface
roughness and coating thickness applications.

Battery Cycling System
Battery cycling and testing systems are fundamental tools
for battery research. They typically comprise of a battery
testing kit and computer software to analyse the data and
generate useful data output. They can analyse and test a
group of batteries/cells at the same time. A common battery
cycling system is the MACCOR® system. Systems such as the
MAACCOR® (Figure 25) have integrated circuits with safety
mechanisms which ensure the batteries are tested under a
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safe load, thereby limiting the danger of over or under
charging the batteries [116].
In general, the battery analysis software acts as command
centre from which all testing conditions can be controlled
before, during and after battery cycling. Common data
outputs are the charge and discharge characteristics of the
tested battery/batteries whilst cycling. The system can be
useful in comparing the performance of several batteries at
the same time.
In addition to controlling the electrical conditions, the
surrounding environment of the batteries can also be
controlled, the operating temperature being a common
example. Cells can be tested inside a chamber where the
temperature is fixed or varied. This gives important insight
on the performance of the battery in real life when in use in
cold or hot environments.
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Figure 25 MACCOR system and its basic components; A. The computer system and
the power electronics control tower; B. The platform where the coin cell in
installed, C. Inside the oven where the coin cell platforms are mounted and; D. The
control parameters such as temperature and ventilation for the oven are
controlled and monitored. The setup as seen at the Stephenson Institute for
Renewable Energy, University of Liverpool.

The cycling rate (C-rate) of the system (the speed at which
the cell undergoes a full charge and discharge) can be
controlled and set to match the battery active material.
Testing of variable C-rates or implementation of Waterfall
test (WF) gives useful insight on the load under which the
battery can perform in an optimal way and maximise its life
expectancy.
The cycling date for the sample previously observed in
Figure 24 in the SEM section can be observed here in Figure
26. The graphite/multi-wall carbon Nano tube
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(MWCNT)/silicon lab-made half-cells were synthesised and
characterised using SEM to study the surface of the electrode
and cycled to study its capacity and cycling durability. The
composition of this sample was 80 nm silicon particles,
multiwall CNTs, graphite powder (20 μm) and PAA as
binder, mixed at a ratio of 50:30:10:10, respectively. The
composite was mixed for 10 mins at 3000 rpm and coated
onto copper foil.
It can be observed from Figure 26 that some silicon particles
are activated at a later stage as can be seen in the 5th cycle
and tended to stabilize after the 15th cycle. This is then
repeated at the 10th cycle as the capacity retention and
columbic efficiently (discussed further in Chapter 3) graphs
demonstrate.

Figure 26 Columbic efficiency and capacity retention results
for a half-cell synthesized in the lab for characterisation
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Cycling codes and considerations
Long cycling
Long battery cycling is a useful way to measure the life
expectancy of the cell/battery. This is performed by
repeatedly charging and discharging a battery and recording
the change in performance and total capacity over time.
Batteries can be cycled 100, 1000 or 10000 times depending
on the test and the battery type [117].
Formation cycle/s
In the first and second cycles and for lithium-ion batteries, it
is important to allow slow or ultra-slow cycling to take place.
This is in order to allow lithium-ions to intercalate and deintercalate at a high rate in later cycles, such that the
maximum number of ions to travel to and from the anode
form pathways which ions will tend to follow in the coming
cycles. The cycling rate (C) commonly can vary from 2C to
0.01C or can even wider. At a very slow C-rate, the total
theoretical current capacity would be cycled up to its
theoretical maximum [117]. In other words, a slow cycling
rate can help reach the maximum theoretical capacity of the
battery.
Variable C-rate (Waterfall)
The waterfall can be coded to the MACCOR® system. Code
was written and used to test cells and an example of it can be
found in Appendix 1. show an example of a WF code written
for the cell to start with 0.1C and then increase to 0.2C then
to 0.5C every 5 complete cycles and so on for a graphite halfcell. The resting time is set to be 01:00 hours at the start. The
voltage limits were set between the boundaries of 0.01-1.5V.
The data recording conditions were set to either be every 5
seconds or at every |0.001|V change.

Other Techniques
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Other techniques such as those mentioned below were not
used in this research however they are mentioned here due
to their usefulness in the field of battery technology research
and development.

Transmission electron microscope
(TEM)
Introduction
The transmission electron microscope (TEM) is an imaging
system used to study the interactions between atoms and
layers, crystal structure formation and grain boundaries of
nano structures at the nanoscale. A beam of electrons is
transmitted through the sample to create an image (Figure
27). TEM images can provide details on the morphology and
composition of the sample. Unlike the conventional optical
microscope and similarly to the SEM, TEM uses an electron
beam instead of light since electrons propagate with a much
smaller de Broglie wavelength [111], [118], [119]. However,
the resolution of TEM is much greater than it is for SEM since
higher energy (smaller wavelength) electrons are used.
Samples studied with TEM normally need to be prepared
with thickness of less than 150 nm [120], [121]. This allows
the electron beam to pass through the entire sample to a
screen/camera in order to create an image. The advantage
of TEM over other microscopes is its ability to magnify a
sample up to several millions of times and resolve nanoscale
features. Figure 27 illustrates the basic structure of a TEM
system. In general, there are two main modes for TEM:
‘imaging’ and ‘diffraction’ as Figure 28 illustrates. Before
imaging, sophisticated sample preparation steps may be
required.
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Figure 27 Schematic of TEM equipment

Preparation of the sample
Sample preparation is an important step as TEM uses
complex imaging techniques and requires ultra-thin samples
to allow maximum electron beam penetration and minimum
energy loss. Techniques such as disk cutting, dimpling and
ion milling are common. The dimpling technique is used
where the centre of the specimen is thinned to make it easier
to handle. Then the sample is sent for ion milling where
charged argon ions bombard the sample under high voltage.
This helps remove materials and further thins the sample to
make it suitable for TEM analysis [118]. For colloidal
nanoparticles, solutions can be deposited by pipette onto
TEM grids and dried to analyse the size and shape of the
particles. Grids may be covered in a lacy carbon film to
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capture small particles. For particles on the nanoscale size,
TEM is the most reliable method to determine particle size
and crystallinity.
Imaging mode
In the imaging mode, electrons pass through the sample and
are scattered by the electrostatic potential. The electrons
then pass through the electromagnetic objective lens. An
objective aperture in the back focal plane of the objective
lens allows only the central beam to be transmitted (bright
field image) or one of the diffracted beams (dark field
image). The electrons are focussed through the projector
lens onto the image screen. From here the signal is sent to
the computer system to analyse and convert into a viewable
image. The contrast of the image is directly related to the
number of electrons that passed through the specimen
(thickness contrast), the atomic number of the atoms (Zcontrast), the orientation of a crystal (diffraction contrast)
and phase contrast (dominant contribution in very thin
samples). TEM images can provide chemical information
such as interactions between atoms as well as structural
information such as the distance between crystal planes.
Diffraction
Diffraction patterns are obtained by focussing a parallel
electron beam on the sample in the same way as in the
imaging mode. A selected area aperture determines the
width of beam transmitted and the intermediate lens
focusses the diffraction pattern onto the screen. The
diffraction mode is useful for crystallography studies of
materials [118], [121]. The space group and orientation of
crystals can be determined using this mode. Figure 28 shows
the diffraction pattern obtained from the nanoparticle
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sample. The discreet spots show it to be crystalline, whereas
polycrystalline samples show rings.

Figure 28 TEM images: The diffraction pattern (left) is from FCC gold
nanocrystals (polycrystalline). The image (right) is of a mixture of pieces from a
crushed pellet (ceramic) of the perovskite GaFeO3 and SiO2 . Images taken by
Kieran Routledge using JEOL 2100+ at iCaL, University of Liverpool.

Limitations
Sample preparation is often a difficult process for TEM
analysis. This vacuum technique is suitable only for solids
and these must be thinned to electron transparency. As a
result, expensive and time-consuming methods are required.
Samples may be distorted or otherwise damaged during the
thinning which may alter the measurement. Nanoparticle
analysis is simple in comparison. Samples may also
experience damage and degradation under the intense
electron beam causing artefacts which may be difficult to
identify and exclude from the true sample signal.
The field of view is very small in this technique and
representative images/patterns are difficult to obtain for
samples. Only a small area is analysed since the process is
time consuming, prohibiting large sample numbers to be
prepared and imaged. To achieve the high resolution of TEM
analysis, high end electronics and accurate equipment is
required. The system is sensitive to small vibrations and

90

CHARACTERISATION TECHNIQUES

CHAPTER 2

electromagnetic fields; any interference with the electron
beam will affect the image.

Atomic Force Microscope (AFM)
Introduction
The atomic force microscope (AFM) was invented in the
1980s from its precursor the scanning tunnelling
microscope (STM) which led to its inventors, Gerd Binnig
and Heinrich Rohrer to be awarded the Nobel Prize in
Physics in 1986 [115]. The AFM is used for topology imaging
on the nanoscale. It can also provide quantitate data
regarding the surface such as magnetic forces, surface
potential, capacitance, friction and viscoelasticity, as well as
information on surface roughness, mechanical and physical
properties of a material. It can be used to analyse electronic
and magnetic properties. Basic AFM set up can be observed
in Figure 29. AFM provides the ability to study a wide range
of surfaces including polymers, ceramics, and other
nonconductive materials. Furthermore, samples can be
measured under atmospheric conditions allowing for
samples with a liquid layer to be analysed. However, the
highest resolution is obtained under ultra-high vacuum
conditions.
Basic Principle
The basic procedure of AFM measurement is the scanning of
a very fine probe tip (usually made of silicon with a radius of
a few nm) across the surface of the sample. The deflection of
the probe is then measured using a laser beam fired and
reflected on the back of the cantilever. The reflected laser is
detected by a position detector and sent to the signal
analyser. Alternatively, a piezoelectric cantilever is
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employed and changes in amplitude or frequency can be
electrically measured. According to Hooke’s law, the force
between the tip and the sample is proportional to the level of
stiffness of the lever and the distance range cantilever
deflects, according to equation the equation:
𝐹 = −𝑘𝑧

(31)

where 𝐹 is force, 𝑘 is the stiffness of the cantilever (i.e. its
spring constant) and 𝑧 is the bending distance (i.e. its
deflection) [115]. The processed laser signal is sent from the
signal analyser to the computer where the final image of the
surface is generated.

Figure 29 Photo of an AFM stage system at the Stephenson Institute for Renewable Energy,
University of Liverpool (up) and a schematic of AFM equipment (down)
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Imaging Modes
There are three main imaging modes for AFM analysis:
contact mode, tapping mode and non-contact mode. In
contact mode the cantilever tip is “dragged” across the
surface of the sample. The deflection of the cantilever
provides information about the surface roughness and
features. More commonly the force between sample and tip
is set to be constant and a feedback loop is used to adjust the
height of the tip to maintain the force such that the vertical
displacement of the cantilever follows the height of the
sample surface. The second approach is less likely to cause
damage to the tip. Low spring constant cantilevers are used
in contact mode. Contact mode operates with a tip-sample
distance such that repulsive forces dominate.
In tapping mode, the cantilever is oscillated near its resonant
frequency at a constant amplitude. As the tip comes close to
the sample the oscillation amplitude of the cantilever
changes due to interaction forces (such as dipole-dipole or
electrostatic forces). A feedback loop distances the tip from
the sample so that the amplitude is restored. The vertical
movement of the tip maps the sample surface and is
recorded. The phase difference between the driving signal
and cantilever oscillation is also recorded. This gives
information on changes in surface adhesion (atomic number
of surface atoms). A phase contrast image shows changes in
chemical composition across the scanned area. Tapping
mode is the most common for AFM analysis and can be used
to image samples with a thin liquid layer. Tip damage is less
likely in tapping mode than in contact mode.
Non-contact mode is the least damaging mode for both tip
and sample. The cantilever is oscillated near or at its
resonant frequency and the distance between tip and sample
is such that the attractive inter-atomic force is strongest.
Long range forces such as van der Waals interactions alter
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the frequency of the oscillation and again a feedback loop
adjusts the height of the tip to correct for this.
Specialised Applications
The forces between the sample and tip can be used to
determine the Young’s modulus of a sample. Force
spectroscopy can be used to analyse various sample
parameters especially in molecules. Atoms and molecules
can be manipulated on a surface and elasticity, adhesion and
rupture force curves measured. Sometimes the tip is
functionalised with an atom, cluster or molecule to study
chemical interactions.
Conductive AFM requires a conductive sample and tip and
allows for both topological measurements and detection of
the current flow between tip and sample, so that
conductivity changes within the sample can be measured on
the nanoscale. Current-voltage (IV) curves of individual
points can be obtained, and properties of individual
nanoparticles can be measured. In a similar way a
magnetised tip can probe the magnetic properties of a
sample in magnetic force microscopy.

Limitations
AFM analysis is suitable for relatively flat (<10 µm
roughness) samples. The range of movement and deflection
of the cantilever is limited in both the vertical and horizontal
directions. Areas scanned may reach up to 150 x 150 µm
which may not be characteristic of the entire sample. While
the measurement is faster than TEM analysis it is generally
slower than SEM imaging.
The image formed is a convolution of the sample and tip.
Sharp rises/falls in the sample may be smoothed out due to
the feedback loop reaction time and width of the tip. Height
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measurements are more reliable than lateral distances
measured via AFM. Although it is assumed to be atomically
sharp, cantilever tips may deviate from the ideal shape and
contributions from several “tips” may distort the image.
These artefacts may be difficult to separate from the real
sample surface. Other artefacts such as dust may affect the
measurement also. Furthermore, thermal or electronic drift
in the motors may cause dimension measurements to be
distorted especially over large image scan times. Some
images may also display hysteresis. Care must be taken when
quoting dimensions from AFM images especially at the
nanoscale.
In order for the battery anodes to be characterised using
AFM and the other aforementioned techniques, they battery
cells need to be cycled first. Thus is important to set the right
battery cycling program to test the cells and investigate their
performance. That is to be able to correlate performance
with the surface properties observed in the electrodes.

Nuclear Magnetic Resonance (NMR)
NMR is a radio frequency resonance characterisation
technique that has multiple applications and uses for the
investigation of cancer treatment, drug delivery,
photosynthesis and battery energy storing functions and
mechanisms [122]. It can also be used to study molecules
bonded to the surface of nanoparticles and complex
formations in chemical reactions as well as to determine the
bonding and position of individual atoms in molecules.
When atoms are excited by radio waves in a strong magnetic
field they resonate at a certain frequency. This frequency is
measured and translated into sets of data and represented in
peaks. The intensity of the peak represents the number of
nuclei that resonate at that frequency. The frequency signal
provides useful data about the neighbouring atoms to the
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resonating atom and also gives information about the
position of the atom. This signal can be translated into a 3D
structure of molecules.
NMR gives valuable insight into how molecules move, i.e. in
batteries during the lithium-ion intercalation. The specimen
needs to be specially prepared for the system and once the
test is conducted, the signal from NMR can be translated and
analysed based on 4 parameters: Number of signals, position
of signal, splitting of signal and intensity of signal [123].

Conclusions
The characterisation of energy materials and devices
encompasses a wide range of techniques. Verification of
chemical composition and structure of a material is generally
achieved by Raman spectroscopy, EDX and XRD. Raman
analysis allows for the changes in composition across a
sample to be mapped. XRD allows the crystal structure and
lattice parameters to be determined. More detailed
information of elemental composition, oxidation states can
be obtained via XPS. High resolution imaging can be
performed using SEM, TEM and AFM. SEM imaging offers a
large range of magnification and may be coupled with EDX to
provide elemental mapping. TEM requires very thin samples
but provides excellent imaging and diffraction analysis
capabilities. AFM offers nanoscale resolution and probing of
many material properties with slight variations to the
technique. In combination these techniques provide insight
into many material properties relevant to the improvement
of renewable energy systems. These main techniques, as well
as other more specialised options, offer the ability to
understand the fundamental properties from the macro
scale to the atomic scale of materials and devices.
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The following chapter (Chapter 3) describes the procedures
for preparing the materials, testing and characterisation
which are followed in the results in Chapters 4, 5 and 6.
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his chapter outlines the experimental
procedures followed in this research. The anode
material Si/BTO/C composite is taken as an example
to illustrate the procedure. This includes the
processing of raw materials, mixing, coating and drying of the
anode. Following that, the synthesis of the coin cells, testing
them, disassembling and finally characterising them. The
characterisation techniques include XPS, Raman, SEM, EDX
and XRD instruments. The chapter also considers the nature of
the data produced from these instruments and the processing
measures taken in producing the final results.
Keywords: Silicon; Graphite; BaTiO3: Battery assembly;
testing; XPS; Raman

Introduction
The development for new anodes for lithium ion batteries is
an ongoing processes. With the potential to develop a high
capacity lithium ion battery cell that can boost the transport
and mobile industries, the motivation of intensive research
and development is high. This research focuses on
developing a new formula for rechargeable lithium-ion
batteries. This is through researching the anode materials
and developing a better battery in terms of capacity
retention and life cycle. This mainly includes silicon in this
work. Despite the high capacity and high potential of using
silicon in rechargeable lithium-ion battery technology, it
suffers from several challenges. These challenges are to be
addressed and researched in an attempt to solve them. The
main challenge is the volumetric expansion of silicon on
repeated charging and discharging. This leads to capacity
deterioration of the battery. In order to solve this challenge,
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Perovskite material such as BTO was used to help recover
battery capacity.

The use of Si and volume expansion
(pulverization) of Si
Silicon Nano-powder has the ability to expand up to 4 times
the original volume when exposed to electrical current
[124], [125]. This phenomena is referred to as pulverization.
This feature can have advantages and disadvantages. The
expansion and change in volume for silicon nano-powder in
anode composites can lead to the swelling of the battery [9],
[78], [126]. This may can possess a risk of leakage and the
battery catching fire. In addition, the expansion and
shrinkage of silicon particles in the battery during charging
and discharging may cause fatigue of the anode material,
cracking, and eventually reducing the life cycle of the
battery[9]. However, since in this research BTO is employed,
it can reduce the volume change of silicon and act as a spring
absorbing part of the elasticity change. That is due to BTO's
pressure sensitivity feature [127]–[130].

The use of BTO
BTO is a perovskite material that has piezoelectric features
[58], [131]. BTO nano particles have the ability to respond to
mechanical pressure and activate its piezoelectric nature.
The compression of BTO crystals as a result of neighbouring
the expanded Si particles have the ability to absorb some of
the total volume change in the anode. This would reduce the
total change in volume of the battery and reduce swelling or
electrolyte leakage. In addition, the charging and activation
of the piezoelectric feature in BTO would help hold the
charge in the anode and facilitate the move of electrons. BTO
however is not considered an active anode material. This
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means it does not contribute to the total theoretical capacity
of the battery. However, since it is a piezoelectric material, it
can hold the anode charge for longer period and thus provide
a more stable electron flow. All in all, in theory it can
contribute to increasing and stabilizing the life cycle of the
battery [58].

The use of graphite
Carbon is an active material with a theoretical capacity of
~370 mAh/g [59], [132], [133]. In addition, graphite is a very
stable (can provide +1000 charge and discharge cycle at a
high Columbic effeicny level) anode material and is relatively
cheap (~£5.75 per kg) [73], [134], [135]. All this makes
graphite the main attractive anode material for lithium ion
batteries. However, the high demand and pressure from the
automotive and mobile industries among others pushes the
research and development to finding an alternative to
graphite. That is mainly to boost the capacity of the battery
and expand the possibilities for those industries. Graphite is
investigated here in this work as anode in its pure form for
lithium ion batteries as well as a composite with silicon and
other additives to study the effect and impact of replacing
graphite with a higher capacity material.

Experimental
The experimental procedures applied in this chapter is the
standard procedure followed for all samples mentioned in
the results chapter unless otherwise mentioned.

Anodes and composites
The composition (wt. %) of the anodes investigated in this
work are as follows:
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Chapter 4
2 types of electrolytes (LP30+10%FEC, and pure
LP30)
Anode
Pure Si anode

-

Si
90

PAA
10

Chapter 5
2 types of electrolytes (LP30+10%FEC, and pure
LP30)
Anode
Si/BTO

-

Si
60

BTO
30

PAA
10

Chapter 6
Section 1 (Electrolyte comparison)
Anode
Graphite
Silicon
Si/Graphite

Si
0
90
60

C
90
0
30

PAA
10
10
10

Section 2 (Composite comparison)
Anode
Si/BTO
Si/Graphite
Si/G/BTO

Si
60
60
50

C
0
30
30

BTO
30
0
10

PAA
10
10
10

Materials and properties
Materials used in this project are listed below. The battery
type used is the CR2032 coin-type half-cell lithium-ion
battery.
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1. Anode composite material: Si nano powder with <
40 nm diameter (Cambridge Energy Solutions Ltd.).
This is the main size used which was subject to
availability however tests on larger size particles
were performed and it was concluded that the
smaller size functions better. This agrees with
literature as well [136]. Other particle sizes are
useful to investigate.
2. Anode composite material: BaTiO3 with a diameter
< 100 nm nano-powder (Sigma). The size choice was
subject to availability from manufacturer and the
need for a compatible particles size with the other
composite materials.
3. Anode composite material: Graphite (Timrex KS25
graphite flakes 27um). This was chosen due to
availability, the low cost, quality and as being the
common commercial graphite in the market.
4. Binding agent: Poly-acrylic Acid (PAA) [Sigma]
Others investigated: Carboxymethyle Cellulose
(CMC) [Sigma MW = 700.000] and commercial brand
Disperbyk-1012. The later 2 were dropped as PAA
was the better performing binder.
5. Mixing middle: De-ionised water.
6. Current collector: Pure copper foil 10 um
(Cambridge Energy Solutions Ltd.).
7. Cathode (Reference electrode): Lithium layers 13
mm diameter x 0.5 mm thickness.
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8. Separator: Polyethylene (PE) (< 25um thick) and
Glass fibre (0:5mm thick) (Fisherbrand, Fisher
Scientifc).
9. Electrolyte: Either pure LiPF6 (also referred to in the
text as LP30) (Sigma). Or the optimised electrolyte
with 1M LiPF6 in Ethylene Carbonate (EC): Dimethyl
Carbonate (DMC) 1:1] with [Fluoroethylene
Carbonate (FEC))] (9:1) weight%.

Synthesis and optimisation
Silicon nano powder, graphite and their composites were
prepared with 10% (wt.%) PAA as a binder. Since the binder
is not an active material, the higher the concentration of it,
the lower the total capacity of the anode. Hence it is crucial
to add the optimal percentage that would insure the good
adhesion between the nano powders in the composite and
between the composite slurry and the copper current
collector. A series of control experiments were conducted to
optimise the ratios of the materials and nano powders used
in this work. These included the use of various ratios (10%
increments for the silicon, BTO and graphite powders),
patticle sizes (4 different sizes as discussed in Chapter 4) and
mixing techniques. More details are provided in this chapter
and each of the results chapters. In addition, Table 19 at the
Appendix provides an idea of the types of cells synthesised
and tested. 100s of cells were synthesised and tested and the
most optimum cells were presented in this work with 10
repeated cells per design tested for validation.
To minimise the effect of high volume expansion for silicon
particles when the battery is cycled, and to allow the
maximum surface area of silicon active material to host
intercalated lithium ions, the small particle size of (30-40
nm) was chosen. The solid powders mix (300 mg total as
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standard) was speed mixed at 1500 rpm for 5 minutes with
the 2.0 ml DI water to form the slurry. The mixture was then
coated in a copper foil (the current collector) using the bar
coating instrument [137]. The cupper foil had a thickness of
10 μm +/- 2% SD. The electrode was then left to dry in air
and then coin-cell-sized working electrodes were cut to
circles at diameter of 12 mm. The cut electrodes were then
dried under vacuum for 24 hours at 60 °C. The coating
thickness after drying lost about 90% of its original
thickness to a final thickness of 12-15 μm. This was
evaluated using the bar coater at the first instance for the
wet coating, and then using the profilometer, the SEM images
and the micrometre screw gauge for the dried electrode. The
electrodes were then transferred to the glove box (H2O<1
ppm, O2 <1 ppm) under argon and were weighted with a
sensitive scale (accuracy>0.001 mg).
Half-cell coin cell casing (CR2032: lithium, 20 mm diameter,
and 3.2 mm height) were used to assemble the cells. A stack
of active-material-coated copper current collector anode /
electrolyte- wetted glass fibre/PE separator / lithium-ion
metal cathode / spacers and spring were made and
encapsulated into the coin cell body. This can be observed in
and
Figure 31. A 100 μm of the electrolyte was used per cell. The
silicon or the composite anode functioned as a working
electrode and the lithium-ion metal was the counter and
reference electrode.

