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Abstract

With the numerous problems arising from the combustion of fossil fuels, including
the threat of drastic climate changes, there is an urgent need to move towards
renewable energies. The fluctuating nature of these energy sources requires
possibilities for energy storage. In addition, modern technologies - like portable
electronic devices and electrical vehicles - are limited by the current storage
capabilities for electrical energy. Therefore, the development of more powerful
storage devices is a key task in today’s research. During this doctoral thesis
materials for the use in lithium ion batteries as well as in electrochemical double
layer capacitors were investigated. The experimental chapters concentrate on
four different groups of materials for their use in electrodes and electrolytes of
electrochemical energy storage devices.
In the first part, partially reduced graphite oxide (GOpr) with modified
interlayer distances is presented. By applying oxidative potentials GOpr can be
electrochemically activated, resulting in an increase of the layer separation. This
effect was generally known from previous experiments and is now studied in
different electrolyte systems, where layer distances of 5.4 Å up to > 12 Å are found.
Employing detailed electrochemical analysis methods as well as nuclear magnetic
resonance and X-ray diffraction techniques, new insight in the mechanisms leading
to the activation process is gained. These results may become an initialization for
topochemical electro-catalysis with GOpr.

xii

Abstract
The layered lithium borocarbide LiBC is a promising electrode material for

lithium ion batteries due to its large theoretical capacity of 1’176 Ah/kg. Up to
now, no reversible cycling was achieved with the pristine material, therefore this
second chapter focuses on modifications improving the electrochemical cycling
behaviour of LiBC. Mechanical delamination is found to increase the extractable
capacity but does not improve the cycling stability, whereas a composite of LiBC
and graphite oxide exhibits an enhancement of the reversible capacity.
The third part deals with electrochemically active polymers that can be
applied as active materials or as electronically conducting matrices in electrode
composites. Triphenothiazine is investigated as a well-defined model compound
for polyphenothiazine, which is otherwise difficult to analyse. A promising electrochemical behaviour with fully reversible cycling of two or four electrons in the range
of 3.5 - 4.5 V vs Li+ / Li is presented. In addition, metal complexes containing iron
ions were prepared, which exhibit comparable electrochemical properties compared
to the pure phenothiazine.
In the last part an ongoing research project is presented, focussing on solid
polymer electrolytes for lithium ion batteries. High Li+ conductivities in the
temperature range of 25 - 70 ◦ C were found, reaching 10−4 S/cm at 60 ◦ C for this
single ion conducting copolymer. Composite cathode films based on this polymer
could be employed in first battery tests, a maximum capacity of 167 Ah/kg at
70 ◦ C was found. An analysis of the capacity fading hints at growing interfacial
resistance due to SEI formation, resulting in Coulombic efficiencies of 95 %.

Zusammenfassung

Die zahlreichen gravierenden Probleme durch die Verbrennung von fossilen Brennstoffen, wie die Gefahr weitreichender Klimaveränderungen, machen eine Umstellung auf erneuerbare Energien dringend erforderlich. Die natürlichen Fluktuationen
dieser Energiequellen verlangen nach Speichermöglichkeiten zum Ausgleich der
resultierenden Schwankungen. Ausserdem limitieren die derzeitigen Stromspeichermöglichkeiten die weitere Entwicklung von tragbaren elektronischen Geräten und
die flächendeckende Einführung von Elektroautos. Deshalb sind leistungsfähigere
Speichertechnologien ein zentrales Thema in der heutigen Forschung. In der
vorliegenden Doktorarbeit werden vier verschiedene Materialgruppen vorgestellt
und untersucht, die in Lithium-Ionen Batterien sowie in elektrochemischen Doppelschichtkondensatoren eingesetzt werden können.
Im ersten Kapitel werden partiell reduzierte Graphitoxide mit modifizierten
Schichtabständen vorgestellt. Durch Anlegen eines oxidativen Potentials können
diese Materialien aktiviert werden, was zu einer Vergrösserung des Schichtabstands
führt. Dieser Effekt ist grundsätzlich aus früheren Experimenten bekannt, in dieser
Arbeit wird nun der Einfluss verschiedener Elektrolytsysteme untersucht, wobei
Schichtabstände von 5.4 Å bis zu > 12 Å erreicht werden. Durch detaillierte elektrochemische Analysen sowie der Anwendung von Kernspinresonanzspektroskopie
und Röntgenbeugungsexperimenten konnten neue Erkenntnisse zu den zugrunde
liegenden Mechanismen der Schichtaufweitung gewonnen werden. Diese Resultate
könnten einen Grundstein für topochemische Elektrokatalyse mit GOpr legen.

xiv

Zusammenfassung
Das Schichtmaterial Lithiumborcarbid LiBC stellt ein vielversprechendes

Elektrodenmaterial für Lithium-Ionen Batterien dar, da es eine sehr hohe theoretische Kapazität von 1’176 Ah/kg aufweist. Da bisher kein reversibles Zyklieren
erreicht werden konnte, konzentriert sich das zweite Kapitel auf Modifikationen von
LiBC, die das elektrochemische Verhalten verbessern sollen. Es konnte gezeigt werden, dass durch mechanische Delaminierung die Kapazität der Lithiumentnahme
deutlich erhöht werden kann, allerdings ohne Verbesserung des Zyklierverhaltens.
Hingegen wurde in einem Verbundmaterial aus LiBC und Graphitoxid eine erhöhte
reversible Kapazität gefunden.
Im dritten Teil werden elektrochemisch aktive Polymere untersucht, die als
Speicher- oder leitfähige Matrixmaterialien in Batterieelektroden eingesetzt werden
können. Triphenothiazin wurde als klar definiertes Modelsystem für die ansonsten sehr schwierig zu charakterisierenden Polyphenothiazine ausgewählt. Das
vollständig reversible Redoxverhalten mit zwei oder vier übertragenen Elektronen im
Bereich von 3.5 - 4.5 V gegen Li+ / Li unterstreicht die Anwendungsmöglichkeiten
dieser Verbindungsklasse für elektrochemische Speichertechnologien. Metallkomplexe aus Triphenothiazin und Eisenionen konnten hergestellt werden, sie
zeigen allerdings keine verbesserten elektrochemischen Eigenschaften.
Das vierte und letzte Kapitel befasst sich mit auf Polymeren basierten Feststoffelektrolyten für Lithium-Ionen Batterien. Hohe Leitfähigkeiten für Li+ Ionen
wurden im Bereich von 25 - 70 ◦ C gemessen, bei 60 ◦ C im Maximum um 10−4 S/cm.
Elektroden aus Verbundstoffgemischen und dem Elektrolytpolymer als Matrixmaterial wurden in ersten Batterietests verwendet, hierbei konnten Kapazitäten
von 167 Ah/kg bei 70 ◦ C erreicht werden. Die Analyse der nachlassenden Kapazität
ergab Hinweise auf zunehmende Grenzflächenwiderstände durch die Bildung einer
sogenannten Solid Electrolyte Interface Schicht.
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1. General introduction

Our world’s present energy economy is experiencing fundamental changes due to
the shift away from fossil and nuclear fuels towards increasingly more renewable
energy. The emissions of carbon dioxide CO2 arising from the use of fossil fuels
are among the key drivers of global climate change, leading to a general increase
in mean global temperatures as well as to an increase in the number of extreme
weather conditions. The world’s fossil fuel reserves are finite by nature and
ever more declining. This results in higher prices and the raise of extraction
technologies associated with severe environmental issues. The fine dust problem
is an associated menace of the combustion of fossil fuels, especially in the rapidly
growing mega cities. On the other hand, the prospect and reliability of nuclear
energy as an alternative to fossil fuels was severely overshadowed by several
disastrous accidents, while the issue of safe and sustainable nuclear waste disposal
remains unsolved. Another dangerous prospect is a political one: if nuclear power
production became an internationally accepted practice, then virtually all 180
countries on this planet could use nuclear technologies with incalculable thread to
mankind for millennia.
These fundamental economic, technological and environmental issues associated with fossil fuels and nuclear power result in an urgent need to increase
the usage of both renewable energy sources and energy efficient technologies.
However, most renewable energy sources - for instance wind and solar power are also struggling with their own drawbacks: their very nature is sporadic and
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makes them strongly dependent on unforeseeable variations. This in turn leads to
high fluctuations in energy production. Since power consumption does not follow
these variations in energy production directly, both high transmission capacities
as well as possibilities to level out the fluctuations are needed in order to provide
the energy when and where it is needed. Accordingly, these developments imply
several challenges to the energy system that necessitate different technological
solutions. Efficient storage of electrical energy is a key aspect and it still requires
a lot of research, also in terms of local energy distribution and of long distance
transmission.
Besides playing a crucial role in the large-scale global energy system, the
storage of electrical energy is also a key issue in a more small-scale but equally
complex field: mobile devices. The growing number of portable devices and
their increasing power consumption makes energy storage a limiting factor to
further increases of their functionalities. Examples are modern mobile phones
and notebooks, where the battery capacity is the limiting factor to span one day
of usage. If the performance of these devices is to be increased further, better
energy storage devices are clearly needed as usage durations of less than one day
are not practical.
In addition to mobile electronic devices, another technology requires far more
future attention in terms of energy saving, global pollution and climate change:
the introduction of electrical vehicles (EV) is seen as one of the major targets to
reduce CO2 emissions and fight respirable dust pollution. This is because they are
far more energy efficient than internal combustion engines (ICE) and their energy
could be provided by renewable sources. In order for EVs to be economically and
technically feasible, the maximum reach of one battery charge has to be increased
and the lifetime of the battery has to be extended.
Against this background, the motivation of this work is to explore new materials for their applications in electrochemical energy storage devices. The work
consists of four parts in which different aspects and components of batteries

3
are studied - including light weight electrode materials based on a borocarbide,
redox-active polymers for battery electrodes, modifications of graphite oxide for
facilitated intercalation reactions as well as lithium conductive polymer films
as solid electrolytes in lithium ion batteries. The focus hereby lies on material
characterisation and cell assembly. The major techniques used are X-ray diffraction and nuclear magnetic resonance for the structural characterisation and
impedance spectroscopy as well as galvanostatic cycling for determination of the
electrochemical properties.
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General introduction

1.1. Energy storage and transportation
As described above in brief several wide-spread technologies require storage of
energy. Generally one can discriminate them by the amount of energy that needs
to be stored and the charge and discharge rates, i.e. the power, needed for the
specific applications. As in both cases the ranges span orders of magnitude it is
natural that not a single storage technology can be utilised in all cases. Within
this section different options for the storage of electrical energy as well as possible
energy carriers for the use in EVs and mobile devices are described and compared.
The last part of this section deals with the basic principles of electrochemical
energy storage in batteries and electrochemical double layer capacitors.

1.1.1. Storage options for electrical energy
The high fluctuations in the production of electricity form renewable sources both
on a short (hours, days) and a long (seasons) timescale require storage options.
Otherwise the full capacity of these technologies cannot be exploited or parts
of the produced energy are wasted. There are numerous options how energy
(mainly electrical energy) can be stored, the most prominent ones for stationary
and mobile applications will be described below.
Although many sophisticated technologies have been developed to store energy
up to today, one of the most efficient methods is still based on gravity. Pumped
storage hydro power plants are one of the best ways for large-scale energy storage
up to now. Their efficiency (the ratio between energy required to pump up water
to a reservoir and the energy that is obtained when draining it again) can be as
high as 85 % [1]. Only in Switzerland more than 35,000 GWh of pumped storage
hydro power are installed already. The storage capacity depends on topographical
conditions, natural height differences are needed to install such power plants.
In regions without the topography for elevated water basins pressurised air is
an alternative. For this technology geological requirements are important, too.

1.1 Energy storage and transportation
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To store energy, air is compressed in underground storage formations and later
released to drive a turbine. As gases heat up during compression, energy is lost if
the heat put into the surrounding ground is not recovered. Efficiencies of up to
80 % can be achieved by combining compressed air and heat recovery [2].
To become independent of geographical requirements alternatives to water
and air as energy carriers are needed. A long known possibility is the electrolysis
of water to produce hydrogen using excess electrical energy. Depending on the
technology employed efficiencies for the electrolysis reach only of 50 - 80 % [3].
The obtained hydrogen has to be stored, which requires additional energy for
compression or cooling. However, if e.g. wind power is available in large-scale the
efficiency is less an issue. In order to recover the energy again fuel cells can be
used, but the additional transformation losses lowers the overall efficiency further.
An alternative to hydrogen is the production of synthetic natural gas (SNG).
Here different technologies are explored, one promising option is a two step
process of reacting water vapour and CO2 to syngas (hydrogen + CO). This can
be achieved by thermolysis of a metal / metal oxide combination like Zn/ZnO
by solar energy [4] and subsequent reaction of the water / CO2 mix with the
activated material. The resulting syngas can be used to produce SNG. As the
starting materials water and CO2 are abundant this technology is a promising
option especially for southern countries with high solar radiation density. SNG
gas can be fed into the existing network for natural gas or stored more easily than
hydrogen.
All these technologies are potentially suitable to store large amounts of energy
but also require big power plants. For more local energy storage large batteries
have been started to be explored. Such batteries could also serve as bridgeover for
short power cuts in cities or could store the power produced by photovoltaics and
wind turbines directly onsite to level out production. The latter is regularly done
in Japan, where many wind turbines are combined with sodium sulphur (Na-S)
batteries [5]. A recent example for the use of lithium ion batteries (LIB) was built
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near Zurich, Switzerland in 2012 [6]. The installed storage capacity is 500 kWh
and the facility will also be used to optimise the technology and to gain experience
in the operation of large-scale LIBs for local energy storage. More information on
different types of batteries is given in section 1.1.4 below.
For applications requiring only rather low capacities but potentially high power
outputs capacitors are another option. They are based on double layer charging
and can be interesting to gap power cuts, where a fast delivery of higher power is
needed for rather short times until other backup technologies start up. Figure 1.1
shows an overview of different battery systems, comparing them to electrochemical
double layer capacitors, a special type of capacitor working with a liquid electrolyte
Chapter 1. General introduction and motivation

(details given in section 1.1.3.2).
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ical energy storage devices as a function of their specific energy density.
Adapted from [7].

From all above-mentioned options the last (LIBs) or the gases hydrogen and
storage systems normalized to either the device mass or volume in a Ragone

SNG type
could
also
plot
[8].be used for vehicles, for small mobile applications like laptops or
smartphones only LIBs are possible. So these energy carriers will be compared to
Figure 1.1 shows a Ragone plot comparing electrochemical energy storage

systems by depicting
the specific
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on cell levelsection.
as a function of the
the requirements
in mobile
applications
in the following

specific energy density on cell level. This way of visualization identifies lithium
ion batteries to provide the highest energy density with a moderate power
output, nickel metal hydride batteries to supply a moderate energy density
as well as power density and finally electrochemical double layer capacitors
having the smallest energy density but the largest power output. Even though,
EDLCs provide the largest power density new types of high power lithium ion
batteries tend to catch up. However, in terms of cost per power as well as in
terms of durability EDLCs have clearly advantage over high power lithium ion
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1.1.2. Energy carriers for mobile use
A key motivation for the development of storage devices for electrical energy
is motorised private transport. This mainly because it is responsible for one
of the largest shares of CO2 emissions due to ICEs. Electrical engines are far
more efficient then ICE, so independently of the way the electricity is produced,
vehicles running on electrical energy are a significant improvement in terms of
CO2 emissions. For the energy storage in vehicles different options are available,
that will be briefly discussed in this section.
Natural gas or SNG can be used in combustion engines, too, with slight
improvements compared to petrol in terms of CO2 emission and efficiency. But
the principle problems of ICE remain, mainly the significant heat losses. A more
efficient way to use different gaseous energy carriers like SNG or hydrogen are fuel
cells [9, 10] as they directly convert the chemical energy into electrical energy
without heat as an intermediate step. The technology in principle is known since
the 19th century [11] and a great potential has been addressed to this several
times. Up to today only very specialised applications have come into use, although
much research was focused on the topic. A main hindrance is the still very high
price for fuel cells, largely due to catalysts based on noble metals, without which
no high efficiencies at moderate temperatures are achieved.
Alternatively to the conversion of different energy carriers into electrical
energy before using them in electrical engines, the energy can directly be stored in
batteries. Different battery types exist and their basic principles will be discussed
in section 1.1.3. Due to their high energy storage density per weight LIBs are
considered the most promising storage and delivering system for plug-in hybrid
electrical vehicles (HEV) as well as full EVs [12]. Hitherto, the majority of HEV is
still using nickel-metal hydride (Ni-MH) batteries, for cost reasons and maturity of
the technology [13]. But more and more LIBs are used in this type of vehicles and
they play an important role in increasing the share of electrical energy in HEV.
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A major drawback for many alternative propulsion systems has often been

the limited range of such vehicles due to rather low specific energy density (per
weight of the whole system). Petrol has the big advantage of high energy density
(9’000 Wh/l compared to max. 1’000 Wh/l for LIB [13]) and due to its relatively
easy handling no heavy containments compared to compressed gases are needed.
Batteries also have clearly lower energy densities, leading to high weights of such
systems. Although 2/3 of all travels are shorter than 5 km in Switzerland [14]
a consumer friendly car is believed to need a driving range of 300 km with one
filling/charging. This requires an energy storage capacity of about 65 kWh and
the capability to keep more than 80 % of this capacity over the lifetime of the
vehicle. As an example, in Germany an average car is 8.5 years old and runs for
18’693 km per year [15]. This requires a reliable storage system that has to work
for at least 158’890 km. Assuming a battery based propulsion system, this leads
to at least 530 full charge/discharge cycles, if 300 km per cycle are reached. With
the at present most reliable battery system LiFePO4 / graphite (120 Wh/kg, [7])
it requires a battery pack of around 540 kg. This is already close to the total
weight of a combustion engine plus all associated aggregates but needs to be
further promoted. In reality more than 530 charge/discharge cycles are realistic
because of the many smaller travel distances. Seemingly this is not problematic
anymore, as 80 % retention is being claimed over 3’000 cycles for LiFePO4 systems.
However, experience with many partial discharges of batteries compared to fewer
full discharges is still limited. A benchmark of 2’000 cycles with capacity retention
of 80 % is nowadays established for batteries used in electric vehicles [16].