Figure 30 Illustration of the different layers forming the coin cell (More details
discussed in Chapter 1)
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Figure 31 the different layers and components used to assemble a set of cells
(left) and how one of the cells looked like after assembly

In several cases during the optimization of the composite,
the prepared mixtures suffered an excess of air content or
became very thick and uneasy to apply on the current
collector. Despite that the thicker the coating, the more
lithium that can be stored within and hence the higher the
capacity of the battery, the coating would not adhere
homogeneously on the current collector as it became more
and more fragile after drying. In addition, the more voids
within the micro-structure of the anode the higher the
chance of having irreversible lithium intercalation on the
anode. This would lead to shorter battery cycle life. The main
reason for the creation of air bubbles since silicon is the main
material in the mixture, can be attributed to the water
content added. So it is critical to coat the material on the
current collector as fast it is prepared and dry it to eliminate
the water content and reduce the time silicon is exposed to
it. Figure 32 demonstrates a mixture with high air content
and high viscosity compared to a mixture with viscosity
suitable for coating.
The addition of the binder plays an important role as well in
the preparation of a homogeneous coating mixture. The
binder is also important when the anode composite material
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has high surface area such as carbon nano tubes (CNTs). That
is to aim the wet-ability of the particles' surfaces and allow
them to mix and adhere with each others when they are
speed-mixed. This would reduce the chance of surface
cracking or shrinking when the electrodes are dried. Since
the binder is an inactive material, the more binder is added
the lower the overall capacity of the battery. So it is to the
advantage of the battery to use the minimum quantity of
binder material within the mixture. To achieve this optimum
percentage, different coatings, binders and different
batteries were prepared and tested. This was done first by
optimizing the quantity and type of binder to ensure desired
viscosity and homogeneous mix. Then different binders
were tested to minimize capacity loss and extend battery
cycle life. Figure 33 presents coating with poor quality
Samples (B-C) compared to good quality one Sample (A). For
Sample (B), too much binder was used which led the
composite to dilute. As for Sample (C) too much water was
used which led to the coating to be very thin with very low
viscosity. For Sample (D) the commercial binder was used
and poorly mixed as can be seen on the figure, high quantity
was used which led to the composite to loose its
concentration and cluster. In the case of Sample (E) no
binder was used and hence the composite materials did not
stick well to each others. In addition, the coating was thick
and contained grains within it. This type of anode would
make a poor quality battery with loss in conductivity, points
of lithium-ion concentrations and loss in reversible ion
migration. That is in addition to the sensitivity to pressure,
air trapping and the variation of performance. When Sample
(F) was evaluated, it was noted that poor adhesion between
composite materials was present, that is mainly due to the
high surface area of CNTs (Multi-walls, Graphene Centre,
University of Cambridge). So further binder optimization
and longer mixing time were required to enhance the
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viscosity and the overall materials compatibility. These
samples provide an idea of what some of the unsuccessful
samples suffered from. After the optimization of the
aforementioned parameters and trial and error a good
quality coating with good viscosity and homogeneous
mixture (honey-like thick) can be seen in Sample (A). A
distinctive feature to signify the good optimum viscosity of
the coating can be observed in the lines the coating draws as
traces of the bar coating instrument's grains.

C

B

A

Figure 32 An optimised mixture with viscosity suitable for coating (A), vs. a
mixture filled with air bubbles (B) and a highly viscus mixture (C).

Figure 33 An optimised coating thickness suitable for electrodes (A), vs. high
binder content electrode (B), a too diluted and too thin coating (C), coating with
unsuitable binder poorly mixed which led to clustering of Nano powders (D),
electrode with no binder (F), and coating with poor adhesion and.

Testing and characterisation
The testing and characterisation techniques are used as
follows:
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Cycling
The cells were cycled at a potential difference of 0.01-1.5V.
The current was variable and dependant on the theoretical
capacity and the cycling rate (C-rate) of each one of the cells.
All cells were left to rest for 24 hours after assembly before
cycling. The cycling was performed on the Maccor® system
and full cycling procedure can be found in Chapter 2 and a
detailed example is presented later in this chapter for one of
the sample.

XPS scanning
After the cycling process finished, the cells were taken back
to the glove box for disassembly. They were disassembled in
an inert atmosphere (under argon) and the working
electrodes were retrieved and dried under vacuum for 15
minutes. That is to get rid of the traces of the electrolyte
liquids on the anode surface. Although every precaution was
taken during the disassembly, human error or
contamination may still happen. To minimize this, new or
thoroughly cleaned tools were used. The electrodes were
then mounted on transferable XPS steel plate using cupper
tape (Figure 34). The plate was then installed on a transfer
unit inside the glove box and sealed with argon environment
inside. The transfer unit is retrieved and mounted on the XPS
system for testing. XPS scans were performed on a Thermo
Fisher Scientific NEXSA spectrometer (Harwell XPS, Didcot,
Oxford) at resolution (<0.68 eV on PET with charge
neutraliser), equipped with a micro-focused monochromatic
Al X-ray source (hν = 1486.6 eV) over scanning area of
approximately 100 μm. Data was recorded at pass energies
of 150 eV for survey scans and 40 eV for high-resolution
scans at 1 eV and 0.1 eV step sizes, respectively. The
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pressure in the analysis chamber was around 5.10−9 mbar.
The scans were performed at different cycling stages of the
cells. Figure 35 shows an example of how an anode from a
silicon cell transforms from the pristine status where the
quality of the coating is high with high degree of crystallinity
and how it tends to degrade the higher the number of cycle.

Figure 34 Sample mounted on a XPS sample plate ready to be transferred into
the high vacuum chamber for scanning

Figure 35 Silicon anode extracted from different samples cycled at different
stages showing the transformation in the nature of the silicon anode.

XPS data processing
The data were analysed using CasaXPS®. Core peaks were
analysed using a nonlinear Shirley-type background. [138].
The positions of the peaks and areas were optimised using
70% Gaussian, 30% Lorentzian line shapes.
All of the fitted peaks generated in this work were Voigt
profiles (where probability distribution is given by
convolution of Cauchy-Lorentz and a Gaussian
distributions). Peaks were fitted after the subtraction of
Shirley background, unless otherwise stated. Elements with
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spin orbit doublet peaks were fitted with a consistent
separation distance, area ratio and equal FWHM.

Raman and XRD
The Raman system used was (Raman Renishaw) using a 633
laser at 5% with an exposure time of 15 seconds and 10
accumulations.
The XRD diffractometer used was Rigaku SmartLab. 2Theta/Omega patterns were collected in the angular range
15º ≤ Ɵ ≤ 60º in steps of 0.01º.

SEM and EDX Imaging
The morphology and the surface of electrodes were
observed by the scanning electron microscopy (SEM) with a
JEOL Microprobe JAMP 9500F operating at the probe current
of 0.1 nA and 15 keV and a working distance of the source
from the sample of about 14 mm and under vacuum. Samples
prepared for SEM scanning can be observed in Figure 36.
The main results for the characterisation were from XPS
tests and complementary results to support the XPS from
SEM, Raman and XRD along with optical microscope and
profilometer in some cases.

Figure 36 SEM imaging samples, gold-sputtered 10 nm (first 3 sample left to
right), and a sample without sputtering (right).

Optical microscope images
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Optical microscope provides a quick and informative way to
evaluate the quality of the coating. Samples from coatings
were prepared for the optical microscope observation as can
be seen in Figure 37, Figure 38. In Figure 37 the mixture is
well dispersed on the copper foil and has no gaps. However
it had clusters of air bubbles which could be attributed to the
instant adhesion of the wet materiel when separated from
the bar on the bar coating instrument. In addition, this may
be due to silicon reacting with the moisture content in the
coating sample or poor mixing. In comparison, Figure 37
shows gaps and empty areas on the surface of the copper foil.
This is due to the micro clusters of CNTs in the mix and the
splitting of the adhesion between the composite materials.
Longitudinal drying patterns can be observed caused by the
unadhered CNTs. Air bubbles can also be observed here.

Figure 37 Optical imaging microscope observations of the surface of some of the
samples to evaluate the degree of air content and bubbles within the coating.

Figure 38 Optical imaging microscope observations of poor adhesion of the
coating on the supper foil
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Profilometer measurement
The profilometer is used as an alternative to the Atomic
Force Microscope (Discussed in details in Chapter 2) since
tested samples didn't provide good quality scans. The
profilometer shares the same principle with AFM however
instead of providing a complete image it generates a line that
provides insight on the change in altitude of the scanned
surface. In other words it can inform about the thickness of
the coating on the current collector.
Figure 39 presents a reading from this instrument for the
coatings made with the bar coater. The sample shows that
the coating has an average of 2000nm. This was calculated
after repeating the test 10 times on different regions of the
sample and then taking the average of them. The average
was taken as a reference with high percentage of error ±
20% due to the variation of the material thickness and the
uncertainty of the particular thickness of every electrode cut.
In addition, it is expected that the thickness varied after the
drying of the electrodes. This is hard to measure since
electrodes are assembled in the batteries straight after
drying. So this figure (2000 nm) is taken as the reference
thickness and the actual material mass/volume accounted
for the capacity calculations was taken from the more
accurate weighted masses. This is the thickness observed
from the samples with good viscosity. The test was done to
measure the step from the uncoated area to the coated area
within a path of 2mm. The test is also helpful in testing the
cyclability of the batteries as the thinner the coating it is the
faster the battery cycles.
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Figure 39 Profilometer (Avg. ~2um change in height coating thickness)

Raman measurement
Raman spectra provides an insight about the presence of the
materials with their expected form (As explained in Chapter
2). To test the quality of the BTO material used in the
experiments, Raman test was conducted on the BTO powder.
The graph can be observed in Figure 40 (left) vs. a graph
retrieved from literature (right) [139]. As Badapanda et al
presented in their work, the BTO structure shows a small
shoulder peak at 306 cm-1 and another peak at 715 cm-1
with broader appearance [139]. Badapanda et al confirmed
that these are the characteristic peaks of a BTO structure.
These peaks match to a high degree the ones generated for
the BTO used in this research as Figure 40 shows. The BTO
used appeared to have a good quality and is utilized in the
experiments. Further Raman testing was carried out for the
samples to investigate the change of chemical composition
after cycling and under different testing conditions [140].
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Figure 40 Raman spectra: Sample of BTO Nano-powder (left) and data from
literature (right)

.

Theoretical capacity measurements
Extensive stage of optimisation, trial and error took place to
reach stable and functioning anodes. An example of one
anode and measurements conducted for it step by step can
be found below. These steps are applied to all cells in all
results chapters as standard:

Current collector measurement
Current collector used in this set of experiments is fixed as
copper foil.
A set of 10 current collectors (Figure 41) cut with the same
diameter (12 mm) used in the coin cell battery are weighted
as Table 8 presents:
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Figure 41 current collector cupper samples
Table 8 Mass measurements of 10 cut copper current collector with no coating

No. Cu mass (mg) [ ± 0.0002 ]
1

15.6264

2

15.5292

3

15.6444

4

15.5357

5

15.5326

6

15.6083

7

15.5454

8

15.5915

9

15.6302

10

15.5203

Avg

15.5764

As Table 8 presents, despite that the same copper foil was
used and that it was cleaned with Isopropanol
(CH₃CHOHCH₃) and had no coating, weights are slightly
different from one sample to the other.
Measurements on the selected population were made since
it was used as a reference for the plain copper electrode
material [141].
•

Population size: 10
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Mean (μ): 15.5764
Median: 15.56845
Lowest value: 15.5203
• Highest value: 15.6444
Range: 0.1241
Mean absolute deviation (MAD): 0.04376
•

Active material
According to literature, the active material in the composite
mixture prepared here is the Si nano powder and the carbon
material. Barium Titanate (BTO) is not considered active
material and its mass is excluded here [141]. Table 9 below
presents the capacities of the active materials as retrieved
from literature [141].
Table 9 Mass of active and inactive materials used in the experiments

Material Capacity (mAh/g)
Si

3759

Carbon 372
BTO

N/A

The composite mixtures and concentrations can be observed
in Table 19 in Appendix 1 for the different electrodes
prepared for optimisation. To demonstrate the calculations
of the total capacity of the batteries made and the other
accompanying data, one sample was taken as an example.
The chosen sample is SN14 due to its good performance and
balanced use of materials as will be explained.
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For anode battery #1 in anode coating SN14, the composite
mixture (concentrations and masses) in the dry form can be
observed in Table 10 as follows:
Table 10 Concentrations of materials forming anode composite for sample
SN14

Composite materials

Si

Graphite BTO PAA Total

Concentrations (%) [±3] 50
masses (mg) [±3]

30

10

10

100

150 90

30

30

300

In order to evaluate the capacity of the anode material, the
wt. % of the active material within the anode was measured.
The wt. % of the active material to the total anode material
can be calculated using the following relation:

(39)
Table 11 presents the measurement of active material for the
selected sample.
Table 11 Mass of active and inactive materials for sample SN14

Anode material

Active? (✓)

Wt.%

Si

✓

50

Carbon

✓

30

BTO

X

10

PAA

X

10

Total anode material wt.% [ ± 3 ] 100
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Total active material wt.% [ ± 3 ] 80
The weight of the active material coating layer is calculated
by substituting the weight of the coated electrode from
average weight (Mean) of the copper electrode. To measure
the capacity of the anode, the capacity of each active material
was measured and taken into account Table 12-Table 14.
Table 12 Active material mass of Si and capacity in the anode in battery #1 of
Sample SN14

Anode
mass (mg)
[ ± 0.1 ]

current
coating
collector
mass (mg)
mass (mg) [ ± 0.1 ]
[ ± 0.0005 ]

Active
Capacity of
material of Si content
Si (mg)
(mAh/g)

16.7

15.5764

0.5618

1.1236

2.1118062

Table 13 Active material mass of Carbon (graphite) and capacity in the anode in
battery #1 of Sample SN14

Anode
mass (mg)
[ ± 0.1 ]

current
coating
collector
mass (mg)
mass (mg) [ ± 0.1 ]
[ ± 0.0005 ]

Active
Capacity of
material of Carbon
Graphite
(mAh/g)
(mg)

16.7

15.5764

0.33708

1.1236

0.12539376

So for the battery as a whole, the overall capacity would be
the sum of the capacities of the active materials.

Table 14 Total capacity of battery #1 in Sample SN14

Capacity of Si
content
(mAh/g)

Capacity of
Carbon
(mAh/g)

Overall
capacity (mAh)
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0.12539376

2.23719996

To cycle the designed battery on different loading rates to
test its durability (ability to withstand the different cycling
parameters), different cycling current rates can be defined.
For example, the overall capacity of the assembled battery is
2.237 (mAh). This means that the battery would cycle on its
full capacity for one cycle in one hour. If the battery is set to
cycle at cycling rate C/10, it would take the battery X10 the
time to finish one cycle. That is since the full capacity of the
battery is set to cycle on 1/10 which would take it 10 times
longer to fully discharge and charge. Table 15 below
demonstrates cycling rates of C/10 and C/5 for the battery
from sample SN14.
Table 15 Cycling rates compatible with battery #1 in coating sample SN14

Sample

Battery # Overall
capacity
mAh

SN14

1

Cycling
Cycling
rate C/10 rate C/5
(mA)
(mA)

2.23719996 0.22372

0.44744

This method of calculation for sample SN14 is applied on all
other samples tested in this work unless otherwise
mentioned within the results chapters.

Columbic efficiency
Columbic efficiency graphs can provide a valuable insight
about the performance of the battery. They can show when
the battery is losing capacity after each cycle and they can
show the overall performance of the battery life.
Columbic efficiency can be measured from the set of data
produced by the battery cycler as per the following relation:
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𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑐𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦( 𝐶𝐸 )
𝐶ℎ𝑎𝑟𝑔𝑒𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
=(
) ∗ 100% (40)
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
Specific charge and discharge capacity per cycle provides an
idea on how well does the battery retain its capacity after
every cycle. It shows how much capacity is left in the battery
after each charge and discharge.
Both columbic efficiency and specific capacity charts are
fundamental in this battery research and are present in each
results chapter.

Voltage vs specific capacity
Properties of the batteries before cycling are recorded for
each battery before the testing as can be observed in Table
16. They are used to measure the battery health and to
validate the accuracy of the cycling test after it is done.
Resting time was set to be one day where sufficient time
would have been given to the electrolyte to emmerse the
separator and the surfaces of the electrodes.
Table 16 General information about each battery before cycling. Here the
example from sample SN14 is taken

Electrode Patch

Battery: SN14_01

Voc (V)

2.0570

Rest Time

1 day

Electrode Mass (mg) ± 0.0005 1.1236
Potential

0.01-1 (V)

(CD) 1st cycle

C/10

(CD) 2nd cycle onward

C/5
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Voltage (V) vs specific capacity (mAh/g) showing charge and
discharge curves for Sample SN14 observed in Figure 42.
Figure 42
Gravimetric
capacity of the
battery sample:
Voltage (V) vs
Charge & Discharge
(mAh/g) Sample
SN14

This graph demonstrated the ability of the designed battery
mixture to function as a rechargeable battery. Despite the
need for further optimization (mixing, materials ratio etc),
Figure 42 presents a functioning rechargeable lithium-ion
battery with a high capacity. The initial capacity of the
battery was about 1000mAh/g in the first cycle and dropped
to about half after 10 cycles. However, it still provides a
valuable compatible anode for lithium-ion batteries which
commercially operate on 500mAh/g or less. Moreover it the
designed battery demonstrates stability after cycling and
preserved its capacity, this would demonstrate an anode that
would provide a long cycle life for lithium-ion batteries. The
designed mix also demonstrates the use of BTO which could
have the ability to provide a capacity retention technique to
prevent the battery from further loss in capacity after many
cycles. That is by converting the pressure generated from
charged and expanded silicon into potential difference on its
particles. And finally with the help of graphite the
conductivity between the different particles and between
the anode and the electrolyte can be achieved. Here the
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battery voltage was set on 1V and based on the calculated
capacity of the certain battery the current was set as a fixed
value. When the load is applied during discharge the battery
starts to discharge at fixed current output whilst the voltage
drops until it reaches 0V. That is when the battery starts to
charge again at fixed current rate whilst the voltage escalates
gradually until it reaches the value of 1V and vice versa.
This battery is presented here as an example, the upper
voltage limit is changeable and for some batteries and it is
set to an upper limit of 1.5 V.
In summary the full details about battery synthesis, cycling
and characterisation is presented in this chapter with one
battery sample as explained in full detail. These steps were
taken for every battery made and tested, with some specific
testing parameters changes for some batteries. These
battery specific changes would be clearly mentioned for each
case.
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IT’S ABOUT WHAT YOU CAN SEE!
CAMBRIDGE
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nergy storage devices with pure silicon
anode are investigated in this chapter. The
chapter discusses an in-depth XPS analysis for
the transformation of the oxidation states of
the silicon anode in lithium-ion half cells at
different rates and stages of cycling. This would provide
fundamental understanding of the behaviour of the promising
material of silicon in this type of batteries. Full
characterisation study is conducted using SEM and EDX
alongside battery cycling system. Silicon anodes are found to
bear ultrahigh capacity (>3700 mAh/g) but with low cycling
stability (>100 cycles).

Introduction
Lithium ion batteries have been the beating heart of the
portable technology for the last 30 years since they were
introduced by Sony® in the early 1990s [13]. Since their
commercialisation, graphite has mostly been used as anode
material providing maximum theoretical capacity of (370
mAh/g) and acting as a bottle nick for the total capacity of
the cell. Graphite is abundant and cheap and is relatively
stable after repeated battery cycling. However to push the
bar for the next generation lithium ion batteries with higher
capacity an alternative anode material with higher capacity
must be developed. To this end this study focuses the light
on silicon as anode material for lithium ion batteries. Its high
capacity (>3700 mAh/g) makes it very attractive for such
application, given the current theoretical capacity of
graphite which is about X10 times lower (372 mAh/g) [134].
This chapter investigates the synthesis of nearly pure silicon
anode with 90% silicon nano powder.

Materials
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Silicon has the highest capacity as anode material for
lithium-ion batteries. However it is not commercialised yet
because of the cell’s instability, short life cycle and above all
the volumetric expansion of silicon particles during lithium
insertion. To bring the commercialisation of silicon anode
lithium-ion batteries a step closer, a more stable anode
coating should be developed. This chapter investigates the
usage of nearly pure (90%) silicon anode with in-depth
characterisation. As a 100% silicon coating cannot be
reached due to the nature of the silicon nano powder, a
binder must be introduced to create a coating paste to apply
on the current collector. The binder used here is poly (acrylic
acid)
(PAA)
(Sigma).
Binders
such
as
carboxymethylcellulose sodium salt (CMC), poly (acrylic
acid) (PAA) and poly (vinyl alcohol) (PVA) have been
explored with proven effectiveness [87]. However PAA is the
most stable and most compatible with the silicon nano
powders used in this research.
Several strategies have been explored in literature to limit
the volumetric expansion of silicon particles in lithium-ion
batteries [59]. For instance, by altering the size of the
particles, restricting the cycling conditions (slow
charge/discharge, limiting the C-rate, pre-lithiation and
limiting the cut-off voltage), introducing more complex
composite structure and changing the binders. Along with
pulverisation, the formation of solid electrolyte interphase
(SEI) is another challenge that faces silicon anodes. It
represents the unwanted side reactions on the surface of the
anode and should be controlled in the optimised design of
the cell. An excess of SEI formation can lead to faster
consumption of the electrolyte and the permanent
intercalation of lithium-ions which can shorten the life
expectancy of the cell, lower total capacity and lead to
swelling [134], [142]. SEI remains a main challenge that
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researchers are aiming to solve until today [134], [143]–
[146]. This research utilised XPS to bring a closer look at
species forming on the surface of the anode after repeated
charging and discharging for better understating of these
formations.

Motivation of this study
The ultrahigh capacity of silicon as anode active material for
lithium ion batteries makes it particularly important for
future battery designs. The instability of this material in this
type of applications however has limited the use of it so far.
An optimised and stable silicon anode have the potential to
boost the total capacity of lithium ion batteries, i.e.
maximising range for electric vehicles. The study here
focuses on the formation of oxidation states on the surface of
the anode at different cycling stages via XPS. This provides
valuable insight on the behaviour of silicon Nano particles as
the battery degrades and loses reversible capacity.

Experimental
The experimental measures and procedures followed in this
chapter are explained as follows:

Synthesis
The experimental procedures applied in this chapter follow
the detailed procedures outlined in Chapter 3. However
chapter-specific experimental details are summarised here.
The composite comprised of 90% (wt.%) silicon nano
powder with average diameter of 30-40 nm (Cambridge
Energy Solutions Ltd.) were used along with 10% (wt.%)
PAA (Sigma) as a binder. 1.0 ml of distilled water (DI) per
300 mg of solid powders was used to form the slurry. Silicon
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nano powders with average diameters of 200, 100 and 40
nm were used as well in the initial stages to benchmark the
effect of particle size on the performance of the battery. Since
the binder is not an active material, the higher the
concentration of it, the lower the total capacity of the anode.
Hence it is crucial to add the optimal percentage that would
insure the good adhesion between the nano powders in the
composite and between the composite slurry and the copper
current collector. To minimise the effect of high volume
expansion for silicon particles when the battery is cycled,
and to allow the maximum surface area of silicon active
material to host intercalated lithium ions, the small particle
size of (30-40 nm) was chosen. The smaller size is the most
effective and most reliable in the silicon anode applications.
This is as discussed in more details in Chapter 3.
The solid powders (silicon and the PAA binder) were speed
mixed at 1500 rpm for 5 minutes with the DI water to form
the slurry. The mixture was then coated in a copper foil (the
current collector) using a bar coating instrument. The
cupper foil had a thickness of 10 μm. The electrode was then
left to dry in air and then coin-cell-sized working electrodes
were cut to circles at diameter of 12 mm. The cut electrodes
where then dried under vacuum for 24 hours at 60 °C. The
coating thickness after drying lost about 90% of its original
thickness to a final thickness of 12-15 μm. The electrodes
were then transferred to the glove box (H2O<1 ppm, O2 <1
ppm) under argon and were weighted with a sensitive scale
(accuracy>0.001 mg).
Half-cell coin cell casing (CR2032: lithium, 20 mm diameter,
and 3.2 mm height) were used to assemble the cells. A stack
of silicon-coated copper current collector anode /
electrolyte- wetted glass fibre separator / lithium-ion metal
cathode / spacers and spring were made and encapsulated
into the coin cell body. A 100 μm of the electrolyte was used
per cell. The chosen electrolyte was: [1M LiPF6 in Ethylene
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Carbonate (EC): Dimethyl Carbonate (DMC) 1:1] with
[Fluoroethylene Carbonate (FEC))] (9:1) in the first part and
LP30 was used in the second part of this chapter.
The silicon anode functioned as a working electrode and the
lithium-ion metal was the counter and reference electrode.