1.1.3. Principles of electrochemical energy storage
Energy storage in batteries is based on the electrochemistry of galvanic cells
whereas capacitors are based on double layer charging. Also devices making use
of both are developed under various names but the fundamental principles remain
the two described below.
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1.1.3.1. Galvanic cell
A galvanic cell uses a redox reaction which is, in contrary to one pot laboratory
experiments, carried out in two separated containers. These are called half-cells
and are only linked to each other by an ionic conductor (the electrolyte) and an
electronic contact. This setup allows to separate ion and electron flow and to use
the latter to drive a consumer. For charging of the cell or synthetic reasons such a
galvanostatic cell can also be reversed with a potentiostat instead of the consumer
in the electronic circuit. A very well known example of an electrochemical cell is the
copper plating on a zinc piece dipped into a copper sulfate solution (the so-called
Daniell element). In a very simplified form, ignoring all interfacial reactions, the
reaction equations of the half-cells are given in equation 1.1 (copper reduction)
and equation 1.2 (zinc oxidation). The reactions run in separate regions but for
the recombination of electrons and ions the electrodes have to be ionically and
electronically conductive.
Reduction: Cu2+ + 2 e−
Oxidation: Zn

Cu

(1.1)

Zn2+ + 2 e−

(1.2)

For each half-cell a specific potential E 0 can be calculated from the thermodynamically defined Gibbs free energy. In the corresponding equation 1.3 4G0 is the
standard Gibbs free energy, n the number of electrons transferred, F the Faraday
constant and E 0 the standard electrode potential.
E0 = −

4G0
nF

(1.3)

Potentials are always relative values and cannot be measured in absolute
terms. To compare half-cell potentials of different chemistry a general reference
electrode is needed. The so-called standard hydrogen electrode (SHE) was chosen
for this purpose. It consists of a platinum electrode in a 1 mol/l aqueous HCl
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solution flushed with hydrogen under standard conditions of T = 25 ◦ C, p = 1 bar
and all activities at unity. Many other reference electrodes are used in laboratories
but in lists of standard half-cell potentials it is always referred to SHE. To correct
the standard potentials for usually not-standard conditions the Nernst equation
(1.4) is used.
E = E0 −

RT
nF

X

v

ln ai i

(1.4)

i

Here R is the gas constant, T the absolute temperature in K, n the number of
electrons transferred, F the Faraday constant, E 0 the standard electrode potential,
vi the stoichiometric coefficients and ai the activities.
To obtain the potential of the whole electrochemical cell the potential difference between cathode and anode is calculated or more general the potential
difference between the oxidation and reduction reaction (see equation 1.6).

4Ewhole cell

=

Ecathode − Eanode

(1.5)

4E

=

Ered − Eox

(1.6)

In most cases this theoretical potential is not reached in practical cells due to over
potentials and non-equilibrium conditions. Lower potentials are obtained during
discharge (and higher potentials are needed for charging), giving rise to energy
losses. There are several reasons for such losses, in general they are of of entropic
nature and in special terms they can be related to bulk and interfacial resistances,
high activation barriers and concentration gradients during reactions [17]. In LIB
this leads to a hysteresis for Li insertion/extraction [18].
Besides the potential the second important figure to judge a galvanic cell in
terms of the usability as an energy storage system is the capacity. It is the total
charge that is transferred during the redox reaction of a given amount of material.
It is usually listed in form of a specific capacity in Ah/kg. For active materials
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the theoretical capacity can be calculated from the molar masses mi , the number
of electrons transferred n and Faraday’s constant according to equation 1.7.

qth

=

PnF
i

qef f

=

1
m

(1.7)

mi

Z

t2

I(t) dt

(1.8)

t1

The effective capacity of a cell is lower and has to be determined experimentally
according to equation 1.8. When comparing effective capacities the underlying
mass has to be taken into account. Capacities can be given based on the weight of
the electro-active material (EAM) only, on the mass of the corresponding electrode
including additives or the whole cell including current collectors, electrolyte and
packaging. Even when the same masses are taken to calculate the effective
capacity, differences can occur between the charge that flows during charging and
discharging. This is due to irreversible processes that consume charge like e.g.
electrolyte decomposition or shuttling of soluble species between the electrodes.
The energy that can be stored in a galvanic cell is calculated according to
equation 1.9. As the effective capacity is referred to mass the same is done to
the effective energy as shown in equation 1.10.

wth
wef f
η

=

4E ∗ qth

=

1
m

=

Z

(1.9)

t2

U (t) ∗ I(t) dt

(1.10)

wef f (discharge)
wef f (charge)

(1.11)

t1

100 ∗

Based on the effective energy the efficiency of a cell can be calculated. It is
defined by the ratio between energy gained during discharge and used for charge
and usually given in percent, as shown in equation 1.11.
As the properties of most galvanic cells also depend on the charge- and
discharge rate, a common measure was introduced for this rate. The so-called
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C-rate defines the current needed for a full charge/discharge within one hour.
This means a battery is charged in half an hour at 2 C and in two hours at C/2.

1.1.3.2. Electrochemical double layer capacitors
Several types of capacitors exist and are used depending on the application.
Electrostatic and electrolytic capacitors have low capacities but can operate at
very high frequencies from kHz to GHz [8]. Electrochemical double layer capacitors
(EDLC) have lower power outputs but therefore much higher capacities. They
are based on energy storage in the electrochemical double layer formed in liquid
Chapter 2. The electrochemical double layer capacitor (EDLC)

electrolytes at surfaces [19].
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2.2. The principle of energy storage in EDLCs
Applying a potential to a solid placed in an electrolyte leads to the separation
The charge storage of an EDLC is based on the utilization of the physical

charge
between and
ionsinonthe
theelectrolyte
one side and
a surface
charge atina figure
of charges
onseparation
the solid surface
nearby,
as illustrated
solid-liquid interface at the other side, referred to as electrochemical double
layer. A double layer can be formed by applying potential to an electrode
immersed into an electrolyte. The applied voltage induces a charge separation
leading to rearrangement of ions close to the electrode. At the surface of the
electrode the solvated ions regroup in a dense layer, as they are attracted
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1.2. The charge stored in such an EDLC can be described mathematically by
the capacitance of a double layer. For the first layer of ions in figure 1.2, the
so-called Helmholtz plane, the capacitance CH can be described as a parallel
plate capacitance as given in equation 1.12 [20]. Here r is the permittivity of the
electrolyte, 0 the permittivity of free space (8.854·10−12 F/m), A the surface
area and d the thickness of the double layer. Adjacent to the Helmholtz layer a
diffuse layer of increased charge carrier concentration holds additional capacity
that can be described by equation 1.13 [21]. Here z is the charge number of the
ion, c the concentration of the electrolyte in mol/l and ϕD the potential difference
across the diffuse layer. Having basically two capacitors in series the combined
double layer capacitance CDL can be calculated based on equation 1.14.