Characterisation
XPS, Raman and XRD scans were performed as stated before
in details in Chapter 3 and mentioned here as a reference for
other results chapters. XPS scans were performed on a
Thermo Fisher Scientific NEXSA spectrometer (Harwell XPS,
Didcot, Oxford) equipped with a micro-focused
monochromatic Al X-ray source (hν = 1486.6 eV) over
scanning area of approximately 100 μm. Data were recorded
at pass energies of 150 eV for survey scans and 40 eV for
high-resolution scans at 1 eV and 0.1 eV step sizes,
respectively. The pressure in the analysis chamber was
around 5.10−9 mbar.
The data was analysed using CasaXPS®. Core peaks were
analyzed using a nonlinear Shirley-type background. The
positions of the peaks and areas were optimised using 70%
Gaussian, 30% Lorentzian line shapes.
The Raman system used was (Raman Renishaw) using a 633
laser at 5% with an exposure time of 15 seconds and 10
accumulations. The XRD diffractometer used was Rigaku
SmartLab. 2-Theta/Omega patterns were collected in the
angular range 15º ≤ Ɵ ≤ 60º in steps of 0.01º. This set up
was used for calibration purposes as the measurements had
a predefined profile on the system suitable for
polycrystalline measurement.
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Silicon anode with enhanced
electrolyte
This section investigates in depth the performance of the
silicon anode with the enhanced electrolyte: [1M LiPF6 in
Ethylene Carbonate (EC): Dimethyl Carbonate (DMC) 1:1]
with [Fluoroethylene Carbonate (FEC)] (9:1).
At first 3 different sizes of silicon nano powders (200, 100
and 40 nm) were used to prepare silicon anodes and cycled
at 0.05C and 1.5 V for 3 complete cycles up to failure point.
This is to determine the most stable size to be used in the
comprehensive study onwards as can be observed in Figure
43. The smallest silicon particle size (40 nm) retained most
of its capacity followed by the 100 nm and the 200 nm
respectively. The 40 nm silicon has 2X the surface are of the
100 nm particles and about 4X the surface area of the 200
nm silicon. This reflects significantly on the ability to accept
lithium ions during lithium intercalation. Hence the 40 nm
silicon nano powder is selected for the rest of the electrodes
prepared and investigated in this study for being the most
efficient particle size.
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Figure 43 capacity retention of silicon anodes with different nano particle sizes
(200, 100 and 40 nm) cycled at C/20 and 1.5 V up to failure for 3 complete cycles
~days.

Battery cycling
The prime method of testing lab-made coin cells is via the
battery cycling systems. Common systems include
(potentiostat, Maccor®, Lanhe®, Arbin®, Biologic® etc.).
The system used here was the Maccor®. Battery cycling data
can be generated in several forms including Charge vs.
discharge, specific capacity, columbic efficiency, capacity
retentions and variable C-rates or waterfall. These
parameters were generated graphically and discussed in this
section.
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Charge vs. discharge

Figure 44 Silicon anode charge vs discharge data for 1st, 2nd, 10th, 20th and 100th
cycle

Although the silicon anode benefits from high specific
capacity, this capacity tends to degrade very quickly after
repeated charging and discharging. This can be observed in
Figure 44 where the specific capacity drops down from
about 2.8Ah/g in the first discharge to about 1.75Ah/g at the
first recharge. That is a drop of close to 1Ah/g in one charge
and discharge cycle. The specific capacity continues to drop
on the second cycle as well as the rest of the cycles. At the
19th cycle, the specific charge and discharge capacities start
to equalise. At cycle 100, the specific capacity left in the
battery is close to zero Ah/g.

138

PURE SILICON ANODE FOR LI-ION BATTERIES

CHAPTER 4

Specific capacity and Columbic
efficiency

Figure 45 Columbic efficiency for the silicon anode

The columbic efficiency for the silicon anode increased from
83% for the first cycle to about 97% for the 10th cycle. This
can be observed in Figure 45 and corelated with Figure 44.
After the 20th cycle, the columbic efficiency became >98%
and continued as such until the 100th cycle.
On the other hand, the results for the specific charge and
discharge capacity (mAh/g) represented in Figure 45
demonstrated a clear and quick loss of capacity from the first
cycle to the 50th cycle. This is mainly due to the expansion of
silicon and the degradation of the anode material. At this
point, the cell would have lost most of its capacity and the
remaining charge and discharge capacity tend tostablize . In
other words, most of the specific capacity of the pure silicon
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anode cell lies within the first 50 cycles. After that the cells
loses its viability.

Capacity retention

Figure 46 Capacity retention for the silicon anode

As can be observed from Figure 46, the capacity retention of
the pure silicon cells drops in a sharp and continuous
manner from the first cycle. This drop then slows down after
the 50th cycle where almost 90% of the total specific
capacity is lost. The cell continues to lose capacity all the way
until the 100th cycle where almost no specific capacity is left
in the cell.

Variable cycling rates (waterfall)
The waterfall variable cycling rate is a test used to study the
performance of the battery at different cycling rates [147].
As standard, the test is set to cycle the battery at certain
cycling rate and change every 5 cycles. Here, the battery is
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cycled at 0.1 C for the first 5 cycles, then at 0.2 C for the
following 5, then at 0.5, 1.0, 2.0 and then back to 0.1 C – as
Figure 47 demonstrates. From the first cycle, the silicon
anode saw continuous loss of capacity after every cycle. The
specific charge capacity went down from 3000 mAh/g to
about 1800 mAh/g after 5 cycles. The loss in capacity
continued at the 0.2 C but with slower rate where the charge
capacity dropped from about 1400 mAh/g to 1100 mAh/g
after the 5th cycle. Further drop in charge capacity was seen
at 0.5 and 1.0 C. However the loss in specific charge capacity
was low compared to 0.5 C and much lower compared to 0.2
and 0.1 C before. Moreover, at C-rate 2.0, there is virtually no
drop in specific charge capacity for the cell. This can be
referred to the fact that by the time the cell reached 2.0 C at
cycle 20, it would have lost significant amount of its specific
charge and discharge capacity already. However, given that
at this stage the cell had sustained about 450 mAh/g and saw
very little drop in specific discharge capacity, it can be
concluded that the pure silicon anode functions best at high
cycling rate (i.e. 2.0 C). After 2.0 C, the cell was cycled again
at a low C-rate of 0.1 C and some of the lost capacity was
restored but faced continuous drop in the following 5 cycles.
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Figure 47 Watefall variable cycling rate for the pure silicon anode as
programmed in the cycling system

SEM
The scanning electron microscope was used to scan the
silicon anode before and after cycling. Presented in Figure 48
and Figure 49, the images were taken at 100 μm. In addition
to SEM images, EDX elemental mapping scans were also
taken for the anode shown in Figure 48 - Figure 50. The
surface topology for the pristine anode shows high degree of
roughness and cracks are present acr
oss the surface. These cracks worsen after cycling as the
anode active material becomes much more fragile. The
image for the cycled anode was taken for a piece of the anode
left from the original structure. That is because after cycling
the disassembly of the cell and the extraction of the anode
caused most of the active material to be very fragile and fell
off the cupper current collector. That could be due to the
degradation og the binder. It is worth mentioning that the
colour of the anode before cycling was olive green and after
cycling became charcoal black. This colour change can
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directly be correlated with the oxidation states of silicon
after repeated cycling – as the XPS data will reveal. Further
study on the development of cracks on the surface of the
anode (such as crack width, number of cracks per unit area
etc) would have been insightful and can be recommended for
future investigations. This would help to further optimise
the adhesion within the active materials and with the
current collector.
In the elemental mapping process for the pristine anode, the
X-ray scans showed high signal for the presence of silicon at
65% weight percent. The second highest signal intensity
came from carbon at 17%, followed by the signal from
oxygen at 16% and finally copper at 2%. This can be
observed in Figure 48 and in Figure 50 where the signal
strength and the weight % quantitative graph is present.
According the experimental procedures, the silicon content
in this anode makes up to 90% however the EDX scans
showed only 65%. This can be referred to the presence of
carbon and oxygen compounds on the surface.
The story becomes different for the cycled silicon anode.
Even though both pristine and the cycled anodes are mode
with the same composite, the EDX X-ray scans reveal a rather
different elemental weight % for the cycled anode. The
strongest signal came from carbon with 50%, followed by
28% for oxygen and 11% for silicon. In addition, 2 more
peaks were observed; 10% fluorine and 1% phosphorous
(which came from the electrolyte). In the cycled anode, the
large presence of carbon came mainly from the electrolyte
whereas for the pristine sample the carbon signal came
mainly from the binder. The decrease in the weight % for
silicon from 65% down to 11% likely to indicate that the
silicon became less apparent due to being covered with
carbon and carbon species.
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Figure 48 SEM (100 μm) and EDX elemental mapping images for pristine
silicon anode.
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Figure 49 Silicon anode SEM (100 μm) and EDX elemental mapping images after
a 100 cycle
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Figure 50 X-Ray spectra for the EDX scan for the silicon anode at pristine state (A), after 100
cycle (B) and their elemental Weight % based in signal strength (C and D)
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Raman
Raman testing was conducted to investigate the degree of
crystallinity of silicon on the anode before and after cycling.
For accuracy and to minimize errors, the scans were
repeated 10 times and the most repeated scan was then
used.
Althiugh Raman is capable of providing other useful
information such as strain levels, doping distribution etcs, it
was mainly used to examine the quality of silicon. The
pristine anode had a high degree of crystallinity for silicon at
519.6 cm-1 as can be observed in Figure 51 – (a). However,
after 100 cycles, the anode degraded largely and the
crystalline silicon peak disappeared and an amorphous
silicon peak emerged at ~440 cm-1 instead. These shifts are
attributed to the transfer optical mode characteristics of
silicon and emerged from the development of SiO2. When
crystalline silicon is scanned it gives characteristic optical
mode of vibrations as the crystalline bonds of silicon are
focused and concentrated into small frequency region (519.6
cm-1). However as silicon transforms to amorphous, the
crystal bonds are weakened and scattered and other bonds
emerge on a wider span of the Raman shift, hence the low,
wide peak for the amorphous region (~440 cm-1).
Transformation of crystalline silicon to amorphous can be
due to oxidation upon cycling. As seen in the EDX scans, there
was an increase of oxygen levels after cycling, and this could
be the source of the oxidation of silicon. The repeated
volumetric expansion and the formation of other silicon
species will be discussed later in the XPS analysis section. All
in all, this led to the loss in capacity of the cell. To minimise
the loss in capacity, this study suggests that the
transformation of crystalline silicon to amorphous should be
slowed down or prevented, as has been discussed in
literature noting that the relation between the capacity and
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the degree of crystallinity in the anode is proportional [104],
[148], [149].

XRD
XRD scans were conducted for both pristine and 100 cycle
samples. Figure 52 shows the X-ray diffraction patterns
(XRD) of the Si coated on copper foil before and after cycling.
High intensity peaks consistent with (111) and (200) planes
of copper foil and carbon respectively are present in both
samples. Other peaks of lower intensity from carbon present
in the sample also appear in both samples before and after
cycling indicating persistent presence of carbon at all-time
within the surface of the silicon anode. The high intensity of
copper peaks indicates the narrow thickness of the coatings
which favours fast charges of the battery.
In agreement with Barmann et al’s findings about silicon,
pristine Si anode [148], Figure 52 (up) present peaks in
consistent with (111), (220) and (311) planes of crystalline
silicon. Figure 52 (down) shows the Si anode corresponding
to a clear loss of crystallinity and an increase of amorphous
phases where most of the capacity is lost. Upon increasing
the number of cycles, the degree of crystallinity of the
samples decreased drastically as the Raman test indicated.
The shifting on this peak is coincident with the compressive
stress suffered by the anode [148].
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Figure 51 Raman spectra for silicon anode; pristine (a) and after 100 cycle (b)

Figure 52 XRD scan for the pristine silicon anode (up) and cycled after 100 cycle
(down)
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XPS
Detailed XPS analysis was conducted for the silicon anode.
To analyse and observe changes in XPS peaks, the powders
were scanned separately and then the coated active material
was scanned afterwards. This allowed the observation of
whether there was any unwanted side reactions/formations
in the pristine state as a result of wetting, mixing, coating and
drying the slurry. The powders were scanned separately and
then the pristine mixture. This allowed the observation of
any changes that may have occurred as a result of XPS
testing. Powders scanned were the PAA binder and the
silicon 30 nm powder. These can be observed in Figure 53.
The figure shows presence of O 1s and C 1s peaks in all three
surveys. In the silicon powder survey however, the C 1s peak
is of low intensity compared to PAA and the pristine anode.
This indicates high degree of purity of the powder used. The
C 1s peak then increased in the pristine anode due to the
presence of the binder in the mixture primarily. Other
sources of carbon could be dust or adventitious carbon on
the surface.
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Figure 53 XPS survey scans for the binder (PAA powder), the active material
(silicon) and the pristine anode combining both. (Top to bottom respectively).

Long scans for C 1s were conducted for the PAA binder, the
silicon active material and for the anode composite as shown
in Figure 54. The PAA had 3 main peaks indicating strong
presence of C-C, C-H or adventitious carbon at 285.1 eV. Also
present was CO at 286 eV and CO3 (O=C-O) at 289.15 eV.
Similar peaks were observed for the silicon powder with CC, C-H indicating high intensity peaks and CO3 indicating low
intensity peak compared to PAA. This is expected since CO3
for the PAA comes from its electrochemical structure
[(C3H4O2)n]. The XPS scan for silicon composite anode
sample showed similar peaks observed from the silicon
powder with higher presence of CO3, which can be attributed
to the addition of PAA to form the composite. In addition, a
small peak of CH2 was observed at 284.5 eV. This can be
attributed to the addition of DI water during mixing and
bonding with the PAA binder [150], [151]. All in all, C 1s line
shape from the three samples indicates similar composition
of carbon as demonstrated by Figure 54.
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Figure 54 C 1s XPS scans for PAA powder, Si powder and the Si composite
anode

The XPS scans of O 1s for the binder and active material
powders as well as the composite material coated for the
pristine anode can be observed in Figure 55. For the PAA
binder, two main peaks were present; O=C at 532.3 eV, O-C
at 533.6 eV and O=C-O at 535.5 eV. The Si powder only had a
high intensity peak of SiO2 at 532.8 eV. The pristine anode
composite sample however showed high intensity peak for
SiO2 and lower intensity peak for O-C and traces of O=C peak
[152], [153].
To measure if there is any major changes in the nature of the
silicon powder before and after mixing, XPS scans were
conducted. The Si 2p in Si-Si, SiOx and SiO2 present at 99 eV,
103 eV and 104 eV respectively remained consistent before
and after mixing as Figure 56 demonstrates, and which is
consistent with what is reported in the literature by
M.Czernohorsky et al [143] and Barmann et al [154]. In their
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recent study, Barmann et al also investigated the effect of
silicon particle size on lithiation and their study led to the
conclusion that the smaller size would lithiate better than
the larger one. This seconds the methodology followed in
this thesis and validates it.

Figure 55 O 1s XPS scans for PAA powder, Si powder and the Si composite
anode
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Figure 56 Si 2p XPS scans for PAA powder, Si powder and the Si composite
anode

Survey scans for the silicon anode before and after cycling
were conducted and can be observed in Figure 57.
Significant transformation of the nature of the anode can be
observed in these surveys. Compared to the pristine sample,
the sample for the first cycle indicated high intensity peaks
for fluorine. This can be attributed to the presence of
electrolyte {[1M LiPF6 in Ethylene Carbonate (EC): Dimethyl
Carbonate (DMC) 1:1] with [Fluoroethylene Carbonate
(FEC)] (9:1) weight %} material on the surface. This trend
continued on with the samples for 5th and 10th cycle samples.
At the 100th cycle, and with almost full degradation of the
anode’s capacity, the intensity for the peaks for silicon
dropped significantly. This is accompanied with high and
consistent presence of fluorine peaks as well as oxygen.
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Figure 57 XPS survey scans for the silicon anode at 0 cycle (pristine), 1st, 5th,
10th and 100th cycles.

The long scans of C 1s for the silicon anode at the different
cycling stages can be observed in Figure 58. In the pristine
state, 4 different carbon species were identified. A relatively
low intensity peak for CH2 at 284.5 eV, a relatively high
intensity peak at 285.3 eV for C-C and C-H with the highest
peak, a CO relatively low intensity peak at 287 eV and a peak
for CO3 at 289.5 eV. The 4 species were present in all the
scanned samples however their intensity changed the higher
the number of cycling. At the 1st cycle, the C-C peak
decreased whilst the CO peak increased largely. In addition,
the presence of additional species (CO2 at 288.5 eV) was
observed. The trend continued for the 5th and 10th cycle
samples with noticeable increase in the intensity of CH2 and
CO2 peaks. However at the 100th cycle, the CH2 peak almost
demolished. The C-C and CO became the main peaks and CO2
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and CO3 remained present. The findings confirm that the
degradation of the silicon anode yields of high level of CO
after 100th cycle. This has been associated with the loss in
capacity, the irreversible cycling ability and the
accumulation of carbon oxides on the surface from the
consumed electrolyte. Similar behaviour has been observed
in the literature by Fransson et al [56]. XPS peaks of C 1s
match those observed by Zhao et al as well [155].
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Figure 58 XPS scans of C 1s for the silicon anode at 0 cycle (pristine), 1st, 5th,
10th and 100th cycles.

The XPS scans for O1s for the silicon anode at the different
stages of cycling can be observed in Figure 59. Three main
species were observed; O=C at 532 eV, SiO2 at 533.2 eV and
O-C at 534.75 eV. The scans shows consistent increase in
intensity for O=C and O-C and decrease for SiO2 as the cycle
number increased.
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Figure 59 XPS scans of O 1s for the silicon anode at 0 cycle (pristine), 1st, 5th,
10th and 100th cycles.

The XPS scans for Si 2p for the silicon anode at the different
cycling stages can be observed in Figure 60. The scan for the
pristine anode shows high intensity for Si-Si at 99 eV species
as well as SiOx and SiO2 at 103 eV and 104 eV respectively. As
the cycle number increased, the Si-Si peak started to
decrease and eventually demolish. On the other hand the
SiO2 peak remained present and at the 100th cycle only SiO2
peak was present. This correlates to the loss of active
material capacity and the degradation of the anode due to
the consumption of crystalline silicon and the increase of the
oxide species instead.
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Figure 60 XPS scans of Si 2p for the silicon anode at 0 cycle (pristine), 1st, 5th,
10th and 100th cycles.

XPS scans for Li 1s were conducted for the 1st and the 100th
cycle as can be observed in Figure 61. The accumulation of
irreversible lithium metal wan be observed and the intensity
if the Li 1s 56 eV peak increased. This also indicated lithium
plating and permanent loss of capacity for the cell. In
addition, since the peak remained almost consistent 56.3 to
56.4 eV, which is within the experimental, error of the
spectrometer. This indicates large consumption of the
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electrolyte. That is because it would be expected for the peak
to shift ~ 0.5 eV to the lower binding energy band with the
increase in lithium metal on the surface. However at the
same time the electrolyte was also being consumed and
lithium and oxygen compound (Li2O) were most likely
created [156]. In their work, S. Buchner et al reported similar
characteristics of Li 1s peak.

Figure 61 XPS scans of Li 1s for the silicon anode at 1st and 100th cycles.

To understand the changes on the electrolyte after cycling,
XPS scans for F 1s were conducted as Figure 62 presents.
Scans for the 1st, 10th and 100th cycled samples were
performed. Three main species were identified and observed
in the three samples. These are attributed to LiF at 686 eV,
LiPF6 at 688 eV and PF at 689 eV. As would be expected, the
1st cycle had the highest intensity peak of LiPF6 which is the
main ingredient of the electrolyte. LiF and PF were also
present in a lower intensity compared to LiPF6 peak. After
the 10th cycle, the peak intensity for LiF increased largely and
became the one with the highest intensity. At the same time
the LiPF6 peak dropped but remained the second highest
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peak with PF being the lowest intensity. Nonetheless all
three peaks were strongly present. At the 100th cycle, LiF
increased further and was the dominant species where there
were only traces of LiPF6 and PF. This indicated almost the
complete consumption of the electrolyte and the bonding
with lithium ions on the surface of the silicon anode. B.
Philippe et al reported in their work with K. Edstrom the
transformation of the electrolyte to a more phosphatesrelated species and associated that with the loss in capacity
and loss in stability of the cell. Their findings match the ones
presented in this thesis to a high degree. They used different
levels of scanning energies, and found that on the surface
LiPF6 was highly present (at 415 eV and 1487 eV) compared
to the species for P 2p found in the bulk at higher scanning
energies (2300 eV and 6900 eV). These high energies have
the ability to scan underneath the surface (> 5nm) and hence
uncover the molecules of the electrolyte that has not been
consumed in the cycling yet.
On the other hand, this thesis managed to observe the
transformation with closer look via scanning the electrodes
after each stage of discharging (1st, 5th, 10th, and 100th
cycles). This provided a novel record of the gradual
transformation of the electrolyte in relation with the cycling
ability and battery performance as XPS scans illustrate. The
XPS peaks are in agreement with similar scans performed by
Xu et al for their solid polymer electrolyte in lithium ion cells
[157] and also follows similar findings by Philippe et al
[158].
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Figure 62 XPS scans of F 1s for the silicon anode at 1st, 10th and 100th cycle

Similar to F 1s, P 2p scans were performed to study the
changes on the electrolyte after cycling as Figure 63
illustrates. The line shape for P 2p is complex and has been
fitted to show the presence of P in LiPF6 and other
phosphates. Peaks for LiPF6 (fitted as a single peak without
the spin orbitals) at 136.9 eV observed in the 1st and 10th
cycle along with phosphates peaks (fitted as single peaks
without the spin orbitals) at 132 eV and 135 eV with similar
intensities. As the cycling continued change in peak
intensities was observed at the 100th cycle. The LiPF6 peaks
decreased largely and the phosphorus peak at 135 eV
became the dominant specie in the scan. Unlike F 1s, no
major changes were observed between the 1st the 10th cycles.
This indicates that the bonding with lithium ions from the
cathode and the consumption of the electrolyte can be
attributed to the bonding with fluorine element from the
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electrolyte. This is confirmed with the high intensity peak of
LiF observed in Figure 62.

Figure 63 XPS scans of P 2p for the silicon anode at 1st, 10th and 100th cycle

Conclusions
In conclusion, a nearly pure (90%) silicon nano powder
anode was synthesised, tested and analysed. The anode
showed high capacity potential and compatibility with
lithium-ion batteries. However it demonstrated rapid loss of
capacity after repeated cycling due to volumetric expansion,
loss in the degree of crystallinity which led to electrolyte
degradation and permanent lithium intercalation. The
battery cycling tests confirmed high capacity of the silicon
anode however they also confirmed continuous and rapid
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decrease in capacity. The waterfall test confirmed that the
slower the C-rate the batter for the silicon anode and vice
versa. The XPS scans confirmed the consumption of the
electrolyte and the bonding of lithium ions with fluorine
from the electrolyte on the anode. This scan also confirmed
consistent oxidation of the silicon anode throughout cycling
and showed the emergence of carbon oxide species on the
100th cycle sample. This confirmed the deterioration of
quality and performance of the binder. As the SEM images
showed, the anode was very fragile and cracked after the
100th cycle confirming the poor status of the binder after
repeated cycling. The Raman, XRD and XPS tests also proved
the conversion of crystalline silicon to amorphous and the
creation of silicon oxides. This led to the loss in active
material to host lithium ions and hence the permanent loss
in capacity. These detailed characterisation analyses and test
presented fundamental insights about the changes on the
silicon anode along and the importance to investigate
methods and composite solutions to minimise effects like
volumetric expansion and others on the silicon material
during cycling [157]. This feature (volume change) is
explained in more details later in Chapter 5.
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Silicon anode with pure LP30
electrolyte
The same procedures used in the previous section on the
pure silicon anode cell were applied here but with the
unmodified electrolyte. That is pure LiPF6 (LP30). This is to
validate the findings from the previous section and to have a
closer look at the changes on the anode surface without
using 10% FEC. Even though results may change slightly
from cell to another depending on conditions and quality of
the cell, these results correlate to each other in the same cell
and provide valuable insight on changes happening on the
surface of the anode.
The discharge capacity (mAh/g) vs cycle number for first 10
cycles for the silicon anode using LiPF6 electrolyte can be
observed in Figure 64. The anode loses most of its capacity
at the first 5 cycles. In Figure 64 the capacity at the 1st cycle
was ~3000 mAh/g and went down to >1000 mAh/g at the
5th cycle. The study in this section of the project investigated
this cycle in full details to provide better understanding of
the changes that happen on the surface of the anode at this
stage and compare it with the early cycling stage.

Figure 64 Discharge capacity (mAh/g) vs cycle number for the silicon anode
using LiPF6 electrolyte.
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SEM
SEM and EDX scans for the 1st cycle of the silicon anode can
be observed in Figure 65 and Figure 66. The surface looked
cracked. That is due to the change in volume of silicon
particles after charging and discharging. Nonetheless the
surface was also cracked even before cycling. That is due to
drying and relatively poor adhesion to the current collector.
The cracks tend to increase with cycling. The EDX scans
reflect on the composite’s high content of silicon in addition
to the presence of other elements from the electrolyte such
as fluorine and phosphorous. Carbon is also present which
came from the binder mainly as well as the electrolyte and
oxygen came from the electrolyte and the oxidised silicon
nano particles.

α

Figure 65 EDX spectra (up) quantitative analysis (down) for the 1st cycle of the
silicon anode using LiPF6 electrolyte
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Before cycling (10 μm)

Figure 66 SEM and EDX scans for the 1st cycle of the silicon anode
using LiPF6 electrolyte. The green colour location and intensity
indicate the presence of the element i.e. C, Si etc. and its location in
relation to the SEM image, the higher the presence of an element the
higher the green colour intensity
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Raman
The Raman spectra for the silicon anode can be observed in
Figure 67 for the pristine and cycled silicon anode after the
5th cycle. The transformation of crystal state of silicon from
highly crystalline to the amorphous state can be clearly
observed. That is as the crystalline peak at 520 cm-1 Raman
shift in the pristine sample broadens and shifts towards
~450 cm-1. In addition, the presence of the peaks at ~150
and 300 cm-1 also indicates an amorphous state. Nonetheless
the electrode still has crystalline features as the crystalline
peak remained strongly present after the 5th cycle. Similar
Raman scans were conducted by Zheng et at and showed the
distinctive peaks of crystalline and amorphous silicon [154].

Figure 67 Raman spectrum for silicon anode in the pristine state (up) and after
the 5th cycle (down) where pure LiPF6 was used as electrolyte.

XPS
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Surveys for the silicon anode with pure LiPF6 at the pristine
state, 1st and 5th cycle can be observed in Figure 68. The O 1s
peak is of high intensity and can be clearly observed in both
the pristine and cycled samples. The F 1s peaks from the
electrolyte can be observed in the 1st and 5th cycle samples.
At the 5th cycle, the F 1s peak tend to increase further in
intensity.

Figure 68 XPS survey for the silicon anode with pure LiPF6 at the pristine state,
1st and 5th cycle.

The P 2p scans can be observed in Figure 69 for the 1st and
5th cycle samples with the pure LiPF6 as electrolyte. It comes
mainly from the traces of the electrolyte on the surface of the
cycled anodes. The scan does not show big change in the
peaks of the LiPF6 specie at 137.8 eV nor does it change for
the phosphate peaks at 132 eV and 135 eV. The XPS scans for
P 2p here are similar to the ones obtained for the enhanced
electrolyte (LP30+10%FEC). This indicates P species do not
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get effected a lot by the addition of FEC into the electrolyte
solution.
However, the scan for F 1s for the 1st and 5th cycle samples of
the silicon anode show a clear change in the peaks of F 1s
species (Figure 70). 3 species were identified at the 1st and
5th cycle samples as: LiF at 686 eV, LiPF6 at 688 eV and PF at
689 eV. At the 1st cycle LiPF6 peak is dominant indicating
good quality pure electrolyte traces still on the surface of the
anode. At the 5th cycle, the LiF peak increased largely and
became the dominant peak in the scan with LiPF6 and PF
peaks shrinking further and further. This change in the
nature of the electrolyte indicates the start of permanent
lithium ions intercalation and the start of formation of
lithium plating on the surface. In addition, it indicates the
consumption of the electrolyte and that less and less of the
electrolyte LiPF6 remains available for lithium migration.
This phenomena tend to continue as the cycle number
increases until all the electrolyte is consumed and there is
only one dominant F 1s peak left which is the LiF. This
change in the behaviour of the electrolyte was not observed
in the P 2p peaks nor the O 1s (see Figure 69).

Figure 69 XPS scan of P 2p for the silicon anode with pure LiPF6 at the 1st and
5th cycle.
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Figure 70 XPS scan of F 1s for the silicon anode with pure LiPF6 at the 1st and 5th
cycle.

Figure 71 XPS scan of O 1s for silicon anode at the 1st and 5th cycle using pure
LiPF6 as electrolyte.

XPS scans for O 1s for the silicon anode using pure LiPF6 as
electrolyte can be observed in Figure 71. The scans show the
oxygen species present on the surface of the anode after the
1st and the 5th cycle. Three species were identified as: O=C
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peak at 532 eV, SiO2 peak at533.5 eV and O-C peak at 535 eV.
The high intensity SiO2 peak came from the silicon nano
power as it is covered with an oxide layer due to previous
exposure to air during synthesis. The O=C and O-C peaks
came from the interaction with the electrolyte as it starts to
oxidise after cycling. No major difference between the 1st and
5th cycle can be observed on the oxidation state of the anode
from the collected O 1s scan.

Figure 72 XPS scan of C 1s for silicon anode at the 1st and 5th cycle using pure
LiPF6 as electrolyte.

Detailed XPS scans for C 1s can be observed in Figure 72. The
scans are for the silicon anode after the 1st and the 5th cycles
using pure LiPF6 as electrolyte. Present species include C and
CH2 peak at 285 eV, C-C and C-H peak at 285.5 eV, CO peak at
287 eV, CO2 and O=C-O at 288 eV and CO3 at 289.5 eV. C-C,
C-H and CO2 peaks remained constant between the 1st and
the 5th cycle whereas CH2 and CO3 peaks decreased slightly
in intensity. CO remained with no noticeable change.
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In conclusion, two types of electrolytes (Pure LP30 and LP30
+ 10% FEC) were used to study the performance of pure
silicon anodes. They both showed similarities in
performance with the FEC-enhanced electrolyte showing
higher degree of stability on the long cycles and the pure
LP30 demonstrating higher capacity retention in the first
short term cycles. Both however showed that pure silicon
anodes would lost the majority of their capacity in less than
100 cycles. This indicates the need for an enhanced form of
silicon anode composite to stabilise the performance of this
type of cells, as will be presented in Chapter 5.
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aterial and stability enhancement of
silicon anode are investigated in this
chapter. This includes the development of
silicon anodes with the introduction of the
perovskite material BaTiO3 within the
anode composite. Full study and characterisation techniques
are employed to reach constructive conclusions for this work
including thorough XPS and SEM analysis. The results show
the effectiveness of adding BaTiO3 in the anode composite on
stability and performance of the battery.
Keywords: BaTiO3; Silicon anodes, Lithium-ion batteries;
XPS; Oxidation states

Introduction
The high capacity of silicon anodes in lithium ion batteries
make them highly valuable for applications requiring high
capacity batteries such as electric vehicles and mobile
applications. The poor stability of silicon as anode material
however has so far limited its commercialisation, as the
previous chapter explained [133]. To improve the stability of
silicon anodes, this chapter is proposing the formation of
composite of silicon and Barium Titanium Oxide (BaTiO3) to
improve the stability of the anode after cycling. The use of
BaTiO3 as explained in Chapter 1 helps in creating a
structural support for the silicon nano powder particles
when they experience change in volume due to cycling [58].
That is due to the development of piezoelectric potential
which enhances the movement of Li-ions and stabelizes the
volum expansion of neighbouring silicon particles [139],
[159]. The understanding of the behaviour of silicon, BaTiO3,
the PAA binder and the electrolyte before and after cycling
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can provide valuable information about the stability of this
type of cells.

Materials
The high capacity of silicon makes it a very attractive
material for lithium ion battery applications. But in order for
silicon anodes to be widely commercialised, its stability and
capacity retention must be enhanced. It was concluded from
the previous chapter that pure silicon anodes lose their
capacity in a relatively quick way. The addition of BaTiO3 to
the silicon Nano powder to form a Si/BTO composite mix can
allow the anode to maintain its capacity for longer number
of charge and discharge cycles. A (60%) silicon and (30%)
BTO along with (10%) PAA binder composite mix is
prepared here.

Motivation of this study
The issue of volume expansion for silicon particles limit the
life expectancy of silicon anode lithium ion batteries and
causes rapid capacity degradation. The formation of silicon
composites with a material to limit or counter effect this
phenomena can be the solution [128], [129]. This study here
investigates the effect of forming silicon and BaTiO3
composite anode material and the effect of this composite on
the performance of the battery. The species of elements
formulating on the surface of the anode after charging and
discharging can provide a valuable insight about not only the
performance of the anode material but the electrolyte as
well.

Experimental
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The experimental measures and procedures followed in this
chapter are explained as follows:

Synthesis
The experimental procedures applied in this chapter follow
the detailed procedures outlined in chapter 3 but a brief
summary of the synthesis procedures for this chapter is
outlined here. The composite comprised of 60% (wt. %)
silicon nano powder with average particle diameter of 30-40
nm (Cambridge Energy Solutions Ltd.) along with 20,30 and
40% (wt. %) BaTiO3 with an average particle diameter of 40
nm (Sigma). 10% (wt. %) PAA (Sigma) as a binder. 2.0 ml of
distilled water (DI) per 300 mg of solid powders was used to
form the slurry. The similar particle sizes of silicon and BTO
makes the two materials more compatible with each other.
The solid powder mix (silicon and the PAA binder) was
speed mixed at 1500 rpm for 5 minutes with the DI water to
form the slurry. The mixture was then coated in a copper foil
(the current collector) using a bar coating instrument. The
cupper foil had a thickness of 10 μm. The electrode was then
left to dry in air and then coin-cell-sized working electrodes
were cut to circles at diameter of 12 mm. The cut electrodes
where then dried under vacuum for 24 hours at 60 °C. The
coating thickness after drying lost about 90% of its original
thickness to a final thickness of 12-15 μm. The electrodes
were then transferred to the glove box (H2O<1 ppm, O2 <1
ppm) under argon and were weighted with a sensitive scale
(accuracy>0.001 mg).
Half-cell coin cell casing (CR2032: lithium, 20 mm diameter,
and 3.2 mm height) were used to assemble the cells. A stack
of Si/BTO-coated copper current collector anode /
electrolyte- wetted glass fibre separator / lithium-ion metal
cathode / spacers and spring were made and encapsulated
into the coin cell body. A 100 μm thickness of the electrolyte
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was used per cell. The chosen electrolyte is: [1M LiPF6 in
Ethylene Carbonate (EC): Dimethyl Carbonate (DMC) 1:1]
with [Fluoroethylene Carbonate (FEC))] (9:1) in the first
part and LP30 was used in the second part of this chapter.
The Si/BTO anode functioned as a working electrode and the
lithium-ion metal was the counter and reference electrode.

Characterisation
Similar to the silicon anode, the different XPS, Raman and
XRD scans were performed following the procedure outlined
in Chapter 3 and Chapter 4.

Si/BTO anode with enhanced
electrolyte
This section investigates in depth the performance of the
Si/BTO anode with the enhanced electrolyte: [1M LiPF6 in
Ethylene Carbonate (EC): Dimethyl Carbonate (DMC) 1:1]
with [Fluoroethylene Carbonate (FEC))] (9:1).

Battery cycling
Half-cell coin cells were assembled to test the Si/BTO anode
with Lithium-ion metal as a reference electrode. Similar to
the silicon anode, these cells were tested using the battery
cycling system Maccor®. After analysing the data, several
charts were generated including: Charge vs. discharge,
specific capacity, columbic efficiency, capacity retention and
waterfall variable C-rate chart.

Charge vs. discharge
Si/BTO anode has high capacity due to the higher wt% of
active silicon nano powder in the composite (60%). As
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Figure 73 shows, the gravimetric capacity of the anode drops
slightly between 1st and 2nd cycle and remains around 2.2
Ah/g. This indicated a more stable change in capacity with
the presence of BaTiO3 in the composite. The drop in
capacity continued until the 100th cycle where most of the
capacity is lost at about 0.75 Ah/g left.
Despite the loss in capacity, the Si/BTO anode retained more
capacity after 100th cycle compared to the pure silicon node
(presented in Chapter 4).
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Figure 73 Si/BTO anode charge vs discharge data for 1st, 2nd, 10th, 20th and 100th
cycle (up) and the Si anode charge and discharge (down - as presented previously
in Chapter 4) shown here for comparison.

Specific
capacity
efficiency

and

Columbic
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The specific capacity vs cycle number and columbic effeicny
can be observed in Figure 74 for the Si/BTO anode. The
discharge specific capcity dropped after the first cycle from
~2200 mAh/g to ~1750 mAh/g at the 3rd cycle. The capacity
continued to drop in a steady rate until the 100th cycle. These
figures match the trend observed in details in Figure 73.
The Columbic effeciency on the other hand showed an
efficiency of ~99% from the first cycle. This efficiency
continued until the 100th cycle. This indicated a high level of
efficiency for the cell during lithiunm intercalation and deintercalation.
These findings for Si/BTO are better compared to the pure
silicon anode which suffered from rapid loss in capacity and
low columibc effeicny.

Figure 74 Columbic efficiency for the Si/BTO anode in reference to the Si anode
(as presented in Chapter 4)

As Figure 74 presented, the composite with Si and 30% BTO
proved to be more effeicnt and reliable compared to the
nearly pure Si anode. To validate the effectiveness of the BTO
ratio on the mixture, composites with 20, 30 and 40% BTO
were prepared and tested as Figure 75 presents. The Si/BTO
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composite with 30% BTO proved to have the most stable
performance in terms of both specific capacity per cycle as
well as coulombic efficiency. This also indicated that this is
the most suitable particle size with BTO compared to the
other two. Hence it is used in this study as a main composite
for the extensive characterisation and surface analysis tests.

Figure 75 Coulombic efficiency and specific capacity of Si/BTO anodes with BTO
ratios of 20, 30 and 40%.

Capacity retention
The capacity rentention for the Si/BTO anode matches the
columbic effeicny and the specific capcity vs cycle number
observed in Figure 76. The anode showed sustauined good
level of capacity and at the 100th cycle, the anode had about
40% left of the orignal capacity.
This is much better than the pure silicon anode which had
lost almost all of its capcity at the 100th cycle.
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Figure 76 Capacity retention for the silicon anode in reference to the Si anode
(as presented in Chapter 4)

The performance of the Si/BTO composites with BTO ratios
of 20, 30 and 40% in terms of capacity retention can be
observed in Figure 77. The Si/BTO anode with 30% BTO
proved to be most stable compared to the other two anodes.
The increase in capacity of the 40% Si anode followed by the
decrease can be attributed to the activation of new active
reagons on the silicon anode that were not active in the first
30 cycles. This is an undesirable feature as the changeable
capacity limits the battery’s usability.

Figure 77 Capacity retention of Si/BTO anodes with BTO ratios of 20, 30 and
40%.
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Variable cycling rates (waterfall)
The variable cycling rate (waterfall) test allowes to observe
the changes in specific capacity loss vs cycle number at
different charge and discharge speed. This can be observed
in Figure 78. The Si/BTO anode had a faster drop in specfic
capcity with the higher cycling rate (C-rate) compared to
pure Si anode. At 0.1 C the anode amanged to regain most of
its capacity after every charge and discharge compared to
the the C-rate 2.0 C. In other words, the Si/BTO anode
functions at its best at the slowest C-rate. At the 25th cycle,
the anode managed to regain considerable amount of its
capcity after the C-rate was decreased again to 0.1 C
indicating the ability of the anode to restore some of its lost
capcity at slower C-rates – even after repeated fast charging
and discharing.

Figure 78 Waterfall variable cycling rate for Si/BTO anode in reference to the Si
anode (as presented in Chapter 4)
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SEM
SEM images were taken for the electrode before and after
cycling. Images had a size of 100 μm as Figure 48 show. In
addition, EDX elemental mapping scans were taken for the
anode before and after cycling as can be observed from
Figure 81 for the same SEM images. The images show that
the Si/BTO anode had a smooth and homogeneous surface
before cycling. After cycling, the surface had cracks all over
it and was very fragile. This indicated the degradation of the
binder after enduring repeated cycling. The hair lines shown
on the surface are traces from the separator. The colour of
the anode before cycling was olive green and after cycling it
became charcoal black. This is another indication of the
emergence of deferent carbon and oxide species including
the permanently intercalated lithium.
The EDX elemental mapping showed high intensity scans for
Si followed by C, O Ti and Ba as can be seen in Figure 79 and
Figure 80. The quantitative analysis observed Figure 81 may
not match the wt% quantities followed in the synthesis
procedure. For the pristine anode this can be due to the
presence of carbon and oxygen on the surface which
hindered the scan of the elements underneath. Especially
given that silicon Nano powder has high level of oxidation in
air. Since the silicon nano powder was handled in the lab
atmosphere, the presence of oxygen is most definite and was
taken into account. A pure non-oxydised silicon would have
been very active at the presence of air and would have had a
higher level of risk during synthesis. The method followed in
this research provided a safe and effective way of
synthesising silicon anodes. As for the cycled anode this can
be referred to the change in nature of the anode material due
to electrochemical reactions and the presence of the
electrolyte. Both samples before and after cycling showed
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high intensity for Si. The cycled anode nonetheless showed
higher presence of O and C indicating high level of oxidation
and accumulation of carbon species as a result of binder
degradation. Both Ti and Ba (from BaTiO3) were observed
before and after cycling in addition to a P and a higher
intensity F which came from traces of the binder.
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Figure 79 SEM (100 μm) and EDX elemental mapping images for pristine silicon/BTO anode. The
green colour location and intensity indicate the presence of the element i.e. C, Si etc. and its
location in relation to the SEM image, the higher the presence of an element the higher the colour
intensity.
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Figure 80 Silicon/BTO anode SEM (100 μm) and EDX elemental mapping images after a 100
cycle. The green colour location and intensity indicate the presence of the element i.e. C, Si etc.
and its location in relation to the SEM image, the higher the presence of an element the higher the
colour intensity.
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Figure 81 X-Ray spectra for the EDX scan for the silicon/BTO anode at pristine state (A), after
100 cycle (B) and their elemental Weight % based in signal strength (C and D)
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Raman
To investigate the quality of silicon in the composite before
and after cycling, Raman measurements were conducted.
This can be observed in Figure 82. High intensity peak at
519.6 cm-1 was noted indicating high level of presence of
crystalline silicon. However after cycling, this sharp peak
disappears and gets replaced with a broader noisier peak at
around 440 cm-1. This broad peak is attributed to the
presence of amorphous silicon. The noisiness of the peak is
attributed to the weaker signal coming from the largely
degraded anode after cycling where peaks from the
electrolyte are also present. The change in the nature of
silicon from crystalline to amorphous leads to change in
optical mode characteristics of silicon. The optical vibrations
for crystalline silicon are focused on small region of 519.6
cm-1 and when silicon oxidise further and after repeated
cycling becomes amorphous its crystals get weakened and
scattered over a wider range of the spectra around 440 cm-1.
This eventually led to the loss in capacity.
Compared to silicon anode (Chapter 4, Figure 51), Si/BTO
demonstrated higher capacity preservation which however
was not confirmed using Raman as the figure illustrated.
That is as they both showed similar transformation
behaviours in the Raman spectra despite the better capacity
retention for the Si/BTO anode.

XRD
XRD scans were performed for the Si/BTO anode before and
after cycling as Figure 83 (a and b respectively) presents.
The diffraction patterns corresponding to (100), (110), and
(211) planes of crystalline BTO and (111), (220) and (311)
planes of crystalline Si can be observed corresponding to
pristine Si/BTO anode [160], [161]. After 100 cycles, Si/TBO
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anode only presents peaks corresponding (110) and (211)
planes of crystalline BTO. The peaks for Si (311) and BTO
(211) planes overlap at approximately 56 degrees hindering
the determination of crystalline silicon in the sample.
However from the Raman spectra it can be concluded that
the anode lost the vast majority of its crystallinity.

Figure 82 Raman spectra for Si/BTO anode; pristine (a) and after 100 cycle (b)

Figure 83 XRD scan for the pristine Si/BTO anode (up) and cycled after 100
cycle (down)

XPS
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Detailed XPS scans as well as surveys were conducted for the
Si/BTO anode. To be able to identify any side reactions or
changes upon slurry formation, XPS scans and surveys were
conducted for each powder separately. This was then
followed with a scan for the coating or the pristine anode.
PAA, Si and BTO powders were scanned as well as the
pristine Si/BTO anode. All surveys showed peaks where
expected and indicated high purity of the powders used. The
most noticeable change can be observed in the Si/BTO
pristine anode where Ti 2p peak was no longer identifiable.
This could be due to being diluted by Si nano particles which
prevented the XPS scans from registering any strong Ti 2p
peak. Due to the BTO’s structure (Figure 84), it is possible
that the Si nano particles have filled in the gaps around the
Ti atom which is inside the BTO’s perovskite cubic structure.
C 1s and O 1s peaks were present in the 4 scans. This can be
observed in Figure 85. The source of carbon in the samples
can be from the binder or from dust or impurities on the
surface of the samples. Long scans then took place to identify
the different species for each one of the elements.

Figure 84 BTO perovskite structure and volume expansion for Si composites
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Figure 85 XPS survey scans for the binder (PAA powder), the active material
(silicon), the additive (BTO) and the pristine anode combining all three. (Top to
bottom respectively).

Long XPS scans were conducted of C 1s for the precursors
(PAA, Si and BTO powders) and pristine anode as Figure 86
presents. Three main peaks were observed for the PAA scan;
C-C, C-H at 285.1 eV, C-O at 286 eV and O=C-O at 289.15 eV.
Similar peaks were identified for the Si powder but with
lower intensity for the O=C-O peak. For the BTO powder the
three peaks were also identified with lower intensity for C-O
and C=O-C compared to the peaks observed for the PAA.
These peaks match those observed in Philippe et al and Xu et
al [157], [158] as indicated in Chapter 4. The Si/BTO pristine
anode had similar peaks with higher intensity for O=C-O
compared to the Si powder mainly due to the presence of
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PAA in the composite. The small extra peak at the composite
(CH2 at 284.5 eV emerged due to the addition of DI water in
the powder mix to form the slurry. Despite that the anode
was dried, traces of DI water or OH- ions can still be
observed. All in all no unexpected side reactions or peak
shifting occurred from the preparation, process.

Figure 86 C 1s XPS scans for PAA powder, Si powder, BTO powder and the
Si/BTO composite anode

XPS scans of O 1s for the binder, the active material, BTO and
the pristine electrode were conducted as Figure 87
illustrates. For the PAA binder, two main peaks were
observed at 532.3 eV and 533.6 eV and were attributed to
O=C and O-C respectively. This is in agreement with Hu et al
in their XPS observations [162]. Both peaks had strong
intensity. The Si powder had a single and strong peak at
532.8 eV indicating the presence of SiO2. That is since the
outer surface of Si powders oxidises once exposed to air
forming a layer of oxide on the surface. The BTO powder
scans indicated the presence of Ti2O3 at 529 eV and DI water

197

SILICON/BTO ANODE FOR LI-ION BATTERIES

CHAPTER 5

or OH- at 531 eV. This could be due to being exposed which
led to attracting moisture [162], [163]. The pristine
composite had three peaks identified at 531 eV for OH-, 532.8
eV for SiO2 and 534 eV for O-C [163], [164].