CH

=

r 0

A
d

r

CD

=

1
CDL

=

2cr 0 z 2
cosh
RT
1
1
+
CH
CD

A∗F

(1.12)



zF ϕD
2RT



(1.13)
(1.14)

This description however is only valid if the density of states at the Fermi level
of the electrode is not a limiting factor. For metals this is correct, for materials
like graphite with a finite density of states another effect has to be taken into
account. The charge accumulation at the surface creates a potential drop ϕSC
across this area of modified charge carrier density, the so-called space charge
region. This charged layer acts as an additional capacitance CSC that can be
calculated according to equation 1.15 [22]. CSC depends, in addition to the
quantities described above, on the elementary charge e, the dielectric constant of
the electrode SC , the Boltzmann constant kB and the charge carrier density no .
Together with the double layer capacitance CDL given above the total capacitance
C of an EDLC can be expressed as shown in equation 1.16.
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1
2
CSC

1
C

=
=

2

r

SC 0

SC 0 kB T
2no e2

1
1
1
+
+
CSC
CH
CD



eϕSC
−1
kB T



(1.15)
(1.16)

1.1.4. Common battery types
Among the numerous material combinations used as batteries some have gained
high technological and economic importance. In this section some major battery
systems are selected and discussed briefly with their advantages and applications.
Namely this are Ni-MH, Na-S and LIB.
For the first hybrid vehicles Ni-MH batteries were used as they present a
mature technology and offer medium energy densities at high rates [12]. This leads
to high power output which is important especially for automotive applications.
Energy densities up to 80 Wh/kg are achievable and even at high discharge rates
of 8 C still 24 Wh/kg can be obtained [23]. Ni-MH cells are based on nickel
hydroxide Ni(OH)2 as the cathode and different metal hydrides as the anode and
deliver a potential of 1.2 V. Due to a relatively simple design and an aqueous
electrolyte, cells in different sizes can be built and are still the most common type
for rechargeable AA type batteries.
A system with quite different possible applications is the Na-S battery. It
works with molten Na and S at temperatures of around 300 ◦ C. Sodium β-alumina
(NaAl11 O17 ) is used as electrolyte since at 300 ◦ C it shows ionic conductivities
close to that of aqueous electrolytes based on H2 SO4 [24]. During discharge
Na2 S5 is formed, yielding a voltage of 2.08 V. The high temperatures and the
corrosive media require significant effort in packaging and insulation but once
installed these batteries need very little maintenance. This makes Na-S batteries
only interesting for large-scale storage and applications where size and weight
are less an issue. Na-S batteries have the potential to offer a low cost storage
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option for high energies as both sodium and sulphur are abundant and cheap
starting materials [25]. Hence they can e.g. be used for grid storage, levelling out
fluctuations of renewable energy production.
Lithium is the lightest metal and has the lowest redox potential of all elements
(-3 V vs SHE). Consequently it is a natural candidate for the use in energy storage
applications, especially where high energy densities are required. The ideal system
converting elemental lithium reversibly to Li2 O or Li2 O2 would deliver theoretical
energy densities up to 3’000 Wh/kg based on the whole cell [26]. However no fully
reversible reaction of this type has been achieved yet but such cells are subject of
research under the name of Li-air cells. Technologically much more feasible and
still delivering high energy densities are LIB. They are based on Li+ intercalation
reactions at both electrodes. To use the high potential differences possible of
3 - 4 V non-aqueous electrolytes are used in LIBs [27]. The hitherto most reliable
system is LiFePO4 / graphite, delivering an energy density of 120 Wh/kg [7]. More
details on the materials used in LIBs are given in the following section 1.2.
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1.2. Lithium ion batteries
LIBs are the most promising candidates for electrical energy storage applications
requiring high energy density, such as portable electronic devices and EV. While
they are already present in most electronic devices they only start to be integrated
in the growing market of plug-in hybrid and full EV. This already leads and will
continue to lead to a massive increase in the market for LIB. Figure 1.3 shows
this increase over the past years including forecast for the next years hinting at a
volume of sales of about 20 billion $ in 2020.
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weight materials are favourable, that ideally do not contain rare elements or require
huge energies during production. The current standard materials LiCoO2 and
LiFePO4 deliver energy densities (based on EAM) of 590 Wh/kg and 580 Wh/kg,
respectively [33]. Any system being clearly above these values is a promising
candidate for the next battery generation [34]. In addition to the energy density,
a stable cycling is crucial, especially for application in electric vehicles. A goal of
2’000 cycles with 80 % retention of the initial capacity is currently discussed as a
benchmark in battery development [16]. In this section the main materials used
for the key components of an electrochemical cell (anode, cathode and electrolyte)
will be described and an overview of the state of the art in the corresponding
fields is presented. All potentials given in this section refer to Li+ / Li.

1.2.1.1. Cathode materials
Of the three main components in a LIB the cathode is the part that is most
limiting the battery performance. One of the standard cathode materials LiFePO4
(LFP) has a specific capacity of 170 Ah/kg while the mainly used anode material
graphite has a specific capacity more than twice as high (372 Ah/kg) [16]. Other
cathode materials like some vanadium oxides have higher capacities than LFP but
lower exchange potentials, limiting the energy density of the cathode. Therefore
improved cathode materials are an important factor for the next generation of
LIB. Most high energy cathode materials are semiconductors or insulators and
therefore they require conductive additives to minimise resistance in the electrode.
Also carbon coating can greatly improve the performance as shown by Fotedar
[35]. Assuming ball shaped particles a minimum of 16 vol.% carbon is needed to
reach percolation, which calculates to about 10 wt.% carbon [36].
α-NaFeO2 structure type
The majority of LIBs uses cathodes with α-NaFeO2 structure type that offers
the advantages of a layered structure for fast ion exchange [37]. LiCoO2 is the
most prominent compound of this structure. It has a high discharge voltage
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of 4.2 V, in combination with a specific charge of 140 Ah/kg, a specific energy
of 590 Wh/kg results [33]. A major drawback of LiCoO2 for application in e.g.
electric vehicles is the insufficient cycling performance with significant capacity
fading [38]. The high potential can also lead to problems as it is close to the
decomposition potential of many common solvents and carries the risk of ignitions
[33]. If the material is deep discharged some Co2+ can be dissolved, leading to
capacity fading [39]. Its most negative limitation is the maximum exchange of only
0.5 Li per formula unit, beyond which molecular oxygen evolves. The isostructural
LiNiO2 would be an interesting candidate for high energy density applications as
the voltage is comparable to LiCoO2 and the specific capacity even higher [40].
But due to structural changes during electrochemical cycling the capacity fading
is very pronounced and hinders an application of LiNiO2 up to today [41]. Further
improvements in this class of materials can be made by partial replacement of
nickel with other transition metals. In the so-called NMC group of materials with
the formula Li(Ni1−x−y Mnx Coy )O2 specific energies as high as 850 Wh/kg can be
achieved [42]. The cycling behaviours of these materials are currently investigated
intensely. Using the mixed cathode 0.4 Li2 MnO3 · 0.6 LiMn0.4 Ni0.2 Co0.2 O2 the
capacity fading can be reduced [43].
Phosphates
LFP is the material that is starting to be widely used in LIB these days. This
iron phosphate offers a medium specific energy of up to 580 Wh/kg. Together
with its excellent cycling behaviour and low cost it is a promising material for
wide spread applications [44]. While LFP has a medium discharge potential of
3.4 V, which limits the specific energy, phosphates with higher potentials have
been developed. LiCoPO4 and LiNiPO4 show higher discharge potentials around
4.8 V [45]. This can increase the specific energy but it also limits the choice of
electrolytes, as many ethers are not stable above 4.0 V. Propylene carbonate (PC)
is one of the few electrolyte solvents which can be stable up to 5.0 V [46].
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Spinel type
The main representative of this structure type is LiMn2 O4 , which offers a very
high rate capability when coated with carbon, enabling charing of such a battery
in a few minutes [47]. The downside of this otherwise promising material is the
relatively low specific energy of 300 Wh/kg [48]. During electrochemical cycling
also enhanced capacity fading occurs, especially at elevated temperatures due to
dissolution of Mn2+ complexes into the electrolyte. This can to some extent be
suppressed by partial replacement of manganese by nickel or chromium [49].
Vanadium oxides
Various vanadium oxide species have been investigated as cathode materials
for LIBs, especially V2 O5 and LiV3 O8 are characterised in detail [50]. They offer
high capacities at medium voltages and could also lead to high specific energy
cathodes. V2 O5 can intercalate up to three equivalents of lithium over the voltage
range of 1.5 - 3.5 V. Three distinct plateau potentials are measured, leading to
discharge potentials of 3.4 V, 3.2 V and 2.2 V [51]. A further discharge down
to 1.5 V triggers an irreversible structural transformation, reducing the specific
charge by 60 Ah/kg [52].
1.2.1.2. Anode materials
Graphite
Graphite is dominating as the anode material since the first LIB was developed.
Its specific charge of 372 Ah/kg at 0.3 V together with good cycling properties
make it a suitable anode material [53]. A big advantage is its stability in air,
which makes the handling easy, as well as its low price. Composite electrodes are
investigated, too, e.g. adding silicon nano wires into a graphite matrix to improve
the capacity [54]. Recent work on graphene sheets has shown, that increasing
the distance between the carbon layers can improve the specific charge of carbon
anodes greatly, reaching 540 Ah/kg [55].