Figure 87 O 1s XPS scans for PAA powder, Si powder, BTO powder and the
Si/BTO pristine composite anode

Long XPS scans were conducted for the Si powder and the
composite to observe any changes in the peaks as Figure 88
shows. The Si powder indicated high level of purity with two
sharp spin orbital doublet peaks for Si 2p 3/2 and Si 2p ½ at
98.8 eV and 99.8 eV respectively; and 102.8 eV and 103.8 eV
for SiOx and SiO2 respectively. Similar peaks were observed
for the anode composite and no shifting or additional peaks
were spotted. This confirms that the pristine anode had the
desired quality of active material prior to cycling. This would
also help benchmark any changes in silicon after charging
compared to the pristine state.
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Figure 88 Si 2p XPS scans for PAA, Si and BTO powders and for the Si/BTO
pristine composite anode

The XPS scans conducted for the BTO to observe any changes
on Ba 3d for the composite can be observed in Figure 89. The
XPS scan for the powder showed two sharp peaks with high
intensity for Ba 3d at 778 eV for Ba 3d 5/2 and 794 eV for Ba
3d 3/2 with 15.35 eV splitting distance between the two
peaks. Both peaks show shoulders at higher BE, indicating
that Ba is in two different states, seconding the findings of
the research paper published by Masashi Seki et al on single
crustal BaTiO3 [131]. The scan however looked different for
the pristine composite after mixing with the other precursor.
Splitting distance remained constant at 15.35 eV peak to
peak but the two peaks shifted by about 2 eV to the higher
energy band. This indicated reactions or bonding occurring
as a result of formulating the composite, with Ba occupying
single state [153].
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Figure 89 Ba 3d XPS scans for BTO powder and for the pristine Si/BTO
composite

XPS scans for of Ti 2p for the BTO powder and the pristine
anode were conducted as Figure 90 presents. Similar to the
Ba 3d peak, Ti 2p also experienced changes after formulating
the composite. The powder had two high intensity peaks at
458 eV and 463.5 eV before mixing. There was also a small
peak at 471 eV which could be associated with Plasmon loss
features. However after mixing, the Ti 2p peak was
completely unidentifiable. Since TiO2 is relatively small
compound surrounded in Ba atoms inside a Perovskite
structure, it is possible that the addition of the other
elements such as Si powder covered the Ti and hindered the
detection of it. That is since BTO is used to structurally
support the silicon Nano powders in the anode and act as
reinforcement. The XPS scans for of Si 2p after cycling would
provide better understanding of the behaviour of Si nano
powder when mixed with BTO Nano powder.
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Figure 90 Ti 2p scans for BTO powder and Si/BTO pristine anode

Survey scans for Si/BTO anode before and after cycling can
be observed in Figure 91. A high intensity peak can be
observed from the 1st cycle sample indicating strong
presence of fluorine species. In addition, continues presence
of oxygen species can be detected throughout the samples.
As for the silicon peaks, they seemed weaker and weaker as
the cycling number increased. The strong presence of
fluorine came from the electrolyte used which left traces
after dissembling the cells.
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Figure 91 XPS survey scans for Si/BTO anode at 0 cycle (pristine), 1st, 5th, 10th
and 100th cycles.

The long scans of C 1s for Si/BTO anode at the different
cycling stages can be observed in Figure 92. For the pristine
anode, 4 different carbon species were identified. CH2 peak
at 284.5 eV, a relatively high intensity C-C, C-H peak at 285.3
eV, CO peak at 287 eV and CO3 peak at 289.5 eV.
CH2 peak increased after the first cycle and towards the 100th
cycle it tended to drop down slightly. The C-C and C-H
species peak dropped after cycling and continued in decline
as the cycle number increased. The CO peak was fairly low
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before cycling. However it increased dramatically after the
first cycle and kept increasing. At the 100th cycle it was
dominant along with C-C. This large and consistent presence
of CO can be attributed to the consumption of the electrolyte
and the accumulation of CO as a side product of the affiliated
reactions.
In addition to the aforementioned four carbon species, CO2
peak started becoming clearly apparat from the 1st cycle and
its intensity increased with the number of cycling. At 100th
cycle CO2 peak was strongly present along with the other 4
species. The CO3 species on the other hand dropped in
intensity after the first cycle but then increased again the
higher the cycle number.
Compared to Si anode (Chapter 4, Figure 54), the rate of
degradation of Si/BTO anode was slower. This can be
confirmed from the relatively lower intensity CO3 peak for
Si/BTO anode compared to the Si anode. In addition, Si
anode had a faster rate of accumulating CO from the first
cycle compared to Si/BTO anode and had a more consistent
high intensity C-C peak throughout the samples. All in all the
Si/BTO anode had lower rate of generating and consistently
accumulating carbon and carbon oxide species compared to
Si anode. This is directly reflected in the battery performance
of both cells.
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Figure 92 XPS scans of C 1s for the silicon anode at 0 cycle (pristine), 1st, 5th,
10th and 100th cycles.

The evolution of O 1s for Si/BTO anode can be observed in
Figure 93. Three oxygen species can be identified from the
pristine sample which also carried on for the rest of the
samples. They are O=C at 532 eV, SiO2 at 533.2 eV and O-C at
534.75 eV. O=C peak increased as the number of cycle
increased. The SiO2 peak however started dropping slowly
as the number of cycle increased but remained strongly
present. O-C peak also remained present in the samples as
Figure 93 shows.
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Figure 93 XPS scans of O 1s for Si/BTO anode at 0 cycle (pristine), 1st, 5th, 10th
and 100th cycles.

XPS scans for Si 2p in Si/BTO anode at the different cycling
stages can be observed in Figure 94. They show high
intensity for Si-Si at 99 eV species as well as SiO2 at 104 eV
for the pristine anode as well as for the 1st, 5th and 10th cycle.
However, the Si-Si peak became difficult to observe for the
scan of the 100th cycle. This would indicate loss in active
material to host lithium ions and drop in the degree of
crystallinity since only the SiO2 peak remained apparent,
indicating complete oxidation of Si.

205

SILICON/BTO ANODE FOR LI-ION BATTERIES

CHAPTER 5

Figure 94 XPS scans of Si 2p for Si/BTO anode at 0 cycle (pristine), 1st, 5th, 10th
and 100th cycles.

XPS scans for Ba 3d for the Si/BTO anode were conducted
and can be observed in Figure 95. The peaks of Ba 3d were
identifiable for the pristine sample as well as 1st, 5th and 10th
cycle samples. However, at the 100th cycle the peaks were no
longer identifiable as the anode degraded.
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Figure 95 XPS scans of Ba 3d for Si/BTO anode at 0 cycle (pristine), 1 st, 5th, 10th
and 100th cycles.

XPS scans for the Si/BTO anode were conducted for Li 1s for
the 1st and the 100th cycle (Figure 96). The Li 1s peak was
observed at 56.85 eV for the 1st cycle sample and 56.45 eV
for the 100th cycle. This slight shift towards the lower energy
indicates electrolyte consumption which led to lithium
plating on the anode and permanent loss of lithium ions as
the capacity degraded. This would have also led to the
creation of Li2O as a side product of the electrolytes’
degradation.
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Figure 96 XPS scans of Li 1s for Si/BTO anode at 1st and 100th cycles.

Figure 97 shows how lithium accumulates after repeated
cycling for the silicon and Si/BTO anodes. It shows that
lithium accumulated at a similar rate for the first few cycles
but at a higher rate compared to the pure silicon anode at
100th cycle. This is despite that the Si/BTO anode had 1/3
less active material. This can be identified as one of the
benefits of adding BTO which allowed a higher percentage of
Si nano powder to host lithium making the anode more
effective on the long term.

Figure 97 XPS scans of Li 1s for Silicon and Si/BTO anode at 1st, 10th and 100th
cycles showing intensities of the binding energy scans.
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XPS scans were conducted for F 1s of the 1st, 10th and 100th
cycle to investigate the changes on the electrolyte (Figure
98). Peaks indicating fluorine species were detected
including LiF at 686 eV, LiPF6 at 688 eV and PF at 689 eV. At
the 1st cycle, LiPF6 was the highest intensity peak followed
by LiF. This is due to having fresh electrolyte which is not yet
consumed from repeated cycling. At the 10th cycle, both LiF
and LiPF6 remained stable to some extend where PF peak
dropped. At the 100th cycle, the F 1s species were dominated
by LiF with traces of LiPF6 and PF. This indicated high level
of consumption of the electrolyte and the loss in capacity of
the cell. This is in addition to permanent lithium ions
intercalations.
Compared to the silicon anode, the Si/BTO anode showed
slower consumption of LiPF6 after the 10th cycle. This ties
with total capacity of the battery indicating the positive
effect of using BaTiO3 in the anode mix directly on the
electrolyte preservation.

Figure 98 XPS scans of F 1s for Si/BTO anode at 1st, 10th and 100th cycle
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P 2p scans were performed at 1st and 100th cycle for the
Si/BTO anode to observe any additional changes on the
electrolyte (Figure 99). At the 1st cycle, peaks for LiPF6 at
137.8 eV were detected along with phosphates peaks at 132
eV and 135 eV. At the 100th cycle, dramatic change occurred.
Phosphates peak at 135 eV increased and the peak at 132 eV
disappeared while LiPF6 peaks dropped. This directly
indicated the degradation of the electrolyte.

Figure 99 XPS scans of P 2p for Si/BTO anode at 1st and 100th cycle

Compared to the silicon anode, the consumption or
degradation of the electrolyte was slower for the Si/BTO
anode. This is as the LiPF6 was not as largely consumed as it
is the case for the silicon anode (Chapter 4, Figure 63).
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Pure LP30
It was concluded from the XPS studies on the silicon and the
Si/BTO anodes that the electrolyte is a key player in
stabilizing the performance of the battery. Both anodes
showed better performance in terms of capacity retention
and cycling ability with the LiPF6+FEC electrolyte. BaTiO3
was expected to work as a structural support for the silicon
particles and to minimise the effect of pulverisation. This
was proven from the battery performance charts and from
the SEM images. Nonetheless, XPS scans indicated that
BaTiO3 enhanced silicon anode also has the ability to slow
down the degradation of the electrolyte without
compromising the performance. XPS also indicated
disruption of the BTO stoichiometry when mixed with Si. So
this part of the study focuses on investigating the effect of
using pure LiPF6 electrolyte with the Si/BTO anode. That is
to analyse the performance of the anode (Figure 100) with
and without the addition of 10% FEC in the electrolyte mix.
Comprehensive XPS study would help provide fundamental
understanding of the species emerging on the anode surface
and would provide a better understanding of the usage of
BaTiO3 in silicon anodes over all.

Figure 100 Discharge specific capacity (Ah/g) vs cycle number for Si/BTO
anode with pure LP30 electrolyte
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During charging and discharging, lithium ions start to
permanently intercalate to the Si/BTO anode leading to loss
in battery capacity. This is initiated by formation of dark
micro spots of degraded anode surface which can be
identified on the olive-green anode. These dark spots start to
form from the first cycle and continue to grow and form
clusters until eventually all of the anode surface area
changes from olive-green to charcoal –like black anode. This
is visualised and discussed in Chapter 3. This section focuses
on the formation of one of these lithium spots on the anode
surface at the 5th cycle. This particular cycle was chosen to
allow the anode to have as close to its original structure as
possible and as much of its original capacity as possible. At a
later stage, the anode material would have degraded and
would have become very fragile and difficult to handle. In
addition, this stage of the battery age would allow to have
both high quality anode active material along with the
degraded regions which would provide valuable chance to
benchmark the difference and help understand what
happens to the anode and what species form on the surface.

SEM
SEM images for the dark spot under investigation can be
observed in Figure 101. The dark spot under investigation
can clearly be seen in Figure 101 – A. The surrounding area
with the silicon of higher quality can be identified as it is
smoother and nearly crack-free. This spot represents the
core from which the degradation of anode material expands
to cluster with other spots and then expand to cover the
whole anode initiated by permanent lithium intercalation
and bonding with the silicon. In the spot the expansion in
silicon particle can be observed as well. Figure 101 – B shows
3 zoomed in images for the image in Figure 101 – A showing
three regions. These regions are; 1. The area outside the spot
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indicating the cathode material prior to expansion; 2. The
area on the borders of the spot showing gradual change in
the nature of anode material and gradually showing the
pulverisation effect on silicon; 3. Image from the centre of
the spot showing a micro state of the anode after expansion
and shrinkage and after degrading and losing its
crystallinity. Figure 101 – C represents a side view of the
region and; Figure 101 – D shows cross section of the three
regions (outside, on the border and at the centre of the spot).
These 3 cross section images also show the thickness of the
anode material. Upon synthesis, the anode had a
homogeneous coating of ~5 um. This matches the
measurement observed in Figure 101 – D.1. However on the
boundaries of the spot the thickness increases ~x4 times
(19.75 um) clearly showing the volume expansion effect on
silicon as D.2 shows. In D.3 the thickness drops to 9.5 um
showing a poor and irreversible state for the silicon material.
This would mean that this region would not be able to host
lithium ions effectively.
EDX scans for the same region can be observed in Figure 102
and the quantitative analysis for these scans are observed in
Figure 103. The EDX scan showed high intensity of O species
in the centre of the spot and high intensity of Si species
outside and around the spot. This leads to the conclusion
that the Si particles inside the spot suffered from higher level
of oxidation and would as a result have poorer ability to host
lithium ions. Traces of the electrolyte on the surface of the
anode can also be spotted from P and F scans. These EXD
maps are represented in the quantitative analysis observed
in Figure 103. The biggest change in nature between the two
regions inside and outside the spot is the O presence. Inside
the spot O levels are ~X4 time higher than outside.
All in all these scans showed how the Si/BTO anode transfers
and loses capacity. Using BTO helped delaying this change
but did not stop it.
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Figure 101 SEM images for Si/BTO anode with pure LiPF6 after the 5th cycle.
A. Top view for the whole region; B. Top views of area outside the spot, on its
border and inside; C. Side view of the sample and; D. Cross section images for
regions of B (outside the spot, on the border and inside).
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Figure 102 XRD maps for Si/BTO anode showing the spot of anode
material under investigation.
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α

α

Figure 103 EDX quantitative scanning for intensity of Kα elements intensity for
the cycled silicon/BTO anode; (outside of the designated spot under
investigation – up, and inside the designated area under investigation – down).
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Raman
Raman spectrum for the regions outside the spot and in the
centre of it can be spotted in Figure 104. This distinguished
difference in the degree of crystallinity can be observed here.
Highly crystalline silicon at 520 cm-1 Raman shift with sharp
narrow peak can be seen for the region outside the spot. This
would mean that this region is not fully utilised yet in terms
of hosting lithium ions. On the other hand, a shorter and
broader peak at ~475 cm-1 can be observed for the region in
the centre of the spot. This shows that silicon transformed to
amorphous after having hosted lithium ions from the
cathode. It also shows some degree of crystallinity at 524 cm1 indicating stresses experienced by the silicon which led to
the shift in the peak towards the higher spectra region
(Figure 105) [165].

Figure 104 Raman spectrum inside (blue) and outside (red) the dark spot for
Si/BTO anode after 5th cycle.
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Figure 105 Raman spectra of the dark spot for Si/BTO anode after 5 th cycle
taken at 8 points from outside to inside the spot. This shows the transition
towards amorphous silicon as the scan moves further in towards the spot. This
is also accompanied with a slight shift of the crystalline peak for silicon from
520 cm-1 to 524 cm-1 inside the amorphous region (shown in the smaller figure
on the right).

All in all this scan showed that two regions with very
different nature can occur on the same anode after repeated
cycling of Si/BTO anode.
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XPS
To understand the elemental species emerging on the
surface of the anode after repeated cycling, XPS surveys and
scans were conducted. Figure 106 presents the survey scans
for Si/BTO anode with the pure LiPF6 electrolyte after 1st
cycle as well as for 2 regions for the 5th cycle. After the 1st
cycle, the oxygen peak dropped whilst the fluorine peak
remained high intensity. In addition, silicon peaks dropped
after the first cycle. This can be spotted in both regions
scanned for the 5th cycle. The Si 2p peak became hard to spot
from the survey for the scan inside the region (dark spot).
This is mainly due to the high degree of oxidation inside this
region.

Figure 106 XPS survey for the Si/BTO anode with pure LiPF6 at the 1st cycle and
5th cycle in two different regions with different qualities.
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High resolution XPS scans were conducted for the Si/BTO
anode with pure LiPF6 as can be observed in Figure 107. At
the first cycle, fluorine species including LiF at 686 eV, LiPF6
at 688 eV and PF at 689 eV were identified and in agreement
with Philippe et al.’s work on silicon [158]. LiPF6 specie
indicated high level of presence for the electrolyte on the
surface. The first cycle also showed an even higher intensity
peak for the LiF as well. This indicated permanent loss in
lithium ions already as well as the start of degradation of the
electrolyte. At the 5th cycle, and in the region of high quality
Si/BTO composite, the scans showed continued and
increased level of electrolyte degradation and permanent
lithium ions intercalation. Moreover, the scan for the region
with darker appearance showed nearly complete
consumption of the electrolyte with dominant LiF peak and
traces for LiPF6 peak. This region acted in the cell as a core
from which the degradation spread and expanded.
Compared to Figure 98 the F 1s from the LiPF6 indicated
greater stability of the electrolyte when it is mixed with 10%
FEC.
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Figure 107 XPS F 1s scans for the Si/BTO anode with pure LiPF6 at the 1st cycle
and 5th cycle in two different regions with different qualities.

The XPS scans for P 2p also presented the electrode and
electrolyte at different stages of quality as Figure 108
presents. P 2p Peaks for LiPF6 at 137 eV were present in the
1st, 5th and 10th cycle. In addition to that, phosphates peaks
at 134 eV were spotted at the 5th cycles two different regions
and another phosphate peak at 132 eV spotted at the 1st cycle
which then disappeared in the later cycles. After the 1st cycle,
the LiPF6 peak dropped significantly in the region of interest
(the dark spot) whereas LiPF6 peak remained present in the
region of better composite quality (outside the dark spot).
The phosphate peak at 134 eV on the other became the
highest intensity peak at the 5th cycle (outside the dark spot)
in the higher quality composite region and was even
stronger for the scan of inside the spot. This indicated a
severe loss in functioning of electrolyte and permanent
lithium ion intercalation inside that region.
Compared to the anode with the enhanced electrolyte, this
degradation happened at a much faster rate (at the 5th cycle)
compared to a much later stage for the electrode with the
enhanced electrolyte mix.
This method of spot-observation followed here provided a
valuable insight on the predicted trend of the electrode after
long cycling.

221

SILICON/BTO ANODE FOR LI-ION BATTERIES

CHAPTER 5

Figure 108 XPS P 2p scans for the Si/BTO anode with pure LiPF6 at the 1st cycle
and 5th cycle in two different regions with different qualities.

XPS scans were conducted for the Si/BTO anode with pure
LiPF6 after the 5th cycle in a snap map (1 um2). The scans
detected species for Li 1s, Si 2s, O 1s and C 1s elements. This
can be observed in Figure 109.
Li 1s was scanned and detected at 56.5 eV indicating the
presence of Li2O in the centre of the spot. Si 2s was scanned
and Si-Si was detected in the centre of the spot at 99.5 eV. O
1s scan showed O=C at 533 eV, and O-C at 536 eV at the
centre of the spot. LixSiOy species at 530 eV were strongly
present outside the spot. C 1s scans showed species along
the different binding energies including: CH2 at 285 eV,
285.3 eV for C-C and C-H, and a peak for CO3 at 291 eV and
traces of CF3 at 295 eV. All these species were detected
within the a wider scan and despite that the peak binding
energy may differ from the expected one, the snap map
confirmed it and Figure 109 represents the main broad
regions only.
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The difference in nature of material inside and outside the
region under investigation indicated the rapid change and
degradation in the anode in as early as the 5th cycle. To
analyse the different species of each element for this
designated region, a further study was conducted over a
region of 10 points from left to right for the map presented
in Figure 109. This would mean that the points would scan
the region outside the spot, then on its borders, then inside
it and then outside again. Such detailed scan can provide
better understanding of how the species emerged in with as
details as possible.
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Figure 109 Snap map for Si/BTO anode showing a dark spot where
degradation of the anode capacity starts and later clusters. These XPS scans
are done to investigate the presence of species for Li 1s, Si 2s, O 1s, and C 1s at
a region of 1 um2. The darker the colour the higher the intensity of the
element at certain binding energy and the lighter it is the lower the intensity.
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O 1s XPS scans were performed for the Si/BTO anode on 10
different points and can be observed in Figure 110. Starting
from point 1 to 10: Point 1 represent a high quality active
Si/BTO anode before degradation and ready to host lithium
ions. In this point Li2CO3 and SiO2 can be detected at 532 and
533.3 eV respectively where SiO2 is the higher intensity
peak. As the scan proceeds to point 2, a new specie emerges
at 535 eV indicating the presence of ROCO2Li. This specie
comes in agreement with Philippe et al.’s observations of
LP30 electrolyte [158]. At the same time Li2CO3 peak starts
to increase as permanent lithium ion intercalation takes
place. At point 3 LixSiOy starts to be detected at 589 eV and
Li2CO3 becomes the highest intensity peak taking over SiO2.
This point is also the boundary region for the spot where a
mixture of all the species can be detected. Points 4, 5, and 6
are at the centre of the dark spot and hence Li2CO3
dominating the scan and indicating a degraded region
unsuitable for lithium intercalation with abundance of
Li2CO3. Point 7 is about identical to point 3 representing the
other boundary of the spot and finally points 8-10 are similar
to point 1 showing abundance of unreacted SiO2 and less
Li2CO3. All in all this analysis showed there are 3 deferent
regions with 3 different characteristics in the spotted region.
Outside, inside and around the borders of the spot. This can
be spotted in details in the SEM images section later.
C 1s scans were similarly performed for the Si/BTO anode at
10 different points as can be observed in Figure 111. At point
1 which is outside the dark spot, 3 carbon species were
identifiable. These are: CH2 at 284.8 eV, Co at 287 eV and CO2
at 288.8 eV. At this point the active material is of good quality
in terms of capacity to host lithium ions. The dominant peak
is the CH2 and at point 2 the situation is similar. However, CO
species start to increase and this continues to point 3. At
point 3 in addition a new species can be identified which is
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CO3 at 290 eV. This point also represents the boundary of the
spot. Points 4, and 5 are at the centre of the dark spot
meaning that species identified there are directly related to
permanent lithium intercalation, electrolyte consumption
and degradation in active silicon. High intensity CO peak is
detected in those points. Point 6 represents the other side of
the spot so it is similar to point 3 and points 7-10 are outside
the spot so they are similar to point 1. Outside the spot, the
main carbon specie is CH2. Carbon black at 282.5 eV was
present in low intensity throughout the different points.
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Figure 110 O 1s XPS scans performed for the Si/BTO anode on 10 different
points
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Figure 111 C 1s XPS scans performed for the Si/BTO anode on 10 different
points
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The spot observation method and the snap map for the
Si/BTO anode provided a valuable insight for the status
momentarily and predicted status of the anode and the cell a
whole. The spot scans revealed that there is a significant
difference between the regions inside, at the surrounding
border and outside it. The XPS scans for instance showed a
severe level of oxidation of the silicon nano particles inside
the spot, and a very good quality silicon crystals outside this
region. It also showed that on the border surrounding the
spot there is a mixture of both crystalline and amorphous
silicon in deformation stage. The SEM scans confirmed the
issue of volumetric expansion and provided an evidence on
the change in volume and loss in elasticity and adhesion with
in the composite itself and the current collector underneath.
The addition of BTO to the composite did not eradicate the
issue of volumetric expansion but stabilised it and slowed it
down leading to a battery with better and longer capacity
retention. The Raman results tied well with both the XPS and
SEM scans showing loss in crystalline features for silicon.
Lastly, the effectiveness of using the enhanced electrolyte
(LP30+10%FEC) was proven as demonstrated by the XPS
scans of F and P.
All in all, the use of BTO in the silicon composite has proven
to enhance the stability and capacity of the coin cell
compared to pure silicon anodes.
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aximising the stability of the anode is
vital for an overall better capacity
lithium ion battery. This chapter discusses
the utilisation of commercialised graphite
anode and electrolyte for lithium-ion
batteries. It also discusses the introduction of perovskite
material BaTiO3 within the silicon anode composites. This is to
investigate the later material’s behaviour in a Carbon-rich
environment. Full study and characterisation techniques are
employed to reach constructive conclusions for this work.
Keywords: Graphite; Si anode composites; BaTiO3 Nano
powder; Battery performance; LP30 electrolyte

Introduction
Graphite dominates the lithium ion battery industry as a
main anode material. That is due to its relatively low cost, its
availability, its good capacity (370 mAh/g) and its effective
performance as an anode material in hosting lithium ions.
Nevertheless and as explained previously in this study, the
industry aspires for an even better performing anode
material to unleash the full capacity the lithium ion batteries
and their composites. In order to do so, the maximum
theoretical capacity of the anode must be stepped up. This
would require the use of new anode materials with higher
capacity; such as silicon. Silicon has x10 the capacity of
graphite but as we have seen and discussed in previous
chapters suffers from instability and rapid degradation due
to volume expansion. One way of mitigating the volumetric
change in silicon nano particles is by the use of nano
materials that can provide structural support to
neighbouring silicon atoms without hindering their
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performance. To create an even better anode design, the
conductivity within the anode particles should be enhanced.
This is where carbon comes in place. Carbon materials such
as graphite can provide additional conductivity in the anode
which can make the lithiation process more effective in one
hand, and in the other hand act as active material itself.
This chapter introduces graphite in to silicon anodes and
investigates the synthesis of nearly pure silicon, graphite
and silicon/graphite anodes with 2 different electrolytes –
and investigates silicon/graphite, silicon/BTO and
silicon/graphite/BTO anodes in terms of battery cycling
performance.