1.2 Lithium ion batteries

21

Silicon
The alternative anode material to carbon being under investigation for many
years already is silicon [56]. It is the most promising material for lithium insertion
due to its high specific charge of 4’080 Ah/kg. This is because it forms several
lithium rich phases, namely Li12 Si7 , Li7 Si3 , Li13 Si4 and Li21 Si5 [57]. However,
during electrochemical lithiation Si does not usually form these crystalline phases
but goes to an amorphous state of comparable composition. The uptake of Li+
leads to massive volume changes of Si that induces cracks in the electrode and
losses of parts of the capacity. Recently it has been claimed that the capacity
fading can be reduced by using nano silicon as starting material, but even here
it is too pronounced for applications [58]. Hard matrixes have been investigated
to keep the Si particles together but the expansion forces are too large and this
approach did not improve the electrochemical properties significantly [59].
Metallic lithium
The most favourable material for a lithium battery in terms of potential and
specific energy would be pure metallic lithium [60]. But besides the safety issues
when the battery casing is damaged [27] two other problems mainly hinder the
implementation of metallic lithium in commercial batteries. With most common
electrolytes lithium forms a solid electrolyte interface (SEI) that leads to capacity
fading and increased resistance for the Li+ ions. In addition to the SEI formation
dendrites are growing during the Li+ reduction on lithium that can penetrate the
electrolyte and separator and lead to short circuiting of the cell as well as thermal
runaway [61].

1.2.1.3. Electrolyte
The electrolyte has to transport Li+ ions from one electrode to the other and
separates the electrodes from each other electronically. Two main systems can be
discriminated: liquid and solid electrolytes. While the first require an additional
separator layer the second can operate on its own. Lithium ionic conductivities of
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around 10−2 S/cm are expected to be necessary for application in batteries [46]. In
addition to the conductivity requirements electrolytes have to be electrochemically
stable over the whole potential range used in LIB, from 0 V up to 4.8 V.
Among the most used electrolytes are organic carbonates like ethylene carbonate / dimethyl carbonate (EC/DMC) mixed with a lithium salt. EC/DMC
with the common LiPF6 has a thermodynamical stability from 0.8 V to 4.5 V [62].
Due to kinetic stability it can still be used with graphite anodes down to 0.3 V.
For very high potential applications often ionic liquids are applied as some are
stable up to 5.0 V [63]. The common problem of dendrite formation when metallic
lithium is used as anode can be reduced by using solid electrolytes [64], but the
ionic conductivities generally are lower than in liquids. Polymer electrolytes are
under investigation for a long time already as they could lead to high enough ionic
conductivities for applications [65]. A detailed overview about solid electrolytes,
especially polymer based, is given in section 5.1.

1.2.2. Challenges, next steps
In order to achieve significant steps forward towards electrical energy storage
devices for electrical vehicles or grid storage, one has to also investigate systems
with new mechanisms besides Li+ insertion materials. Two systems that would
offer much higher energy densities are lithium-sulphur (Li-S) and lithium-air (Li-air)
cells. Both are known in principle, but no sufficient cycling of cells could be
achieved yet. Li-S is based on reaction 1.19 and could deliver a specific charge
1’675 Ah/kg at a potential of 2.23 V [34]. This leads to a specific energy of
3’730 Wh/kg, more than a factor of 6 higher than the current standard materials.
The main problem of Li-S cells is the solubility of the reactions products, namely
short polysulfides, in common organic solvents for electrolytes. This means a loss
of active material and also results in severe corrosion problems.
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2 Li + S

Li2 S

(1.19)

2 Li + 1/2 O2

Li2 O

(1.20)

Li-air cells have the highest theoretical specific energy of all lithium based
batteries. They rely on the oxidation of lithium by oxygen from the air as shown
in equation 1.20. The specific energy density on this reaction is as high as
11’680 Wh/kg, close to that of petrol [66]. Comparing the efficiency of an ICE
with an electrical engine such a cell would have to deliver 14.5 % of the theoretical
specific energy of the cathode material (1’700 Wh/kg) to directly compete with
ICE. Up to present, the lithium oxidation cannot be made reversible without
significant energy losses, making a Li-air cell not yet a possible option.
In terms of liquid electrolytes the biggest issues are SEI formation and current
collector corrosion due to the formation of hydrofluoric acid (HF) from fluorinated
lithium salts [67]. Different additives are tested to improve these issues leading to
reduced life time of LIB, either by stabilising the lithium salts or by protecting the
metal surfaces [68]. A promising step forward would be the preparation of a solid
electrolyte with comparable Li+ conductivity compared to liquid electrolytes. An
interesting result is the recent development of a single ion conducting polymer
electrolyte with relatively high conductivity of 1.3 · 10−5 S/cm at 60 ◦ C [69].
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1.3. Structure of this work
This work contains four chapters on different aspects of energy storage materials,
including storage materials for LIB electrodes and materials for improved conductivity in electrodes (electronically) and electrolytes (ionically). The following
chapter 2 deals with modifications of interlayer distances in graphite oxide based
electrodes. Such higher layer distances of graphite-like material could lead to
applications in the field of high energy EDLC as well as improved anodes for LIB.
In chapter 3 the novel layered electrode material lithium borocarbide (LiBC) with
potentially high specific charge due to the light elements is analysed. Several
modifications of the initial material are discussed towards the stablisation of the
layers for reversible capacity enhancements. Chapter 4 presents a model system
for a promising redox active polymer. It contains a high density of redox centers
which offers a range of properties based on the different redox states. Complexes
with transition metals are investigated that could increase the theoretical specific
charge by providing additional redox centers. The final chapter 5 investigates
a new solid polymer electrolyte with high lithium ion conductivity. It offers the
advantage of facilitated preparation by UV-initiated polymersation and can act as
both lithium ion conductive additive and binder in composite electrodes.

2. Interlayer modifications in partially
reduced graphite oxide

2.1. Introduction
Carbon based materials are used in a wide range of applications due to their
combination of interesting mechanical, chemical and electrical properties as well
as availability and relatively low prize. Two forms of carbon have drawn a lot of
attention in research over the last years, namely carbon nanotubes (CNT) and
graphene. Both have been studied for their role as quasi 1D (CNT) and 2D
(graphene) carbons. Their properties such as very high electrical conductivity and
mechanical strength, especially in the one or two directions of covalent carboncarbon bonds make them interesting for applications as well as fundamental studies
[70, 71]. But also the bulk properties of graphite and graphite derived materials
have technologically important properties. The high thermal conductivity [72]
makes graphite interesting for use in thermal energy storage using phase change
materials [73]. A major property of graphite is its ability to intercalate various
atoms and molecules while maintaining its layered structure. Therefore graphite
intercalation compounds have tuneable properties and can show e.g. electrical
conductivity higher than copper [74]. Among the currently most important ones
of these intercalation applications are LIB that use graphite as anode material
[75].
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While LIBs are most promising for high energy applications, capacitors are

designed for high power applications and carbon electrodes have been used as
electrodes in EDLC for a long time [76]. For very high power capacitors CNTs can
be applied due to their high electrical conductivity [77]. A main advantage for the
use of carbon materials in capacitors is the large surface area of up to 2’000 m2 /g or
even 3’100 m2 /g [78, 79], respectively. The maximum charge of EDLCs generally
depends on the surface area available for charge carriers, in EDLC this surface must
be accessible to the liquid electrolyte. For a detailed description of the principles
of energy storage in EDLC see section 1.1.3.2. Different designs have been studied
and capacitors can be based on various carbon modifications, including graphene.
Here the available surface area is significantly higher compared to graphite due to
the separation of graphene layers [80, 81]. Graphene still is difficult to prepare in
large quantities, therefore other forms of carbon are investigated that also have
high surface areas. Active carbon e.g. is a porous form of carbon, which has a
high porosity with pore sizes ranging from 1 nm to > 50 nm [8]. This makes a
surface area of > 2’000 m2 /g accessible for electrolytes and leads to capacities of
up to 200 F/g [82].
Graphite oxide (GO) is a non stochiometric material prepared from graphite
in which about 75 % of the carbon atoms are sp3 hybridised and bind to oxygen
atoms above or below the carbon layer [83]. Despite the fact that these layers are
not perfectly flat they are stacked similar to graphite, with layer distances around
5.8 Å because of the space requirements of the additional epoxy and hydroxyl
groups. EDLCs have been prepared based on GO and capacities of 29.5 F/g were
obtained [84]. To further increase the surface area of GO it has been exfoliated
in polypropylene (PP) using an ultrasonic bath. 120 F/g were measured in an
EDLC setup when adding tetraethylammonia tetrafluoroborate (TEABF4 ) to
the exfoliated GO in PP [85]. Even higher capacities of up to 220 F/g were
measured using 1 M TEABF4 / AN employing partially reduced GO. Prior to
these measurements a high voltage CV sweep was applied, which is described as
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activating the electrodes by irreversibly increasing the GO layer distance up to
16 Å [8, 86]. With this increase of the layer distance regions in between the carbon
layers become accessible for the electrolyte, largely increasing the active surface
area and therefore the capacitance. But problems are known for this approach
concerning the stability of the system with AN and TEABF4 . A decrease of the
surface area was observed with continued cycling due to the decomposition of
AN and BF−
4 [87]. In addition to this, a reduced electrochemical stability window
was found for electrolytes containing AN [88]. Both the mechanisms of the layer
distance increase as well as that of the reduced electrochemical stability are not
fully understood up to now and are a motivation for further research during this
project.
EDLC are not the only application where large layer distances can be beneficial.
A technologically important problem is the storage of hydrogen, that is required
e.g. for the use of fuel cells as mobile energy sources. Porous or layered materials
are candidates for this applications and larger layer distances could improve
the storage properties [89]. Especially different carbon and graphite materials
have been studied as chemically very stable hydrogen storage materials [90, 91].
However, these results have been copiously debated and some of them have not
been confirmed yet.
Another application of graphitic carbons containing micro pores is the purification of gases and liquids via different pore sizes [92]. If the pore size or layer
distance is controlled precisely, a selective filtering could be achieved, making such
materials interesting for analytical purposes [93]. In respect to energy storage
the lithium intercalation reactions are still the most important applications of
graphitic carbons, as not many alternatives to graphite are known as anodes in
LIBs up to now. A promising result is the report of very high capacities of up
to 540 Ah/kg which were achieved using exfoliated graphite/graphene electrodes
[55].
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Graphitic materials with modified layer distances have several promising