Materials
Silicon and graphite composites are very promising anode
materials for the next generation of lithium ion batteries.
The combination of silicon, graphite, BTO and a good binder
and electrolyte mix can have positive footprint on the
battery industry for the next high capacity anodes [59], [69],
[85], [147], [166]–[168]. In addition, the relatively cheap
cost and availability of all the raw materials make them real
competitor to materials with higher performance and much
higher cost such as graphene and CNTs etc.

Motivation of this study
The use of silicon as anode active material for lithium ion
battery have the potential to expand the total capacity of this
type of batteries. The addition of BTO to silicon have the
potential to stabilize the silicon Nano particles and increase
the number of cycles the battery can perform. The addition
of carbon (mainly graphite) to the mix have the potential to
enhance conductivity between the anode particles, act as an
active material itself and further enhance the stability of the
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cell. All whilst maintaining relatively low cost since both
silicon and graphite are highly abundant and relatively
cheap materials. The study is split into two parts; the first
investigating the raw materials silicon, graphite and their
composite in terms of electrolyte; and the second
investigating the addition of graphite to silicon composites
with the presence of BTO. The study focuses on the cycling
performance of the different synthesised anodes.

Experimental
The experimental measures and procedures followed in this
chapter are explained as follows:

Synthesis
The experimental procedures applied in this chapter follow
the detailed procedures outlined in chapter 3. However
chapter-specific experimental details are summarised here.
The study presented in this chapter is divided into 2 parts:
1- The electrolyte study comparison
2- The Si anodes comparison
The first part investigates the use of the commercial LP30
electrolyte vs the modified one used in the previous
chapters: [1M LiPF6 in Ethylene Carbonate (EC): Dimethyl
Carbonate (DMC) 1:1] with [Fluoroethylene Carbonate
(FEC))] (9:1). This comparison is done on the raw materials
of silicon, graphite and silicon/graphite composites. That is
to harvest the maximum theoretical capacity out of these
anode materials.
The second part takes the outcome of the first part and
utilised the better performing electrolyte with the silicon
anodes but with the introduction of BTO this time. That is to
allow for the use of the better electrolyte, along with graphite
and with the stabilising BTO in the silicon anode. In other
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words, this would employ all the conclusions and lessons
from previous chapters and synthesise the most stable
battery. This whilst keeping the low cost of materials and
ease of synthesis.
For Part 1, the anodes mix comprised of the following:
•

•

•

The silicon anode was made with 90% (wt.%)
silicon nano powder with average diameter of 30-40
nm (Cambridge Energy Solutions Ltd.) along with
10% (wt.%) PAA (Sigma) as a binder.
The graphite anode was made with 90% (wt.%)
TMRIX 25 along with 10% (wt.%) PAA (Sigma) as a
binder.
The Si/graphite anode was made with 60% (wt.%)
Silicon Nano powder with average diameter of 30-40
nm (Cambridge Energy Solutions Ltd.) 30% (wt.%)
TMRIX 25 along with 10% (wt.%) PAA (Sigma) as a
binder.

All anode slurries were mixed with 2.0 ml of distilled water
(DI) per 300 mg of solid powders to form the slurry.
The electrolytes used were:
•
•

LP30 (Sigma)
[1M LiPF6 in Ethylene Carbonate (EC): Dimethyl
Carbonate (DMC) 1:1] (Sigma) with [Fluoroethylene
Carbonate (FEC))] (9:1). (Sigma)

For Part 2, the anode mix comprised of the following:
•

The Si/BTO anode was made with 60% (wt.%)
silicon nano powder with average diameter of 30-40
nm (Cambridge Energy Solutions Ltd.) 30% (wt.%)
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BTO with an average particle diameter of 40 nm along
with 10% (wt.%) PAA (Sigma) as a binder.
The Si/graphite anode was made with 60% (wt.%)
silicon nano powder with average diameter of 30-40
nm (Cambridge Energy Solutions Ltd.) 30% (wt.%)
graphite (Timrex KS25 graphite flakes 27um) along
with 10% (wt.%) PAA (Sigma) as a binder.
The Si/graphite/BTO anode was made with 50%
(wt.%) silicon nano powder with average diameter of
30-40 nm (Cambridge Energy Solutions Ltd.) 30%
(wt.%) graphite (Timrex KS25 graphite flakes 27um),
10% wt. % BTO (Sigma) with average particle
diameter of 40 nm, along with 10% (wt.%) PAA
(Sigma) as a binder.

All anode slurries were mixed with 2.0 ml of distilled water
(DI) per 300 mg of solid powders to form the slurry, with
[1M LiPF6 in Ethylene Carbonate (EC): Dimethyl Carbonate
(DMC) 1:1] (Sigma) with [Fluoroethylene Carbonate (FEC))]
(9:1). (Sigma) as the electrolyte.
The solid anode powders were speed mixed at 1500 rpm for
5 minutes with the DI water to form the slurry. The mixture
was then coated on a copper foil (the current collector) using
a bar coating instrument. The cupper foil had a thickness of
10 μm. The electrode was then left to dry in air and then
coin-cell-sized working electrodes were cut to circles at
diameter of 12 mm. The cut electrodes were then dried
under vacuum for 24 hours at 60 °C. The coating thickness
after drying lost about 90% of its original thickness to a final
thickness of 12-15 μm. The electrodes were then transferred
to the glove box (H2O<1 ppm, O2 <1 ppm) under argon and
were weighed with a sensitive scale (accuracy>0.001 mg).
Half-cell coin cell casing (CR2032: lithium, 20 mm diameter,
and 3.2 mm height) were used to assemble the cells. A stack
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of coated copper current collector anode / electrolytewetted glass fibre separator / lithium-ion metal cathode /
spacers and spring were made and encapsulated into the
coin cell body. A 100 μm of the electrolyte was used per cell.
The anodes functioned as a working electrodes and the
lithium-ion metal was the counter and reference electrode.

Characterisation
Similar to the previous two chapters, XPS scans were
performed on a Thermo Fisher Scientific NEXSA
spectrometer (Harwell XPS, Didcot, Oxford). The data was
analysed using CasaXPS® and the Raman system used was
(Raman Renishaw) all as discussed in Chapters 3, 4 and 5.
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Electrolyte study for the active pure
materials and their composites
This section investigates in depth the performance of the
silicon, graphite and silicon/graphite anodes with 2
electrolytes: pure LP30 and the enhanced electrolyte: [1M
LiPF6 in Ethylene Carbonate (EC): Dimethyl Carbonate
(DMC) 1:1] with [Fluoroethylene Carbonate (FEC))] (9:1).

Battery cycling
Similar to the previous chapter, half-cell coin cells were
assembled to test the anode with lithium-ion metal as a
reference electrode. Cells were tested using the battery
cycling system Maccor®. After analysing the data, several
charts were generated including: charge vs. discharge,
specific capacity, columbic efficiency, capacity retention and
waterfall variable C-rate chart.

Charge vs. discharge
Specific capacity (Ah/g) charts for graphite, silicon and
Si/graphite composite anodes using LP30 and
LP30+10%FEC were plotted as can be observed in Figure
112. The graphite anode cell with the LP30+10%FEC
electrolyte had higher charge capacity at 1st cycle (~0.375
Ah/g) and retained almost the same capacity at the 2nd cycle.
At the 100th cycle the anode had lost ~0.075 Ah/g of its
original capacity. The graphite anode cell with the pure LP30
had a similar performance to the cell with the enhanced
electrolyte however it had lower specific capacity as Figure
112 illustrates.
The silicon anode had the superior capacity but performed
in a similar way to the graphite anode. It had the higher
specific capacity with the enhanced electrolyte
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(LP30+10%FEC) with ~2.5 Ah/g charge capacity at 1st
cycled compared to 1.75 Ah/g for the cell with pure LP30.
However both cells lost almost all of their capacity at the
100th cycle.
As for the Si/graphite anode, it had features from both
graphite and silicon anodes above. It gained the higher
capacity from its silicon active material and stability and
better capacity retention from the graphite particles. Similar
to both materials discussed above, the enhanced electrolyte
performed better that the pure LP30. The Si/graphite cell
with the enhanced electrolyte had a 1st cycle charge capacity
of 2.4 Ah/g and lost very little in the 2nd cycle. As for the cell
with the pure LP30, it had a better capacity retention in the
1st and 2nd cycles compared to the other cell however on the
longer term at 100th cycle it had lost most of its capacity with
0.6 Ah/g compared to 1.0 Ah/g for the cell with the enhanced
electrolyte.
All in all, graphite and silicon materials proved their
importance as anode materials in lithium-ion batteries.
Graphite provides the better conductivity and capacity
retention but lacks high specific capacity. Silicon provides
the ultra-high capacity but lacks stability. Composite of
Si/Graphite have the advantageous features from both
materials and using LP30+10%FEC gave a longer lifetime for
the cell making lithium intercalation and de-intercalation
more efficient.
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Figure 112 Gravimetric capacity (Ah/g) for graphite, silicon and Si/Graphite composite
anodes tested using 2 different electrolytes; LP30 and LP30+10%FEC. Plotted for charge
vs discharge data for 1st, 2nd, 10th, 20th and 100th cycle
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Specific capacity, Capacity retention
and Columbic efficiency
The specific capacity and capacity retention of the graphite,
silicon and Si/graphite composite anodes for the two
different electrolytes can be observed in Figure 113. For
graphite, the electrolyte LP30 in its pure form led the anode
to have sudden loss in capacity after the first cycle where it
dropped to 300 mAh/g. This is then recovered towards the
10th cycle and stabilised at around 330 mAh/g in between
the 50th and the 100th cycle. This cell had a very good
columbic efficiency however with +99% after the 2nd cycle.
The graphite anode cell with LP30+10%FEC had a more
stable specific capacity performance as the capacity after the
1st cycle was ~325 mAh/g and gradually increased to ~335
mAh/g at the 100th cycle. In terms of columbic efficiency, this
cell had a very good and stable efficiency as well with +99%
after the 2nd cycle onwards.
As for the silicon anode with pure LP30, it lost significant
percentage of its capacity after the first cycle and continued
to lose capacity in a rapid way until the 15th cycle where it
stabilised until the 30th cycle. Capacity loss then accelerated
again and at 100th cycle most of the capacity was lost. The
columbic
efficiency
demonstrated
this
unstable
performance with fluctuating efficiency in the first few
cycles and an increasing efficiency (+100%) after the 50th
cycle. This indicates instability in the battery and poor
cycling ability.
The silicon anode with LP30+10%FEC had a rather different
performance. Its capacity was more stable yet rapidly
decreasing to zero at the 100th cycle, and its columbic
efficiency was more stable with 95% efficiency after the 2nd
cycle rising to 99% after the 30th cycle.
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The Si/graphite composite with pure LP30 had combined
features from both the silicon anode and the graphite anode
cells. The cell benefited from the high capacity due to the
presence of silicon and the longer capacity retention due to
the presence of graphite. After the 2nd cycle, the cell had a
specific capacity of ~2000 mAh/g which decreased to ~800
mAh/g at the 100th cycle. The columbic efficiency for this cell
was 97% after the 2nd cell which remained stable and
increased slightly to reach 98% at the 100th cycle.
The Si/graphite composite anode with LP30+10%FEC
combined the best of both worlds of active materials as well
as the electrolyte. It had a high capacity of 2000 mAh/g at the
2nd cycle which went down to 1500 mAh/g at the 100th cycle.
That is significantly better than the cell with the pure LP30.
As for the columbic efficiency, the cell has a considerably
good efficiency with 97% after the second cycle which
increased to ~99% at the 100th cycle. However the columbic
efficiency fluctuated between 60th to 100th cycles which
showed some level of instability at that stage.
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The specific discharge capacity is plotted in Figure 114 for
the 6 cells. The high capacity for the silicon and Si/graphite
anodes can be clearly seen compared to graphite anode.
Figure 114 shows that the use of graphite with silicon
significantly reduced the losses in capacity and the use of
LP30+10%FEC allowed the composite anode to sustain
higher capacity for longer. This can also be observed as
capacity retention comparison presented in Figure 115. As
mentioned, the Si/graphite anode with the LP30+10%FEC
had the better capacity retention (+70% after 100th cycle) in
comparison to the same anode with pure LP30 (+30% after
the 100th cycle). This advantage of LP30+10%FEC also
applies on the graphite anode as the figure presented. The
silicon anode however had less capacity retention with
LP30+10%FEC compared to pure LP30, the anode with LP30
tended to lose its capacity faster after the 30th cycle making
the overall cell less stable.

Figure 113 Capacity retention (%) and columbic efficiency for graphite, silicon and Si/Graphite composite
anodes tested using 2 different electrolytes; LP30 and LP30+10%FEC.
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Figure 114 Specific discharge capacity (mAh/g) for graphite, silicon and
Si/Graphite composite anodes tested using 2 different electrolytes; LP30 and
LP30+10%FEC.
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Figure 115 Capacity retention (%) for graphite, silicon and Si/Graphite
composite anodes tested using 2 different electrolytes; LP30 and
LP30+10%FEC.

The findings can be summed up in Table 17 and Table 18
with a performance score in comparison to each other.

Table 17 Capacity retention performance score for the different electrodes and
the two electrolyte types

Anode

Electrolyte

Capacity retention
Performance score (6/6)

Si
LP30+
Graphite
10% FEC
Si/graphite

Good
Best
Better

(1/6)
(6/6)
(4/6)

Si
Graphite
LP30
Si/graphite

Good
Best
Better

(2/6)
(5/6)
(3/6)

Table 18 Specific Discharge Capacity performance score for the different
electrodes and the two electrolyte types

Anode

Electrolyte

Specific Discharge Capacity
Performance score (6/6)

Si
LP30+
Graphite
10% FEC
Si/graphite

Good
Better
Best

(2/6)
(4/6)
(6/6)

Si
Graphite
LP30
Si/graphite

Good
Better
Best

(1/6)
(3/6)
(5/6)
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BTO composites
This section investigates the effect of the addition of BTO on
the different anode composites using the enhanced
electrolyte studied in the previous section.

Battery cycling
After the more optimised electrolyte was selected,
benchmarking between different materials and composites
was performed. This allows the observation of differences in
performance and cycling abilities for the different anodes.

Charge vs. discharge
Gravimetric capacity or simply capacity (Ah/g) cycles for
Si/BTO, Si/graphite and Si/graphite/BTO anodes with
LP30+10%FEC electrolyte are plotted and can be observed
in Figure 116. As previously discussed, the addition of BTO
to silicon anodes significantly enhanced the cycling ability
and capacity retention of the anode. To compare the effect of
BTO on the silicon anode, graphite and silicon were mixed
together to form a composite anode with similar proportions
and synthesis conditions. This can be observed in Figure 116
as well. Since graphite is an active material and has good
relative conductivity, the Si/graphite anode had better
cycling performance compared to the Si/BTO anode. When
the three materials were mixed together in one composite
(Si/graphite/BTO), the resulting anode gave an overall
better performance compared to the two aforementioned
anodes (Si/BTO, Si/graphite). The Si/BTO anode had ~1.4
Ah/g charge capacity at the 20th cycle compared to ~1.8
Ah/g for the Si/graphite anode and ~1.45 Ah/g for the
Si/graphite/BTO anode. The addition of more graphite into
the mix would enhance the stability of long term cycling but
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would reduce the total capacity compared to an anode with
higher silicon content. Further comparisons for different
graphite content can be found in the Appendix.
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Figure 116 Si/BTO, Si/Graphite and Si/Graphite/BTO anodes charge vs
discharge data for different cycles
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Specific capacity and Columbic
efficiency
The varieties in specific capacity and columbic efficiency for
Si, Si/BTO, Graphite, Graphite/BTO, Si/Graphite and
Si/Graphite/BTO can be seen in Figure 117. These data plots
can help understand how the different materials and
composites defer in efficiency. The addition of BTO to the
silicon anode largely enhanced the capacity retention and
columbic efficiency. To compare this enhancement of the
silicon anode the same composite was prepared but with
graphite instead of silicon. This was to observe whether the
addition of BTO to graphite anodes would enhance the
capacity or not. As can be seen in Figure 117, the
graphite/BTO anode had worse specific capacity and a stable
columbic efficiency. This test validates that the use of BTO
for graphite anodes alone does not enhance the capacity
retention of that anode. The data for Si/graphite anode can
also be seen in Figure 117 plotted against Si/Graphite/BTO
anode. The Si/Graphite anode had a higher specific capacity
compared to the Si/Graphite/BTO. That is due to having
higher percentage of active material in the composite as BTO
is not an active material and the higher the BTO content the
lower the total capacity of the anode. The columbic efficiency
of both anodes was more than 97%, with the
Si/Graphite/BTO anode having a more stable performance
compared to Si/Graphite.
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Figure 117 Specific charge and discharge capacities and columbic
efficiency of: Silicon and silicon/BTO anodes; Graphite and
Graphite/BTO anodes; and Si/Graphite and Si/Graphite/BTO anodes.
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Capacity retention
After comparing the different anodes in terms of capacity
and
columbic
efficiency,
the
Si/graphite
and
Si/graphite/BTO anodes are compared with a closer look in
terms of capacity retention. This can be observed in Figure
118 and Figure 119. Both anodes had a very similar capacity
retention with the Si/graphite/BTO anode having slightly
better capacity retention, with a margin of ~1.25% (Figure
119) at the first 20 cycles. This difference gets even bigger
after the 50th cycle, indicating the advantage of the
Si/Graphite/BTO anode.
All in all in addition to reducing the effect of pulverisation on
silicon nano particles, the addition of BTO also enhances the
capacity retention even with dominant presence of graphite
in the anode.

Figure 118 Capacity retention for Si/Graphite and Si/Graphite/BTO anodes
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Figure 119 Capacity retention for Si/Graphite and Si/Graphite/BTO anodes
(zoomed in).

Variable cycling rates (waterfall)
The variable cycling rate test was applied to the Si/BTO,
graphite and Si/graphite/BTO anodes as can be seen in
Figure 120. As previously discussed, the addition of BTO to
silicon anodes enhanced the capacity retention and cycling
performance of the anode. This enhancement at different Crates can be observed in Figure 120. The figure also presents
the variable cycling performance test of graphite and
Si/Graphite/BTO anodes. All anodes retained more of their
charge and discharge capacities at lower cycling rates i.e. 0.1
and 0.2 C. The Silicon anode was the least stable and the
graphite anode was the most stable under the variable Crates whilst both Si/BTO and Si/graphite/BTO anodes had
characteristics between the silicon and graphite anodes.
To sum up, The Si/BTO and Si/graphite/BTO anodes
enjoyed a level of stability due to the presence of BTO in the
composites. This stability is enhanced even further with the
addition of graphite.
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Figure 120 Variable cycling rates (C-rate) for silicon, Si/BTO, graphite and
Si/Graphite/BTO anodes.
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SEM
SEM scans for the Si/BTO, Si/graphite and Si/graphite/BTO
pristine anodes were taken to study the surface and
composition of these anodes and can be observed in Figure
121, Figure 122, and Figure 123 respectively. EDX scans and
quantitative analysis can be seen in Figure 124. As discussed
before, the smoothness of the surface for Si/BTO pristine
anode is high due to the presence of BTO in the silicon
composite. This allowed minimising the number of cracks on
the surface and provided a more uniform contact surface
with the separator, compared to a pure silicon anode.
The distribution of elements for Si/BTO anode can be
observed in the EDX scans of Figure 121. The high presence
of silicon in the quantitative analysis (65 wt. %) reflects a
high degree the composite mixture.
The Si/graphite and Si/graphite/BTO anodes SEM and EDX
scan can be observed in Figure 122 and Figure 123. The
figures show cracks spread across the surface of both anodes
with slightly larger cracks on the Si/graphite anode
compared to Si/graphite/BTO.
The presence of BTO in the later anode reduced the cracking
on the surface and provided a more uniform surface.
Nonetheless the presence of graphite would still make the
surface less uniform compared to the Si/BTO anode. On the
other hand, the presence of graphite enhanced conductivity
and increased the capacity retention of the anodes. So
overall the addition of graphite is advantageous to the anode
despite cracking. The EDX scans for Si/graphite and
Si/graphite/BTO anodes can be observed in Figure 122 and
Figure 123. They reflect the composite mix for the two
anodes. The presence of silicon in the composites with ~60
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wt% reflects the composite mix to a high degree of accuracy
as well as for carbon (~30%). The presence of oxygen in all
three anodes came mainly from BaTiO3 and SiO2 as the XPS
scans will illustrate.
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Figure 121 SEM (10 μm) and EDX elemental mapping images for pristine Si/BTO anode.
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Figure 122 SEM (100 μm) and EDX elemental mapping images for pristine
Si/Graphite anode.
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Figure 123 SEM (100 μm) and EDX elemental mapping images for pristine
Si/Graphite/BTO anode.
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Si/BTO

Si/Graphite

Si/Graphite/BTO

α

α

α

Figure 124 EDX spectra (up) quantitative analysis (down) for the
Si/BTO, Si/Graphite and Si/Graphite/BTO anodes respectively.
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Raman
The Raman spectra scans for Si/BTO, Si/graphite and
Si/graphite/BTO pristine samples are presented in Figure
125. The three anodes show high intensity peak at 520 cm-1
indicating highly crystalline silicon nano powder in the
anode mix. As the three anodes had similar structure and
basic material content i.e. carbon and oxygen, the Raman
spectrum for the pristine anode provided enough evidence
about the expected status and behaviour of silicon after
cycling.

Figure 125 Raman spectrum for Si/BTO, Si/Graphite and Si/Graphite/BTO
pristine anodes.
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XPS
To understand the materials and element species on the
surface of the anodes, XPS scans were conducted for the
Si/BTO, Si/graphite and Si/graphite/BTO anodes. The
survey scans for these anodes can be observed in Figure 126.
The high intensity of O 1s peak can be observed for the 3
samples. With the exception of Ba 3d, similar peaks are
present in the three samples. These include: Si 2p, Si 2s, C 1s
and O 1s in addition to O KLL and C KVV Auger lines.
The detailed XPS scan for C 1s for the three samples can be
observed in Figure 127. The three samples had similar
materials species except that the intensities of these species
varied noticeably. Species observed include: C and CH2 peak
at 284.5 eV, C-C and C-H peak at 285.5 eV, CO peak at 286.5
eV, CO2 and O=C-O at 288 eV and CO3 at 289 eV. The peaks
agree with what is found in the literature as discussed in
earlier chapters. The main difference in peak intensities was
in the C and CH2 peaks where it was larger in the Si/graphite
and Si/graphite/BTO anodes compared to Si/BTO. This is
possibly due to the presence of graphite in the latter two
anodes which increases the intensity of the C 1s peak on one
hand, and on the other hand enhances the role of the binder
which is carbon and hydrogen-based compound. CO peak is
also higher in the Si/graphite and Si/graphite/BTO anodes
due to the presence of graphite. The adventitious carbon,
dust and the binder all can be a source of carbon species
present in the Si/BTO anode.
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Figure 126 XPS scan of Si/BTO, Si/Graphite and Si/Graphite/BTO pristine
anodes.

Figure 127 XPS scan of C 1s for Si/BTO, Si/Graphite and Si/Graphite/BTO
pristine anodes.
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Figure 128 XPS scan of O 1s for Si/BTO, Si/Graphite and Si/Graphite/BTO
pristine anodes.

XPS scans for O 1s for Si/BTO, Si/graphite and
Si/graphite/BTO pristine anodes are presented in Figure
128. The scans show the oxygen species present on the
surface of the anode. Three species were identified as: O=C
peak at 531 eV, SiO2 peak at532.5 eV and O-C peak at 534 eV.
The high intensity SiO2 peak came from the silicon Nano
power and the low intensity peaks of O=C and O-C can be
attributed to the presence of the binder in the mix. These
peaks agree with what has been discussed earlier in Chapter
4 and Chapter 5.
To analyse the quality of the silicon in the anodes, XPS scans
of Si 2p for Si/BTO, Si/graphite and Si/graphite/BTO
pristine anodes can be observed in Figure 129. The
elemental Si (Si0+) and SiO2 (Si4+) peaks have been fitted
using spin orbit doublets. The Si 2p peaks are present in high
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intensity for the three samples with no major differences.
This signifies that the character of the silicon nano powder
after mixing, coating and drying is the same in the three
samples. These findings match the findings from the Raman
spectra which showed high intensity peaks for crystalline
silicon in the three anodes.

Figure 129 XPS scan of Si 2p for Si/BTO, Si/Graphite and Si/Graphite/BTO
pristine anodes.

All in all, the high potential of silicon as a main active
material for lithium ion batteries’ anodes can be observed in
the different composites in this chapter. The addition of
graphite to the composite adds a high level of conductivity
within the anode particles and with the current collecter.
This helps the overall perfornace of the anode, in addition to
graphite’s own high level of stability as active material.
Amongst the different anodes, the composite of
Si/graphite/BTO
demonstrated
the
best
overall
performance compare to S/BTO and Si/graphite anodes.
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WATERSTONES CITY CENTRE, LINCOLN
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spects of research and fundamental
understanding of the behaviour of silicon
anodes in lithium ion batteries have been
investigated in this research. This chapter
summarises the important outcome of
utilising silicon and its composites as a lithium ion battery
anode. This includes the used of BaTiO3 as well as graphite. The
outcome includes summary of battery performance, XPS
surface analysis along with the other characterisation
techniques. The chapter then introduces recommendations for
future work on this project that can benefit the scientific and
industrial communities.

Overview
Lithium-ion batteries have attracted a lot of attention from
both the industrial and academic sectors alike. That is due to
its proven and highly valuable effectiveness in rechargeable
battery devices. Amongst all other technologies, lithium-ion
batteries have the highest energy density and stability [169],
[170]. Other materials or composites such as sodium or
sulphur for example have high capacity but very low
stability. It is expected that lithium-ion battery technology
and the reach and development affiliated with it is expected
to last in its current form for the foreseeable decade (Figure
131 - right) and in its advanced forms and shapes such as
more complex shapes and composites for the foreseeable
future [10]. To add to this wide and fundamental research
and development vision, transport and electric vehicles
development will be boosting at the same time (Figure 131 left). The high level of demand for battery technology which
will most likely never be met. From a research and
development point of view, this is rather important and

272

CONCLUSIONS AND FUTURE WORK

CHAPTER 7

academic research institutions should be in the forefront of
this revolution. The research this thesis developed on silicon
presents a small yet fundamental step in a better
understanding of silicon in lithium-ion battery technology.
The availability, relatively low cost and ease of fabrication of
this element and composites are strong reasons to keep
advancing this technology. Another aspect which this
research serves an important role in is the environmental
aspect. Since the UK introduced its ambitious plan to go
carbon neutral and to lift all petrol vehicles off the roads by
2050, it is in the UK’s short and long term visions to get
reliable and durable energy storage systems for the electric
future of transport [170]. Lithium-ion battery technology
and ultrahigh capacity elements are at the heart of this
development and will continue to be the key player in for a
State-Of-The-Art and green transport network. The
advancing of this technology and a breakthrough would
boost the scientific impact the UK continues to deliver to the
world and would stimulate the industrial sectors for future
commercialization of cutting-edge battery technology. A
safer, cheaper battery units and carrying more capacity and
reliable more than ever.

Figure 130 Battery
supply and demand
forecast.

Source:
https://s.aolcdn.com/hss/s
torage/midas/4ab80b9e1
1fb2f34ec633d1d53ef5e30
/206428140/Europe-EV ,
2020
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Figure 131 Battery materials future trends. Source: Lux
Research 2018.

Conclusions
The research conducted here adds to the high value of
battery and energy storage research with a detailed study for
anode
composites
of
silicon,
silicon/graphite,
silicon/graphite/BTO and using two different electrolytes
(pure LP30 and LP30+10%FEC).
The study included various characterisation techniques
including SEM, EDX, Raman as well as XPS which was used
as a main tool. These were combined with the battery cycling
performance, columbic efficiency and capacity retention
data acquired from the battery cycling system. The detailed
conclusions are given at the end of each chapter and section
in Chapters 4-6. Here, an overview of the main findings is
briefly given.
The optimisation of the concentration of the
different materials in the composite is vital for a
successful and functioning electrode. In addition,
the optimisation of composite viscosity and
coating thickness is also just as important.
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As for silicon anode, it lost the vast majority of its
capacity at the 100th cycle. This is using the both
types of electrolytes.
The Si/BTO anode managed to retain about 40%
of its capacity at the 100th cycle; and the use of
LP30+10%FEC helped retain a more stable
cycling.
The Si/graphite anode showed a more stable
performance; and the Si/graphite/BTO anode
was the most stable with more than 70% capacity
retention after the 100th cycle. The electrode
functioned with >1000 mAh/g specific capacity,
demonstrating the high potential for silicon
composite anodes to be the next generation
anodes for lithium ion batteries. Especially when
compared to the current commercialised graphite
anodes with <200 mAh/g specific capacity.
It was also confirmed that the slower the cycling
rate (C-rate), the better the capacity retention.
This applies for the different anodes in general.
From XPS, the transformation of the electrolyte
for the different cells was observed after cycling
and the accumulation of lithium metal was also
observed and correlated with this change in the
electrolyte.
Evidence
of
the
gradual
transformation of LiPF6 to phosphate species was
recorded and cells with LP30+10%FEC showed a
more stable performance and slower degree of
transformation. This was recorded at different
stages of cycling.
The observation of Ti in the BaTiO3 perovskite
structure was difficult, that is due to the nature
this molecule is constructed and due to having the
silicon nano particles covering up the Ti particles
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after mixing and filling in the gaps in between the
perovskite cubic structure. BTO also provided
structural support for the silicon nano particles
and accommodated to some extent for their
volumetric expansion.
The change in the nature of the silicon nano
powder from crystalline to amorphous was
investigated in details and the relation between
this transformation and the battery capacity loss
after long cycling was also concluded. The snap
map scan conducted for a selected region on the
Si/BTO anode provided a valuable insight about
the change in degree of crystallinity in silicon; and
the SEM images demonstrated the change in
volume for silicon after cycling and lithium
intercalation and de-intercalation.
Silicon is one out of many high capacity materials
suitable for rechargeable batteries in general and
lithium ion batteries in particular and the future
research will include a form of having a mix of silicon,
tin, germanium and other elements in their
composites. The stability of these anodes however
remains a challenge which the future research and
development will have to address. The addition of
carbon to the anode material can still provide
valuable conductivity characteristics and hence
future anode materials are likely to contain a form of
carbon material in their composite saturate.
Finally, this research is a small step towards the
development of a future of high capacity, low weight,
and affordable energy storage technology to serve the
expanding sectors of the mobile and transport
industries.
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One more thing: Future work and
further development
As this research has demonstrated, materials such as silicon
are not widely studied due to their instability and rapid loss
in performance [133]. In a study by Kristina Edstrom group
at Uppsala University they highlight the significant
importance of understanding the reasons for silicon anode
degradation by understanding the emerging material
species formed on the surface during lithium ion
intercalation and de-intercalation [153], [171], [172]. They
used X-ray photoelectron spectroscopy (XPS) as one of the
main techniques in their studies. However due to the
complexity of the XPS testing method most cells are analysed
before or after testing. The novel approach here would be to
observe the transformation in real time with an in-operando
XPS studies using specially designed battery device. This
would allow much more insightful and fundamental data to
be generated that can potentially lead the way for better
understanding of silicon and other similar elements in such
applications. This would also allow XPS mapping of
particularly important phenomena which silicon and similar
elements experience during lithium-ion intercalation which
is pulverization. This phenomena leads to rapid degradation
of the structural stability of the anode and hence the
deterioration of the capacity of the cell. An in-operando XPS
testing in real time would allow the observation of this
phenomena, its causes, its start and finish points, materials
developing before, during and after pulverization and the
clustering of lithium due to loss in performance. All these
features are rather difficult to study and observe due to the
cost and time they require and the level of sophistication of
fabrication of such devices. This project could address all
these difficulties and challenges and by adopting an
approach followed for Raman Spectroscopy previously on
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active battery devices [103]. The in-operando device would
open a novel door of XPS analysis and mapping of active
anodes and would tackle the limitation and inefficiency of
the current method followed with cell disassembly. The
current method required cell disassembly, altering the
pressure of the cell and the introduction of external
environment which would all lead to change in the original
state of the anode. The new method would bring to the
scientific community the real change of surface of the anode
from lithium—ion interactions with no change in the
operating conditions at all. All this means that the
understanding of surface science of these anodes at a
microscopic level would be as original and reliable as could
possibly ever be.
Nandasiri et al reported in 2017 the development of in-situ
chemical imaging of solid electrolyte interphase layer
evolution on Li-S cells [173]. In their design (Figure 132),
they developed a sample holder (Figure 132 – A, B) that
would allow the installment of a battery cell inside the XPS
system and conduct measurements and mappings live
(Figure 132 - C). Similar system can be developed for silicon
anodes here to investigate the development of various
species of element emerging on the surface of silicon anode
that would lead to the degradation of the cell. In addition, the
integration and development of BaTiO3 enhanced anode
composites would be conducted and investigated. That is to
develop better understanding of the role of this perovskite
and other perovskite materials on stabilizing silicon anodes
in Li-ion batteries. All in all this would take the research
presented in this thesis to a completely different and new
level.
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Figure 132 Nandasiri et al’s design model applied to test the SEI development focusing on the
electrolyte. Our work here is comparable to this work but takes it further by investigating
ultrathin silicon anodes and the oxidation of the active material in relation to battery performance.
A- Demonstration of how the XPS cell holder device functions, B- The design structure of the XPS
battery cell device and C- A mapping of the results for the different species of for S-Li battery they
tested [8].
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Code for the Maccor® battery cycling and testing system for
a variable C-rate (waterfall) can be observed below, along
with the Voltage (V) vs time (h) signal output as Figure 133
and Figure 134 show respectively.

Figure 133 An example of a part of a WF code written for a lab-made cell.
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Figure 134 WF testing real-time output (Blue is voltage corresponding to the
left Y-axis and red corresponds to current for the right Y-axis).
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Trial and error experiments mentioned in CHAPTER 3:
Extensive stage of optimisation, trial and error took place to
reach stable and functioning anodes. A summary of these
trail experiments results are presented below in Table 19
according to the number of patches and the number of
batteries tested. This is followed by the graphs generated for
each sample.
Table 19 Half cell anode materials tested in this stage are: Si, Carbon (inc.
Graphite, Graphene ink, dried Graphene ink and CNTs) and BaTiO 3 . †
Electrolyte used in all samples is: [1M LiPF6 in Ethylene Carbonate (EC):
Dimethyl Carbonate (DMC) 1:1] with [Fluoroethylene Carbonate (FEC))] (9:1).

patch # Cathode Separator Electrolyte† Anode wt.% [Si:Carbon:BaTiO3]
SN01

Li

GF

LiPF6 +FEC [60.6:2.6(Graphene):36]
†

SN02

=

=

=

[93.8:5.4(Graphene):00]+[10%CMC]

SN03

=

=

=

[49:19(Graphene):00]+[10%CMC]

SN04

=

=

=

[62:32(Graphene):00]+[10%CMC]

SN05

=

=

=

[50:20(Graphite):30]

SN06

=

=

=

[65:35(Graphite):00]

SN07

=

=

=

[50:20(Dry Graphene):30]

SN08

=

=

=

[60:20(Graphite):20]

SN09

=

=

=

[50:20(Graphite):30]

SN10

=

=

=

[33:34(Graphite):33]

SN11

=

=

=

[25:50(Graphite):25]

SN12

=

=

=

[20:50(Graphite):30]

SN13

=

=

=

[00:100(Graphite):00]

SN14

=

=

=

[50:30(Graphite):10]+[10%PAA]
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SN15

=

=

=

[50:30(CNTs):10]+[10%PAA]

SN16

=

=

=

[70:20(Graphite):00]+[10%PAA]

SN17

=

=

=

[70:20(CNTs):00]+[10%PAA]

SN18

=

=

=

[50:30(CNTs):10]+[10%PAA]

SN19

=

GF+PE

=

[50:30(Graphite):10]+[10%PAA]

SN20

=

GF+PE

=

[50:20(Graphite):20]+[10%PAA]

SN21

=

GF+PE

=

[50:40(Graphite):00]+[10%PAA]
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Collection of battery sizes

Figure
135
Collection
of
differnt
battery
sizes.
Source:
https://en.wikipedia.org/wiki/List_of_battery_sizes#/media/File:Button_cells_
and_9v_cells_(3) , accessed August 2018.
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Further XPS details
Since XPS is vital for this research, peaks and fittings
observed from literature for relevant materials and their
species are discussed below. These findings are referred to
in the analysis and discussion of the results for this research.
O 1s in BaTiO3 can be observed in the figure below:

Figure 136 O 1s fitting for BaTiO3. Source: [163]
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Figure 137 O 1s for PAA. Source: [162]
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C 1s fittings can be seen below:

Figure 138 C 1s, F 1s and P 2p fittings for silicon and carbon peaks. Source:
Edstrom et al. [153]

Figure 139 O 1s, F 1s and P 2p peaks fitting for silicon and carbon peaks.
Sources: Edstrom et al. [153]
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F 1s peak fitting can be found below:

Figure 140 F 1s, O 1s, C1s peaks fitting for polymer electrolyte. Source: Hahlin et
al. [157]
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Chapter 4 – XPS data tables
In reference to Figure 54 C 1s XPS scans for PAA powder, Si powder and the Si composite anode
(LP30+10%FEC electrolyte)
Sample Identifier
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
PAA powder
C-C, C-H
285.09
1.42
12236.1
58.03
CO
286.6
1.82
3259.14
15.46
CO3
289.14
1.52
5591.55
26.52

Goodness of Fit
5.15E+02
5.15E+02
5.15E+02

Sample Identifier
Si Powder

Name
C-C, C-H
CH2
CO
CO2
CO3
C 1s

Position
284.94
285.02
286.61
288.4
289.28
282.39

FWHM
1.6
1.01E+00
1.80E+00
1.53
2.1
1.42

Area/(RSF*T*MFP)
3027.3
7.18E+00
7.68E+02
17.3141
303.612
103.169

%At Conc
71.62
0.17
18.18
0.41
7.18
2.44

Goodness of Fit
1.40E+03
1.40E+03
1.40E+03
1.40E+03
1.40E+03
1.40E+03

Sample Identifier
Si anode pristine

Name
C 1s
CH2
CO
CO2
CO3
C 1s

Position
285.34
284.5
287
288.8
289.41
282.6

FWHM
1.47
2.1
2.1
0.76
1.63
1.6

Area/(RSF*T*MFP)
6363.12
757.926
1240.59
0
1895.64
46.2437

%At Conc
61.76
7.36
12.04
0
18.4
0.45

Goodness of Fit
2.23E+02
2.23E+02
2.23E+02
2.23E+02
2.23E+02
2.23E+02

In reference to Figure 55 O 1s XPS scans for PAA powder, Si powder and the Si composite anode
(LP30+10%FEC electrolyte)
PAA - O 1s
Name
Position
FWHM Area/(RSF*T*MFP) %At Conc Goodness of Fit
O 1s O=C
532.29
1.61
4904.8
42.73
694.581
O 1s O-C
533.67
1.8
5949.49
51.84
694.581
O 1s O=C-O
535.57
1.61
623.035
5.43
694.581
Si powder - O 1s
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
O 1s SiO2
532.85
1.7
29709.8
100
6367.81
Silicon anode pristine - O 1s
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
SiO2
532.6
1.6
21274.3
84.79
1815.83
O-C
533.7
1.6
2774.56
11.06
1815.83
OH531
1.65
1043.16
4.16
1815.83
In reference to Figure 56 Si 2p XPS scans for PAA powder, Si powder and the Si composite anode
(LP30+10%FEC electrolyte)
Silicon anode – pristine – Si 2p
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Si-Si 2p 3/2
99.07
0.81
11651.3
43.2
Si-Si 2p 1/2
99.7
0.81
5824.91
21.6
Si 2p SiOx
103.19
1.62
9492.96
35.2
Silicon powder – pristine – Si 2p
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Si-Si 2p 3/2
99.22
0.84
14668.7
42.15
Si-Si 2p 1/2
99.85
0.84
7333.83
21.07
Si 2p SiOx
103.42
1.62
12796.6
36.77

xii

Goodness of Fit
1634.73
1634.73
1634.73
Goodness of Fit
9381.71
9381.71
9381.71
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In reference to Figure 58 XPS scans of C 1s for the silicon anode at 0 cycle (pristine), 1st, 5th, 10th and 100th cycles.
(LP30+10%FEC electrolyte)
Silicon anode 0 cycle - C 1s
Goodness of
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Fit
C-C, C-H
285.35
1.45
6256.47
60.87
222.729
CH2
284.5
2.1
868.555
8.45
222.729
CO
287
2.1
1262.37
12.28
222.729
CO2
288.56
1
0
0
222.729
CO3
289.42
1.63
1890.59
18.39
222.729
Silicon anode 1 cycle - C 1s
Goodness of
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Fit
C-C, C-H
285.69
1.49
4862.14
35.51
2008010
CH2
285.1
2.01
898.897
6.57
2008010
CO
287
2.09
5240
38.27
2008010
CO2
288.4
1.89
890.071
6.5
2008010
CO3
289.92
2.09
1799.74
13.15
2008010
Silicon anode cycle 5 - C 1s
Goodness of
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Fit
C-C, CH
285.59
1.37
5031.19
42.93
2.22E+06
CH2
284.84
1.27
951.682
8.12
2.22E+06
CO
287
2.1
4207.3
35.9
2.22E+06
CO2
288.65
2
569.011
4.86
2.22E+06
CO3
289.79
1.65
959.908
8.19
2.22E+06
Silicon anode cycle 10 - C 1s
Goodness of
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Fit
C-C, CH
285.52
1.33
3501.15
36.8
2.04E+06
CH2
284.97
1.68
1231.26
12.94
2.04E+06
CO
287
1.95
3121.55
32.81
2.04E+06
CO2
288.4
2
705.8
7.42
2.04E+06
CO3
289.71
1.76
955.235
10.04
2.04E+06
Silicon anode cycle 100 - C 1s
Goodness of
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Fit
C-C, CH
285.49
1.55
4535.18
40.82
1.87E+06
CH2
285.1
2.1
335.857
3.02
1.87E+06
CO
286.99
2.09
4103.47
36.93
1.87E+06
CO2
288.4
1.57
656.828
5.91
1.87E+06
CO3
290.2
2.1
1479.51
13.32
1.87E+06
In reference to Figure 59 XPS scans of O 1s for the silicon anode at 0 cycle (pristine), 1st, 5th, 10th and 100th
cycles. (LP30+10%FEC electrolyte)
Sample Identifier
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
Si_PAA_LiPF6_FEC_1C
O=C
531.92
2.15
810.177
3.6
3.61E+06
SiO2
533.41
2.13
19439.4
86.35
3.61E+06
O-C
534.61
2.15
2261.72
10.05
3.61E+06
Si_PAA_LiPF6_FEC_100C
O=C
532
1.69
2435.56
24.28
5.62E+06
SiO2
533.2
2.05
6714.58
66.94
5.62E+06
O-C
534.77
1.61
880.291
8.78
5.62E+06
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Si_PAA_LiPF6_FEC_5C

Si_PAA_LiPF6_FEC_10C

Si_Anode_pristine

O=C
SiO2
O-C
O=C
SiO2
O-C
SiO2
O-C
OH-, O=C

532
533.2
534.76
532
533.2
534.5
532.6
533.7
531

1.92
1.85
2.11
1.72
1.71
2.15
1.6
1.6
1.65

2379.18
18543.8
1222.05
3252.69
16310.3
1813.62
21274.3
2774.56
1043.16

10.74
83.74
5.52
15.22
76.3
8.48
84.79
11.06
4.16

3.68E+06
3.68E+06
3.68E+06
6.92E+06
6.92E+06
6.92E+06
1815.83
1815.83
1815.83

In reference to Figure 60 XPS scans of Si 2p for the silicon anode at 0 cycle (pristine), 1st, 5th, 10th and 100th
cycles. (LP30+10%FEC electrolyte)
Sample Identifier
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
Si_PAA_LiPF6_FEC_1C
Si 2p
99.17
0.74
9460.88
44.09
8180990
Si 2p
99.8
0.74
4729.85
22.04
8180990
Si 2p
103.44
1.62
4851.76
22.61
8180990
Si 2p
104
1.57
2413.43
11.25
8180990
Si_PAA_LiPF6_FEC_100C
Si 2p
99.51
1.2
17.1662
4.3
1244180
Si 2p
100.14
1.2
8.58254
2.15
1244180
Si 2p
103.76
1.8
373.316
93.55
1244180
Si_PAA_LiPF6_FEC_5C
Si 2p
99.31
0.94
9165.43
42.4
6805930
Si 2p
99.94
0.94
4582.39
21.2
6805930
Si 2p
104.21
1.62
4461.36
20.64
6805930
Si 2p
103.27
1.8
3409.57
15.77
6805930
Si_PAA_LiPF6_FEC_10C
Si 2p
99.27
0.91
9050.08
42.06
5835220
Si 2p
99.9
0.91
4524.47
21.03
5835220
Si 2p
104
1.62
5929.27
27.56
5835220
Si 2p
102.9
1.8
2011.67
9.35
5835220
Si_Anode_pristine
Si 2p
99.07
0.81
11641
42.99
1440.74
Si 2p
99.7
0.81
5819.76
21.49
1440.74
Si 2p
102.93
1.62
6686.53
24.69
1440.74
Si 2p
103.6
1.24
2931.67
10.83
1440.74
In reference to Figure 58 silicon anode - Li 1s 1st and 100th cycles
(LP30+10%FEC electrolyte)
Sample Identifier
Name
Position FWHM Area/(RSF*T*MFP)
Si_PAA_LiPF6_FEC_1C
Li 1s
56.31
1.61
3196.59
Si_PAA_LiPF6_FEC_100C
Li 1s
56.41
1.76
34632.5

%At Conc
100
100

Goodness of Fit
889743
1.59E+06

In reference to Figure 62 silicon anode - F 1s 1st, 10th and 100th cycles
(LP30+10%FEC electrolyte)
Sample Identifier
Name
Position FWHM Area/(RSF*T*MFP)
Si_PAA_LiPF6_FEC_1C
F 1s LiPF6 687.7
1.9
4751.09
F 1s LiF
686.17
2.1
1244.57
F 1s PF
688.88
2.1
1978.61
Si_PAA_LiPF6_FEC_100C
F 1s LiPF6 687.71
1.9
2234.06
F 1s LiF
685.82
1.9
25355.5
F 1s PF
688.81
2.1
2200.99
Si_PAA_LiPF6_FEC_10C
F 1s LiPF6 687.44
1.9
4363.01
F 1s LiF
685.86
1.9
4518.63
F 1s PF
688.4
2.1
2335.97

%At Conc
59.58
15.61
24.81
7.5
85.11
7.39
38.89
40.28
20.82

Goodness of Fit
4705420
4705420
4705420
24350800
24350800
24350800
8708270
8708270
8708270
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In reference to Figure 63 XPS scans of P 2p for the silicon anode at 1st, 10th and 100th cycle
(LP30+10%FEC electrolyte)
Positio
Area/(RSF*T*MF
%At
Sample Identifier
Name
FWHM
n
P)
Conc
Si_PAA_LiPF6_FEC_1C
P 2p Phosphates
132.23
3
367.043
12.73
P 2p LiPF6
137.52
2.61
1266.78
43.94
P 2p Phosphates
135.12
2.97
1249.15
43.33

Goodness of
Fit
2.50E+06
2.50E+06
2.50E+06

Si_PAA_LiPF6_FEC_10C

P 2p Phosphates
P 2p LiPF6

Si_PAA_LiPF6_FEC_100C

132
137.41

P 2p Phosphates

135.15

P 2p Phosphates

132

P 2p LiPF6
P 2p Phosphates

137
135.22

3
2.21E+0
0
2.95E+0
0
1.80E+0
0
2.87
2.41

443.796

17.08

2.66E+06

8.84E+02

34.02

2.66E+06

1.27E+03

48.9

2.66E+06

2.35E-24

0

1.22E+06

993.322
1179.62

45.71
54.29

1.22E+06
1.22E+06

In reference to Figure 69 XPS scan of P 2p for the silicon anode with pure LiPF6 at the 1st and 5th cycle
(LP30+10%FEC electrolyte)
Sample
Positio
Name
FWHM
Area/(RSF*T*MFP)
%At Conc Goodness of Fit
Identifier
n
Si_PAA_LiPF6_
P 2p Phosphates
132
3
570.548
20.04
2.65E+06
1C
P 2p LiPF6
137.37
2.53
1035.67
36.37
2.65E+06
P 2p Phosphates
134.92
2.85
1241.24
43.59
2.65E+06
Si_PAA_LiPF6_
5C