applications concerning electrical energy storage but also other areas. The aim of
this chapter is therefore to explore and gain understanding of the layer distance
increase that was observed in partially reduced GO during electrochemical cycling.
Finding mechanisms for the aging linked to the decomposition reactions in the
electrolyte in such systems is hoped to help preventing capacity degradation in
EDLC.

2.2 Methods
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2.2. Methods
2.2.1. Graphite oxide reduction
The GO used for this series of experiments was obtained from T. Kaspar and
prepared by the methods described in his work [83]. About 2 g GO were thermally
reduced using a ceramic crucible within a quarz tube under nitrogen atmosphere.
A minimal gas flow was maintained during the reduction to remove produced gases.
To avoid fast thermal decomposition of GO slow heating needs to be performed
with a heating rate of 1 K/h in the critical temperature range of 190 - 230 ◦ C.
The temperature range with slow heating was even extended further to avoid
any thermal overshooting. The final temperature determines the layer distance
of the partially reduced GO, at 240 ◦ C a (001) layer distance of 4.4 Å results.
Keeping the final temperature for 1 h ensures the completion of the thermal
reduction throughout the whole sample. Details are given in the schematic
temperature profile shown in figure 2.1. After the thermal reduction the now

T"[°C]"
240"
170"

1"K/h"
10"K/h"

25"

14.5"

84.5" 85.5"

90"

t"[h]"

Figure 2.1.: Schematic drawing of the temperature profile used for the thermal reduction of GO.

partially reduced material (named GOpr throughout this work) was dried at 60 ◦ C
under vacuum (6 0.1 mbar) to ensure no free water is absorbed in the material.
Elemental composition and powder XRD of the final product was measured. The
composition of the GOpr obtained is approximately C8 O1.13 (OH)0.33 and its BET
surface is close to the 17 m2 /g of the graphite starting material [94].
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2.2.2. Electrode preparation
Free-standing electrode films were prepared by binding the flakes of GOpr with
polytetrafluoroethylene (PTFE). Therefore, a slurry containing 80 wt.% GOpr,
10 wt.% conductive additive (Super P, TIMCAL, Switzerland) and 10 wt.% PTFE
(dispersion in water, 60 wt.% PTFE, Alfa Aesar, USA) was mixed in an excess of
ethanol (analytical grade). This slurry was heated up to 200 ◦ C under constant
strong stirring until the ethanol was completely evaporated. Drops of ethanol
were added to the dry product until a kneadable mass was achieved. This was
then mixed and rolled repeatedly into sheets of thickness of either 200 µm or
500 µm. These composite sheets were then dried at 120 ◦ C for 12 h under vacuum
(6 10 mbar).
The same protocol was used to prepare counter electrodes (CE) containing
activated carbon (YP17, Kuraray Chemical, Japan). As for GOpr 80 wt.% active
material were used but 20 wt.% PTFE was employed instead of 10 wt.% Super
P and 10 wt.% PTFE, as no further conductive additive is needed for activated
carbon (AC). The films were prepared with a thickness of 500 µm and circular
samples of about 80 mm2 were cut for the use as CE.
The working electrode (WE) was cut from the electrode films prepared with
GOpr. For electrochemical measurements circular samples of 12.5 mm2 area were
used with thickness of 200 µm. Samples with an area of about 50 mm2 and
thickness of 500 µm were used in cells intended for post-mortem analysis like
elemental analysis and nuclear magnetic resonance (NMR).
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2.2.3. Electrolyte mixtures
Ionic liquids are salts that remain liquid at room temperature without the addition
of a solvent. The large electrochemical stability window and high ion concentration make them interesting as electrolytes in electrochemical energy storage
systems [63]. A common example is 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBF4 ), the structure of which is shown in figure 2.2.

F
N

N

F
B

F

F

Figure 2.2.: Structure of the ionic liquid EMIMBF4 .

For this work EMIMBF4 (> 99.0 %, Fluka Chemie AG, Buchs, Switzerland)
was used as the basis for different electrolyte mixtures or used as electrolyte
without any additives. The molarity of EMIMBF4 was kept constant for the
different mixtures and the required amounts of additives were calculated via the
mole fraction of EMIMBF4 (see equation 2.1).

χIL =

nIL
nIL + nSOLV

(2.1)

For such a special system, where the additives typically known as solvents get
dissolved in the conductive salt, the mole fraction and the molarity are not linked
linearly but exponentially as shown in figure 2.3 for the system EMIMBF4 / AN.
A high concentration of EMIMBF4 of 5.8 M here results in a mole fraction of
χIL = 0.75. This mole fraction was used for all EMIMBF4 /additive mixtures.
Electrolytes were prepared with additives containing a nitrile functional group
(-C≡N). Apart from AN the substances used were butylcyanide (C4 H9 CN, labeled
Bu-CN throughout this work), 1,4-dicyanobutane (NC-(CH2 )4 -CN, labeled diCN-4) and dicyanoethane (NC-(CH2 )2 -CN, labeled di-CN-2), shown in figure 2.4.

5.4. Electrolyte blends
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2.2.4. Electrochemical measurements

To evaluate the electrochemical behaviour of GOpr two main techniques were used,
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cyclic voltammetry (CV) and galvanostatic cycling (GSC). In CV measurements
the potential linearly sweeps through the defined potential window with a constant
scan rate of typically 0.1 - 1 mV/s. During this scan the resulting current is
monitored. So a well defined potential range can be analysed and the behaviour
of the active material studied. Information about capacities of the electrodes used
can be obtained from integrating the current over certain potential windows. As
the current in the CV setup is not directly controlled rather high currents can occur
for larger sample masses or fast reactions happening in narrow potential windows.

N
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Therefore the total charge flowing into the electrodes is not defined, which can
be problematic for certain experiments. For this reason also GSC experiments
were used, where the current rate and the total charge are set and the resulting
voltage is monitored. In this series a total charge of 600 C/g in the first charging
step was used for every experiment.
A three electrode setup was used for the electrochemical tests (both CV and
GSC) for precise potential determination. The potential of a carbon electrode
shifts when charge is accumulated, therefore counter and reference electrode have
to be separated. The test cell used in this work is
shown in figure 2.5, including
6.3. Electrochemical test cells
the overall cell design and a detailed view of the electrode arrangement. Within a
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vacuum of 10 Pa. The electrolyte was introduced into the dilatometry cell
in an argon filled glovebox containing less than 1 ppm H2 O and O2 . During
the measurement the cell was kept under a constant temperature of 20 C,
employing a temperature test chamber (Binder, Germany). The electrochemical
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by glassfiber as well. To seal the cell ethylene-propylene-diene-monomer rubber
(EPDM) o-rings were used. All parts of the cell were dried at 80 ◦ C under vacuum
(6 10 mbar) for 12 h prior to transfer into an Ar filled glove box (6 0.1 ppm H2 O
and O2 ). After assembly the cell was filled with the electrolyte using another of
the channels leading through the PEEK cylinder to the central part of the cell.

2.2.5. Elemental analysis
Elemental composition of the starting materials (GO and GOpr) as well as the
electrode film before and after electrochemical modification was measured. Carbon,
hydrogen and nitrogen were measured via combustion analysis, fluorine was
measured using ion chromatography. Oxygen content could only be measured
for the starting materials and not the electrode films as flour present from PTFE
interferes with this measurement.