P 2p Phosphates

132

P 2p LiPF6

137.59

P 2p Phosphates

135.13

3
2.11E+0
0
3.00E+0
0

527.638

18.39

2.92E+06

8.90E+02

31.02

2.92E+06

1.45E+03

50.59

2.92E+06

In reference to Figure 70 silicon anode (LP30) - F 1s
Sample Identifier
Name
Position
Si_PAA_LiPF6_1C
F 1s LiPF6 687.59
F 1s LiF
685.71
F 1s PF
688.45
Si_PAA_LiPF6_5C
F 1s LiPF6 687.72
F 1s LiF
685.76
F 1s PF
688.56

FWHM
1.9
1.9
2.1
1.9
1.90E+00
2.1

Area/(RSF*T*MFP)
4777.14
1732.94
917.101
5017.64
8.20E+03
850.385

%At Conc
64.32
23.33
12.35
35.66
58.29
6.04

Goodness of Fit
5.63E+06
5.63E+06
5.63E+06
1.11E+07
1.11E+07
1.11E+07

In reference to Figure 71 silicon anode (LP30) - O 1s
Sample Identifier
Name Position
Si_PAA_LiPF6_1C
O=C
532
SiO2
533.2
O-C
534.8
Si_PAA_LiPF6_5C
O=C
532
SiO2
533.2
O-C
534.8

FWHM
1.65
1.67
1.14
1.56
1.57E+00
0.97

Area/(RSF*T*MFP)
4583.65
16528.4
600.107
5104.77
1.47E+04
555.859

%At Conc
21.11
76.13
2.76
25.11
72.16
2.73

Goodness of Fit
1.23E+07
1.23E+07
1.23E+07
2.21E+07
2.21E+07
2.21E+07

In reference to Figure 72 silicon anode (LP30) - C 1s
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Sample Identifier
Si_PAA_LiPF6_1C

Si_PAA_LiPF6_5C

Name
C 1s
CH2
CO
CO2
CO3
C 1s
C 1s
CH2
CO
CO2
CO3
C 1s

Position
285.42
284.79
287
288.4
289.61
282.2
285.33
284.87
287
288.4
289.58
282.27

FWHM
1.36
1.87
2.1
1.99
1.62E+00
1.25E+00
1.42
2.06
2.1
1.81
1.54
0.73

Area/(RSF*T*MFP)
5392.42
1556.35
3283.01
317.118
1.12E+03
2.74E-24
5411.54
790.855
2600.51
456.233
652.828
62.2127

%At Conc
46.23
13.34
28.14
2.72
9.57
0
54.26
7.93
26.07
4.57
6.55
0.62

Goodness of Fit
2.36E+06
2.36E+06
2.36E+06
2.36E+06
2.36E+06
2.36E+06
2.33E+06
2.33E+06
2.33E+06
2.33E+06
2.33E+06
2.33E+06
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In reference to Figure 86 C 1s XPS scans for PAA powder, Si powder, BTO powder and the Si/BTO composite anode
Sample Identifier
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
PAA
C-C, C-H
285.09
1.42
12236.1
58.03
5.15E+02
CO
286.6
1.82
3259.14
15.46
5.15E+02
CO3
289.14
1.52
5591.55
26.52
5.15E+02
Si Powder
C-C, C-H
284.94
1.6
3027.3
71.62
1.40E+03
CH2
285.02
1.01E+00
7.18E+00
0.17
1.40E+03
CO
286.61
1.80E+00
7.68E+02
18.18
1.40E+03
CO2
288.4
1.53
17.3141
0.41
1.40E+03
CO3
289.28
2.1
303.612
7.18
1.40E+03
C 1s
282.39
1.42
103.169
2.44
1.40E+03
Si/BTO_Pristine
C-C, C-H
285.22
1.59
8905.15
71.42
4.51E+02
CH2
284.5
0.67
185.952
1.49
4.51E+02
CO
287
2.1
1192.3
9.56
4.51E+02
CO2
288.4
1.8
410.084
3.29
450.864
CO3
289.32
1.38
1774.98
14.24
450.864
BaTiO3
C-C, C-H
284.61
1.34
3864.95
73.74
1101.92
CO3
288.75
2.03
764.781
14.59
1101.92
CO
286.1
1.59
611.383
11.67
1101.92
In reference to Figure 87 O 1s XPS scans for PAA powder, Si powder, BTO powder and the
composite anode
Sample Identifier
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
PAA
O 1sO=C
532.29
1.61
4904.8
42.73
O-C
533.67
1.8
5949.49
51.84
O=C-O
535.57
1.61
623.035
5.43
Si Powder
SiO2
532.85
1.7
29709.8
100
Si/BTO_Pristine
SiO2
532.58
1.60E+00
2.05E+04
84.53
O-C
533.7
1.60E+00
2.42E+03
9.95
OH531
1.6
1341.92
5.52
BaTiO3
Ti2O3
529.12
1.23
8444.14
75.25
H2O
530.85
2.06
2777.11
24.75

Si/BTO pristine
Goodness of Fit
6.95E+02
6.95E+02
6.95E+02
6.37E+03
1.54E+03
1.54E+03
1.54E+03
4.01E+03
4.01E+03

In reference to Figure 88 Si 2p XPS scans for PAA, Si and BTO powders and for the Si/BTO pristine composite anode
Sample Identifier
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
Si Powder
Si 2p
99.22
0.84
14671.6
42.17
9.39E+03
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36B_Pristine

Si 2p
Si 2p
Si 2p
Si 2p
Si 2p
Si 2p

99.85
103.42
99.03
99.66
102.9
103.56

0.84
1.62
0.79
7.90E-01
1.62E+00
1.28

7335.29
12786.7
10759
5.38E+03
5.95E+03
3111.72

21.08
36.75
42.69
21.34
23.62
12.35

9.39E+03
9.39E+03
7.39E+02
7.39E+02
7.39E+02
7.39E+02

In reference to Figure 89 Ba 3d XPS scans for BTO powder and for the pristine Si/BTO composite
Sample Identifier
Name
Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
Si/BTO_Pristine
Ba 3d
780.72
1.85
198.732
58.8
6.86E+02
Ba 3d
796
1.73
120.249
35.58
6.86E+02
Ba 3d
794.17
1.08
8.55532
2.53
6.86E+02
Ba 3d
778.45
2
10.4269
3.09
6.86E+02
BaTiO3
Ba 3d 5/2
778.37
1.22E+00
1.52E+03
40.45
7.48E+03
Ba 3d 5/2
779.77
1.67E+00
7.40E+02
19.68
7.48E+03
Ba 3d 3/2
793.68
1.26
1030.24
27.38
7.48E+03
Ba 3d 3/2
795.13
1.59
470.38
12.5
7.48E+03
In reference to Figure 90 Ti 2p scans for BTO powder and Si/BTO pristine anode
Positio
FWH
Area/(RSF*T*MFP
Sample Identifier
Name
n
M
)
BaTiO3
Ti 2p
457.9
1.07
2089.89
Ti 2p
463.61
2.16
1093.93
Si/BTO anode pristine No identifiable peaks N/A
N/A
N/A

%At Conc

Goodness of Fit

65.64
34.36
N/A

6.10E+03
6.10E+03
N/A

In reference to Figure 92 XPS scans of C 1s for the silicon anode at 0 cycle (pristine), 1st, 5th, 10th and 100th cycles
Sample Identifier
Name
Position FWHM
Area/(RSF*T*MFP) %At Conc Goodness of Fit
Si_BTO_PAA_LiPF6_FEC_100C
C-C, C-H 285.49
1.65
5383.92
33.74
2.88E+06
CH2
285.05
1.96
1751.96
10.98
2.88E+06
CO
286.73
2.1
5400.57
33.85
2.88E+06
CO2
288.4
1.98
2042.58
12.8
2.88E+06
CO3
290.2
2.10E+00 1.30E+03
8.13
2.88E+06
C 1s
282.6
1.60E+00 8.08E+01
0.51
2.88E+06
Si_BTO_PAA_LiPF6_FEC_1C
C-C, C-H 285.59
1.41
5595.77
42.92
2.19E+06
CH2
284.92
1.56
2136.53
16.39
2.19E+06
CO
287
2.1
3629.57
27.84
2.19E+06
CO2
288.4
1.78
588.598
4.51
2.19E+06
CO3
289.8
1.88
1086.67
8.34
2.19E+06
Si_BTO_PAA_LiPF6_FEC_5C
C-C, C-H 285.54
1.47
6326.27
46.76
2.17E+06
CH2
284.83
1.53
2499.98
18.48
2.17E+06
CO
287
2.1
3048.04
22.53
2.17E+06
CO2
288.4
2
391.585
2.89
2.17E+06
CO3
289.67
2.1
1208.76
8.93
2.17E+06
C 1s
282.6
0.78
55.5036
0.41
2.17E+06
Si_BTO_PAA_LiPF6_FEC_10C
C-C, C-H 285.47
1.41
5034.3
46.05
2.33E+06
CH2
284.83
1.64
1584.54
14.49
2.33E+06
CO
287
2.1
2879.09
26.33
2.33E+06
CO2
288.4
2
632.826
5.79
2.33E+06
CO3
289.73
1.4
670.001
6.13
2.33E+06
C 1s
282.6
1.55
131.944
1.21
2.33E+06
Si/BTO_Pristine
C-C, C-H 285.22
1.59
8905.15
71.42
450.864
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CH2
CO
CO2
CO3

284.5
287
288.4
289.32

0.67
2.1
1.8
1.38

185.952
1192.3
410.084
1774.98

1.49
9.56
3.29
14.24

450.864
450.864
450.864
450.864

In reference to Figure 93 XPS scans of O 1s for Si/BTO anode at 0 cycle (pristine), 1st, 5th, 10th and 100th cycles
Sample Identifier
Name Position FWHM
Area/(RSF*T*MFP)
%At Conc Goodness of Fit
Si_BTO_PAA_LiPF6_FEC_100C
O=C
532
1.87
3109.61
24.84
4.81E+06
SiO2
533.2
2.24
8696.05
69.48
4.81E+06
O-C
534.8
1.76
710.616
5.68
4.81E+06
Si_BTO_PAA_LiPF6_FEC_1C
O=C
531.94
2.05
2120.57
10.99
5.04E+06
SiO2
533.2
1.89E+00 1.66E+04
86.1
5.04E+06
O-C
534.8
2.15E+00 5.62E+02
2.91
5.04E+06
Si_BTO_PAA_LiPF6_FEC_5C
O=C
532
2.04
2749.34
14.11
4.98E+06
SiO2
533.2
1.82
16039.1
82.33
4.98E+06
O-C
534.8
1.97
692.816
3.56
4.98E+06
Si_BTO_PAA_LiPF6_FEC_10C
O=C
532
1.92
3177.76
14.98
4.59E+06
SiO2
533.2
1.74
17418.6
82.11
4.59E+06
O-C
534.8
1.62
618.67
2.92
4.59E+06
Si/BTO_Pristine
SiO2
532.58
1.6
20541.3
84.53
1.54E+03
O-C
533.7
1.6
2417.41
9.95
1.54E+03
OH531
1.6
1341.92
5.52
1.54E+03
In reference to Figure 94 XPS scans of Si 2p for Si/BTO anode at 0 cycle (pristine), 1 st, 5th, 10th and 100th cycles
Sample Identifier
ame
Position FWHM
Area/(RSF*T*MFP) %At Conc Goodness of Fit
Si_BTO_PAA_LiPF6_FEC_100C Si 2p 103.81
2.53
1187.03
93.36
1.14E+06
Si 2p 99.42
1.6
84.4175
6.64
1.14E+06
Si_BTO_PAA_LiPF6_FEC_1C
Si 2p 99.42
0.87
8184.64
42.48
5.58E+06
Si 2p 100.05
0.87
4092.03
21.24
5.58E+06
Si 2p 104.16
1.62E+00 5.14E+03
26.67
5.58E+06
Si 2p 103.01
1.80E+00 1.85E+03
9.61
5.58E+06
Si_BTO_PAA_LiPF6_FEC_5C
Si 2p 99.34
0.79
8065.46
41.6
5.56E+06
Si 2p 99.97
0.79
4032.45
20.8
5.56E+06
Si 2p 104.08
1.62
5290.48
27.29
5.56E+06
Si 2p 103
1.8
1997.89
10.31
5.56E+06
Si_BTO_PAA_LiPF6_FEC_10C
Si 2p 99.32
0.76
9462.35
41.91
7.04E+06
Si 2p 99.95
0.76
4730.84
20.95
7.04E+06
Si 2p 104.07
1.62
6150.89
27.24
7.04E+06
Si 2p 103
1.8
2235.35
9.9
7.04E+06
Si/BTO_Pristine
Si 2p 99.03
0.79
10759
42.69
7.39E+02
Si 2p 99.66
0.79
5379.14
21.34
7.39E+02
Si 2p 102.9
1.62
5952.09
23.62
7.39E+02
Si 2p 103.56
1.28
3111.72
12.35
7.39E+02
In reference to Figure 95 XPS scans of Ba 3d for Si/BTO anode at 0 cycle (pristine), 1st, 5th, 10th and 100th cycles
Positio
Area/(RSF*T*MFP %At
Goodness of
Sample Identifier
Name
FWHM
n
)
Conc
Fit
Si_BTO_PAA_LiPF6_FEC_1C Ba 3d
781.57
2.14
104.683
56.11
4.18E+06
Ba 3d
796.8
1.99
61.5247
32.98
4.18E+06
Ba 3d
794.86
2.11
9.54813
5.12
4.18E+06
Ba 3d
779.33
1.94
10.8195
5.8
4.18E+06
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Ba 3d

781.59

Ba 3d

796.88

Ba 3d
Ba 3d

795
779.24

2.27E+0
0
1.78E+0
0
2.42
1.4

Si_BTO_PAA_LiPF6_FEC_10
C

Ba 3d

781.37

Si/BTO_Pristine

Ba 3d
Ba 3d
Ba 3d
Ba 3d
Ba 3d
Ba 3d
Ba 3d

796.72
794.82
779.08
780.72
796
794.17
778.45

Si_BTO_PAA_LiPF6_FEC_5C

1.04E+02

58.81

5.42E+06

4.85E+01

27.53

5.42E+06

17.3125
6.72166

9.84
3.82

5.42E+06
5.42E+06

2.4

83.8434

60.58

3.47E+06

2
1.49
1.4
1.85
1.73
1.08
2

44.9012
6.45638
3.20375
198.732
120.249
8.55532
10.4269

32.44
4.66
2.31
58.8
35.58
2.53
3.09

3.47E+06
3.47E+06
3.47E+06
6.86E+02
6.86E+02
6.86E+02
6.86E+02

In reference to Figure 96 XPS scans of Li 1s for Si/BTO anode at 1st and 100th cycles
Sample Identifier
Name
Position FWHM Area/(RSF*T*MFP)
Si_BTO_PAA_LiPF6_FEC_100C Li 1s
56.46
1.9
38719.4
Si_BTO_PAA_LiPF6_FEC_1C
Li 1s
56.77
1.86
5336.73
In reference to Figure 97 XPS scans of
intensities of the binding energy scans
Sample Identifier
Name
Si_PAA_LiPF6_FEC_1C
Li 1s
Si_PAA_LiPF6_FEC_100C
Li 1s
Si_BTO_PAA_LiPF6_FEC_100C
Li 1s
Si_PAA_LiPF6_FEC_10C
Li 1s
Si_BTO_PAA_LiPF6_FEC_1C
Li 1s
Si_BTO_PAA_LiPF6_FEC_10C
Li 1s

%At Conc
100
100

Li 1s for Silicon and Si/BTO anode at 1st, 10th and 100th cycles showing
Position
56.31
56.41
56.46
56.63
56.77
56.63

FWHM
1.61
1.76
1.9
2.17
1.86E+00
2.05E+00

Area/(RSF*T*MFP)
3196.59
34632.5
38719.4
8237.84
5.34E+03
6.02E+03

%At Conc
100
100
100
100
100
100

In reference to Figure 98 XPS scans of F 1s for Si/BTO anode at 1st, 10th and 100th cycle
Positio
Area/(RSF*T*MFP
%At
Sample Identifier
Name
FWHM
n
)
Conc
Si_BTO_PAA_LiPF6_FEC_100C
F 1s LiPF6
687.4
2.1
2526.31
7.42
F 1s LiF
685.75
1.9
29114.2
85.46
F 1s PF
688.63
2.1
2427.41
7.13
Si_BTO_PAA_LiPF6_FEC_1C
F 1s LiPF6
687.73
1.9
5130.5
49.51
1.95E+0
F 1s LiF
685.88
3.91E+03
37.74
0
2.10E+0
F 1s PF
688.68
1.32E+03
12.76
0
Si_BTO_PAA_LiPF6_FEC_10C
F 1s LiPF6
687.71
1.9
5431.53
52.02
F 1s LiF
685.79
1.9
4160.81
39.85
F 1s PF
688.76
2.1
848.77
8.13
In reference to Figure 99 XPS scans of P 2p for Si/BTO anode at 1st and 100th cycle
Area/(RSF*T*
Sample Identifier
Name
Position
FWHM
MFP)
Si_BTO_PAA_LiPF6_FEC_1C
P 2p Phosphates
132
3
480.711
P 2p LiPF6
137.8
2.27
1124.69

xix

Goodness of Fit
1.83E+06
7.99E+05

%At
Conc
16.31
38.15

Goodness of Fit
8.90E+05
1.59E+06
1.83E+06
8.46E+05
7.99E+05
1.06E+06

Goodness
Fit
1.05E+07
1.05E+07
1.05E+07
4.18E+06
4.18E+06
4.18E+06
4.27E+06
4.27E+06
4.27E+06

Goodness
of Fit
3.01E+06
3.01E+06
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Si_BTO_PAA_LiPF6_FEC_100C

P 2p Phosphates

135.12

2.92

1342.51

45.54

3.01E+06

P 2p Phosphates
P 2p LiPF6
P 2p Phosphates

132
137.01
135.05

3
2.93E+00
2.44E+00

15.0215
1.27E+03
1.25E+03

0.59
50.06
49.35

1.23E+06
1.23E+06
1.23E+06

In reference to Figure 107 XPS F 1s scans for the Si/BTO anode with pure LiPF6 at the 1st cycle and 5th cycle in two
different regions with different qualities
Positio
Area/(RSF*T*MF
Goodness of
Sample Identifier
Name
FWHM
%At Conc
n
P)
Fit
Si_BTO_PAA_LiPF6_1C
F 1s LiPF6
687.56
1.97
7063.99
36.86
6.32E+06
F 1s LiF
685.6
1.7
11403.5
59.51
6.32E+06
F 1s PF
688.9
2.1
694.937
3.63
6.32E+06
Si_BTO_PAA_LiPF6_5C
F 1s LiPF6
687.4
1.53
1617.16
6.68
1.00E+07
1.62E+0
F 1s LiF
685.38
2.21E+04
91.37
1.00E+07
0
1.37E+0
F 1s PF
688.55
4.72E+02
1.95
1.00E+07
0
Si_BTO_PAA_LiPF6_5C_out
F 1s LiPF6
687.4
2.1
6952.09
19.62
1.14E+07
sideSpot
F 1s LiF
685.36
1.65
27649.2
78.01
1.14E+07
F 1s PF
688.68
1.99
841.03
2.37
1.14E+07
In reference to Figure 108 XPS P 2p scans for the Si/BTO anode with pure LiPF6 at the 1st cycle and 5th cycle in
two different regions with different qualities
Positio
Area/(RSF*T* %At
Goodness of
Sample Identifier
Name
FWHM
n
MFP)
Conc
Fit
Si_BTO_PAA_LiPF6_1C
P 2p Phosphates
132
3
335.272
10.19
2.04E+06
P 2p LiPF6
137.48 2.07
1357.55
41.26
2.04E+06
P 2p Phosphates
134.95 2.49
1597.7
48.55
2.04E+06
Si_BTO_PAA_LiPF6_5C_outsid
eSpot

Si_BTO_PAA_LiPF6_5C

P 2p Phosphates

132

3

87.2767

2.42

1.78E+06

P 2p LiPF6
P 2p Phosphates

137.21
134.66

2.18
2.18

1577.79
1942.95

43.73
53.85

1.78E+06
1.78E+06

P 2p Phosphates
P 2p LiPF6
P 2p Phosphates

132.01
137
134.27

1.80E+00
2.41E+00
2.47E+00

2.35E-24
2.85E+02
1.73E+03

0
14.15
85.85

1.29E+06
1.29E+06
1.29E+06

Chapter 6 – XPS data tables
In reference to Figure 127 XPS scan of C 1s for Si/BTO, Si/Graphite and Si/Graphite/BTO pristine anodes
Sample Identifier
Name
Position FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
Si/BTO_Pristine
C-C, C-H
285.22
1.59
8905.15
71.42
4.51E+02
CH2
284.5
0.67
185.952
1.49
4.51E+02
CO
287
2.1
1192.3
9.56
4.51E+02
CO2
288.4
1.8
410.084
3.29
4.51E+02
CO3
289.32
1.38
1774.98
14.24
4.51E+02
Sample Identifier
Si Graphite

xx

Name
C 1s
CH2
CO
CO2

Position
285.31
284.5
286.6
288.4

FWHM
1.26E+00
1.19
1.33
2

Area/(RSF*T*MFP)
1.52E+04
8986.04
2989.54
2590.14

%At Conc
43.05
25.39
8.45
7.32

Goodness of Fit
2.36E+03
2.36E+03
2.36E+03
2.36E+03
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Sample Identifier
Si Graphite BTO_repeat2

CO3
C 1s

289.06
282.6

1.54
1

5368.82
223.143

15.17
0.63

2.36E+03
2.36E+03

Name
C 1s
C
CO
CO2
CO3
C 1s

Position
285.38
284.5
286.6
288.4
289.19
282.39

FWHM
1.28
1.31
1.75
1.98
1.66
0.81

Area/(RSF*T*MFP)
10212
10562.5
3275.22
1124.07
2677.67
167.604

%At Conc
36.45
37.7
11.69
4.01
9.56
0.6

Goodness of Fit
1.56E+03
1.56E+03
1.56E+03
1.56E+03
1.56E+03
1.56E+03

In reference to Figure 128 XPS scan of O 1s for Si/BTO, Si/Graphite and Si/Graphite/BTO pristine anodes
Sample Identifier
Name
Position FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
Si/BTO_Pristine
SiO2
532.58
1.6
20541.3
84.53
1.54E+03
O-C
533.7
1.6
2417.41
9.95
1.54E+03
OH-, O=C
531
1.6
1341.92
5.52
1.54E+03
Sample Identifier
Si Graphite

Name
SiO2
O-C
O=C

Position
532.41
533.7
530.5

FWHM
1.76
1.76E+00
1.65E+00

Area/(RSF*T*MFP)
22623.7
4.59E+03
3.30E+02

%At Conc
82.15
16.66
1.2

Goodness of Fit
2.32E+03
2.32E+03
2.32E+03

Sample Identifier
Si Graphite BTO_repeat2

Name
SiO2
O-C
O=C

Position
532.53
533.7
531

FWHM
1.6
1.6
1.65

Area/(RSF*T*MFP)
26595.2
2855.77
1637.76

%At Conc
85.55
9.19
5.27

Goodness of Fit
3.43E+03
3.43E+03
3.43E+03

In reference to Figure 129 XPS scan of Si 2p for Si/BTO, Si/Graphite and Si/Graphite/BTO pristine anodes
Sample Identifier
Name Position
FWHM
Area/(RSF*T*MFP)
%At Conc
Goodness of Fit
Si/BTO_Pristine
Si 2p
99.03
0.79
10759
42.69
7.39E+02
Si 2p
99.66
0.79
5379.14
21.34
7.39E+02
Si 2p
102.9
1.62
5952.09
23.62
7.39E+02
Si 2p
103.56
1.28
3111.72
12.35
7.39E+02
Sample Identifier
Si Graphite

Name
Si 2p
Si 2p
Si 2p
Si 2p

Position
99.04
99.67
102.95
103.6

FWHM
7.70E-01
7.70E-01
1.62
1.19

Area/(RSF*T*MFP)
7.25E+03
3.63E+03
4741.19
1371.29

%At Conc
42.68
21.34
27.91
8.07

Goodness of Fit
1.96E+03
1.96E+03
1.96E+03
1.96E+03

Sample Identifier
Si Graphite BTO_repeat2

Name
Si 2p
Si 2p
Si 2p
Si 2p

Position
99.05
99.68
102.9
103.52

FWHM
0.74
0.74
1.62
1.24

Area/(RSF*T*MFP)
13607.7
6803.01
8078.08
3348.09

%At Conc
42.74
21.37
25.37
10.52

Goodness of Fit
2.60E+03
2.60E+03
2.60E+03
2.60E+03

xxi

THE END.
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