2.2.6. In-situ dilatometry
By in-situ dilatometry the expansion of an electrode can be measured during an
electrochemical test, as was shown e.g. by Hahn [98]. For this purpose a three
electrode cell was used, similar to the commercially available dilatometer cell
ECD-2 (EL-Cell, Hamburg, Germany). It is comparable to the three electrode
cell described above, two titanium contacts are pressed together by a spring with
the electrodes in between. The main difference is the separator. No glassfiber
is used in the dilatometry cell but a solid glass frit (pore size P2, 40 - 100 µm).
This frit together with a cellulose-based paper separator (Maxwell Technologies,
Switzerland) is the fixed reference level for the expansion measurement of the
WE perpendicular to the separator. The WE is placed on top of the frit and
the movable titanium piston above (load of 10 N on the WE) is connected to
the displacement transducer. To seal the cell EPDM o-rings were used, too. All
parts of the cell were dried at 120 ◦ C under vacuum (6 10 mbar) for 12 h prior to
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transfer into an Ar filled glove box (6 1 ppm H2 O and O2 ). Inside this glove box
the electrolyte was inserted into the cell as well. A detailed sketch of the cell is
Chapter 6. Characterization of EDLCs
shown in figure 2.6.
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height, which was measured by a thickness gauge (Mitutoyo Absolute ID-C112B)
prior to the dilatometric experiments. In addition to this the specific capacitance
was computed from the current and the active mass of the electrode.

2.2.7. XRD analysis
All samples prepared during this series of experiments were analysed by XRD. For
the GO and GOpr powders 0.7 mm glass capillaries (wall thickness 0.1 mm) were
employed. The electrode films were measured in Bragg-Brentano geometry on
a Bruker AXS D8 PD, using copper Kα radiation with a wavelength of 1.54 Å.
The background of the sample holder (Si wafer on acrylic glass) was measured
and subtracted from the data of the samples. Small peak shifts and intensity
variations due to the different film thicknesses were corrected using the PTFE
peak that was shifted (if necessary) to 2 θ = 18◦ and its intensity was adjusted to
the same value for all samples.
To follow the processes during electrochemical modifications in more detail
in-situ XRD measurements were performed as well. Three cells could be measured
during GSC with total charge of 600 C/g in the first charge and 200 C/g in
subsequent cycles. To obtain a high time resolution between the scans and to
have minimal modification during the scans short measurement times are crucial.
The measurements were performed at the Swiss-Norwegian beam line (SNBL) at
the European synchrotron radiation facility (ESRF) in Grenoble, France. From
the detectors available only the 2D detector was able to deliver diffractograms
in the required time intervals. Unfortunately, the beam stop on this detector
cuts out every signal below 2 θ = 2.5◦ . At the wavelength of 0.505 Å of this
beam line this minimal observable angle corresponds to distances of about 11.5 Å.
Interlayer distances larger than this value can therefore not be seen by the in-situ
measurements. To check the modified material after cycling also a long scan in
the low angle range was performed with a high resolution detector, measuring
30 min per sample only for the range of 0.5◦ 6 2 θ 6 13.5◦ .
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A test cell designed especially for such in-situ measurements was used for
this experimental series. In a two electrode setup (for space reasons) the WE is
sandwiched between a thin carbon coated Al foil as current collector and the glass
fiber separator. The CE and two Al windows holding the electrode sandwich have
holes of 4 mm diameter to have as little extra scattering material in the beam as
possible. A drawing including a cross section and
stacking of test
the cells
layers of
6.3.the
Electrochemical
this cell is shown in figure 2.7. Due to the use a two electrode cell the potential

Scattered radiation

Al window
CE
Seperator

Ti flange

2

WE

PEEK body
Ti body
PEEK base

Al window

Incident radiation

Figure 2.7.: Drawing of cell used for in-situ XRD measurements, taken from [8], adapted from [99].
Figure 6.11: Schematic of the in-situ XRD cell, based on a two electrode electrochemical cell. Adapted from [104]

during GSC is not as stable as in a three electrode setup but with known mass
ID-C112B) prior to the dilatometric experiment. Further, the current was
normalized by the active mass of the electrode and the specific capacitance was
computed.
drift can
be compensated in post-processing of the data.

of the CE and the charge flowing during the measurement most of the potential

6.3.3. In-situ X-ray di↵raction cell

2.2.8.Figure
NMR
analysis
6.11 outlines the schematic of the electrochemical cell used for the in
situ X-ray di↵raction experiments [104, 261]. It consisted of a two electrode

design without
a RE.experiments
The incident X-rays
the cell
through antoaluminum
The solid-state
NMR
were entered
performed
according
the method
window with a diameter of 4 mm. Then they passed through the sandwich

described
in separator
[101]. A
with a 9.4 T
of WE,
andBruker
CE andAvanceII
finally left spectrometer
the cell throughequipped
a second aluminum
window with diameter of 6 mm. In order to increase the interaction volume with

widebore
andused
a double
resonance
2.5
MAS probehead
Biospin,
the magnet
X-rays, the
WE had
a thickness
of mm
approximately
0.5 mm. (Bruker
In contrast
to the WE the CE consisted of a ring which minimized the interaction volume

Rheinstetten, Germany) was utilised. The corresponding Larmor frequencies for
1 H, 13 C

and

19 F

were 400.23 MHz, 100.6 MHz and 376.5 MHz, respectively. All
73
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samples were spun around the magic angle with a rate of 20 kHz. For the

13 C

experiments a cross polarisation [102, 103] pulse sequence was employed with
a linear ramp of the rf amplitude on the 1 H channel [104]. The spectra are
referenced to tetramethylsilane (TMS) for
13 C

13 C

and to CFCl3 for

signals of adamantane (C10 H16 ) at as a secondary reference.

19 F

using the
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2.3. Experimental results and discussion1
2.3.1. EMIMBF4 / AN
In a first experiment CV of cells with EMIMBF4 / AN as electrolyte is measured
to different maximum potentials. A scan rate of 0.5 mV/s was chosen and four
cells were cycled once from 0 V to 0.5 V, 1.0 V, 1.5 V and 2.0 V, respectively. All
potentials given in this chapter refer to the carbon quasi reference electrode. It
was already shown in previous studies that it is close to 3 V vs Li+ / Li in both
pure EMIMBF4 [105] and 1 M TEABF4 / AN [106]. It is therefore expected to be
at the same potential for the system 5.8 M EMIMBF4 / AN used here, which can
be seen as an intermediate system of the two tested. Up to 1.0 V no significant
current is observed in the CVs but at 1.5 V clearly a reaction is initiated. For this
sample the oxidation current remains around relatively high 80 mAh/g even after
reversing the potential, leading to a crossing with the line of the forward sweep
(increasing potential). This indicates that the reaction continues also below 1.5 V
once it started, down to about 1.3 V. Figure 2.8 shows a detailed view on the
four CV measurements in the low current range to follow the reaction onset. The
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Figure 2.8.: Detail of CV plots of GOpr with EMIMBF4 / AN (full range in inset) scanned to different
maximum potentials.
1

Some of the results presented in this section are also submitted for publication [101]
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sample measured up to 2.0 V exhibits a strong reaction with maximal current
of 400 mA/g. From the current evolution, which has a peak around 1.8 V, it
can be seen that the electrochemical reaction comes to an end. This could be
due to low diffusion in the electrolyte or point towards a reaction of AN, that is
present in much smaller concentrations than EMIMBF4 and limits the reaction.
By integrating the current of both sweep directions the total charge flowing into
the sample and back can be calculated. The difference gives the charge used up
during an irreversible reaction. At 0.5 V and 1.0 V this charge is 6 1 C/g. From
1.5 V on a significant increase of the charge consumption during the reaction is
seen, 12 C/g at 1.5 V and even 125 C/g at 2.0 V. This clearly shows that also
with limited quantities of AN an activation reaction similar to that known from
TEABF4 / AN [100] can be initiated.
Elemental analysis (EA) was performed on the GOpr electrodes before (named
GOpr-bEC) and after (named GOpr-aEC) electrochemical measurements. For
the latter it was not possible to derive any oxygen content since the fluorine
present in the sample is interfering with oxygen analysis. Table 2.1 compares
these results with the EA of pure GOpr powder and summarises the findings
in a calculated composition of the materials. The measurement of the GOpr
powder was used as a baseline for the composition of the GOpr. Further it was
assumed that the GOpr composition does not chance due to electrochemistry
and that the measured carbon in a first approximation can be assigned only to
GOpr, CB and PTFE. Traces of nitrogen are found in pure GOpr as well as
the unreacted electrode (GOpr-bEC), which is assumed to be due to the GO
preparation using nitric acid. The resulting amounts of excess elements H and N
increase by one order of magnitude after electrochemical treatment. About one
additional hydrogen atom per 16 carbon atoms of GOpr and about one nitrogen
atom per 64 carbon atoms of GOpr are reached. Calculating the ratio of these
excess elements results in H : N = 4.2. This ratio is compared with the possible
sources of H and N in the system, AN and EMIM+ , showing ratios of H : N = 3 and
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Table 2.1.: Elemental composition of GOpr powder as well as of the GOpr electrode before (GOpr-bEC) and
after (GOpr-aEC) electrochemistry (CV). The calculated compositions containing GOpr, carbon
black (CB), PTFE and additive elements are based on the assumption of homogenous electrodes
composition and refer to GOpr of composition: C8.00 O0.94 (OH)0.41 . Adapted from [101].

C

H

N

O

F

calc. composition

wt.%

wt.%

wt.%

wt.%

wt.%

GOpr + CB + PTFE
+ excess elements

GOpr

81.1

0.3

0.4

18.2

0

C8.00 O0.94 (OH)0.41

GOpr-bEC

75.8

0.3

0.1

—

7.9

C8.00 O0.94 (OH)0.41

+ 0.03 N
+ 1.22 C + 0.32 CF2
+ 0.04 H + 0.02 N
GOpr-aEC

72.6

0.6

1.1

—

7.9

C8.00 O0.94 (OH)0.41
+ 1.20 C + 0.33 CF2
+ 0.50 H + 0.12 N

H : N = 5.5, respectively. So the H : N ratio found may be explained by a mixture
of both AN and EMIM+ inside the electrode after electrochemical modification,
as both could be trapped between the graphene-like layers of GOpr. After a drying
step of 12 h at 60 ◦ C and 6 0.1 mbar free AN in the system is improbable, the
detected AN is therefore expected to be in between the GOpr layers or even bound
to GOpr. The presence of EMIM+ however would also imply the presence of BF−
4
due to charge compensation. But in the EA no detectable increase in the fluorine
content is measured. Three explanation attempts are the following.
1. Inhomogeneities in the electrodes are possible although the slurry was mixed
well during preparation. If the part taken for the electrode by accident has
a reduced PTFE content, an increase due to BF−
4 incorporation could be
compensated and not detected.
2. Discharge of BF−
4 at the GOpr flakes and subsequent washing out of BF3
and possibly also the fluorinated species.
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3. Problems in the EA concerning fluorine determination, either from interactions with oxygen (as known vice versa) or from incomplete chemical
extraction.

Option 1 is possible but would be a coincidence if the same amount of fluorine
is missing in one part of the electrode film that is added during electrochemical
activation. For option 2 the newly formed BF3 could be washed out together
with the electrolyte as long as not many BF3 molecules come close to each other
and start to crystallise. The oxidative formation of BF3 from BF−
4 ions has been
studied and is known to be possible by electrochemistry [107]. The remaining F−
could either be transferred to AN and be removed together with it or it could
fluorinate the GOpr layer. In the last case still some additional fluorine should be
detected in the EA. This puts some doubt on the EA results for fluorine, which
makes the explanation of the observed reaction more difficult.
To explain the charge compensation of the extracted excess charge (125 C/g,
see figure 2.8) after cycling to 2.0 V two reactions are possible, a BF−
4 / BF3
insertion or an oxidative decomposition of AN. Calculating the amounts based on
the excess charge which would result from these reactions leads to the following
values, if they took place individually. 125 C/g correspond to 1.30 mmol extracted
e− /g from the electrode. Compensating them with BF−
4 ions would lead to
additional 9.8 wt.% fluorine, in other words more than a doubling of the initial
fluorine content of 7.9 wt.%. If the BF−
4 is discharge to BF3 that stays mobile
and only one fluorine remains in the GOpr layers, an additional fluorine content of
2.45 wt.% would be expected. Assuming an oxidation of AN by 1 e− would lead
to additional 1.8 wt.% nitrogen in the oxidised electrode, compared to almost no
nitrogen before oxidation. These three approximative calculations show that the
observed excess charge during the CV cycle cannot be explained only by BF−
4
insertion if the fluorine content was measured correctly. A fluorination of GOpr in
combination with some PTFE inhomogeneity would come closer to the measured
values. The nitrogen content calculated from the excess charge (1.8 wt.%) is
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closer to the measured 1.1 wt.% N, but still cannot be fully explained by a one
− are
electron oxidation of AN. So it is expected that both AN and BF−
4 or F

inserted into the GOpr layers during oxidation. As the EA is not showing signs of
−
trapped BF−
4 nor of the oxidation product BF3 / F , even though this would be

expected from the electrochemical findings, the sample were analysed by NMR to
gain further insight.
Solid state NMR of GOpr electrodes before and after the CV cycle to 2.0 V
were measured and for a better comparison also pristine AC electrodes as well as
AC electrodes treated with the same CV cycle as the GOpr were investigated. The
13 C

spectra show a clear difference between the pristine and the electrochemically

treated carbon electrodes. The total number of acquisitions for the

13 C

spectra

shown in figure 2.9 was 28672, 24576, 28762 and 13312 (from top to bottom),
the intensity of the spectra in the figure is normalized to the same number of
scans. According to [108] the feature at 129 ppm is attributed to the sp2 carbon
skeleton whereas features at 169 ppm and 193 ppm in the spectrum of untreated
GOpr are indications of carbonyl groups C=O. In addition the GOpr should also
show signs of epoxy (60 ppm) and hydroxyl (69 ppm) [108]. In the experimental
spectrum in figure 2.9 of GOpr before activation only the peak due to the sp2
carbons can be clearly identified. This could be due to the fact that with the
applied H-C cross polarisation experiments only carbon atoms close (few atoms)
to hydrogen atoms are visible, epoxy groups may be invisible and the number
of hydroxyl groups is low in GOpr compare to GO. After electrochemistry two
new broad features appear at around 20 ppm and 170 ppm, which are attributed
to AN [109]. In comparison to pristine AN with features at about 4 ppm for the
methyl group (CH3 ) and 120 ppm for the nitrile group (C≡N) the new features
are positively shifted, indicating a change in chemical environment. The signal at
approximately 170 ppm can be interpreted as an imine group (C=N), resulting in
an additional binding partner for both the carbon and the nitrogen. The resulting
change from sp1 to sp2 carbon further results in a shift of the neighbouring methyl
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Figure 2.9.: MAS 13 C-NMR plots of GOpr and AC electrodes before (bEC) and after (aEC) electrochemical
modification, adapted from [101].

group from 4 ppm to about 20 ppm. From the chemical shift it is assumed that
the newly formed C=N group is bound to something electronegative, but a more
defined statement cannot be made. Beside the electrochemically reacted AN there
are also traces of unreacted AN as indicated by the shoulder of the AN signals
in GOpr-aEC which hints at AN being trapped in between the layered structure.
The

13 C

NMR clearly shows that reacted AN is present in the GOpr electrode

after electrochemical modification. The C≡N group is transformed into a C=N
group, possibly bound to an electronegative atom.
For the

19 F

NMR spectra a single pulse sequence was used and for each of

the spectra in figure 2.10 256 scans were integrated. The spectra are dominated
by the signal of PTFE at -123 ppm and its sidebands at -73 ppm and -177 pm. In
the case of the AC electrode the signal is sharper and more intense because of the
doubled amount of PTFE compared to the GOpr electrode and possibly because of
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Figure 2.10.: MAS 19 F-NMR plots of GOpr and AC electrodes before (bEC) and after (aEC) electrochemical
modification, adapted from [101].

higher chain mobility without the small Super P particles blocking some voids. The
new feature at -157 ppm after electrochemical modification shows the presence
of BF−
4 ions in the electrodes. In case of the electrochemically treated GOpr the
broad signal indicates immobile BF−
4 ions while in the case of the AC electrode
the sharper signal points towards more mobile BF−
4 . The observed mobility of
BF−
4 might be explained by trapped electrolyte within the micro pores of the
AC. Also the overall stronger BF−
4 signal supports the presence of electrolyte in
addition to the ions inside the structure for charge compensation. The shoulder
around -130 ppm being present in both AC spectra indicates a second environment
for PTFE in the case of AC that is not prominently present in the GOpr samples.
This could be PTFE distributed around the AC particles and PTFE in isolated
domains. The

19 F

NMR spectra clearly show presence of BF−
4 ions inside the

GOpr electrode after electrochemical modification. As the

19 F

NMR signals for
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BF3 and BF−
4 have similar chemical shifts [110] they are not distinguishable in
this solid state NMR. The presence of BF3 would however require the presence
of another fluorine signal of the possible fluorination of GOpr from the discharge
of BF−
4 to BF3 . According to [111] fluorinated graphite as a comparable system
shows very broad signal around -160 ppm in

19 F

NMR. Such a signal is not seen

in the measurements on activated GOpr, meaning that no significant proportion
of GOpr is fluorinated.
The analysis of GOpr electrodes before and after electrochemical oxidation in
the potential range from 0 - 2.0 V reveals a persistent change of the material. The
results of EA and NMR do not match fully, the presence of BF−
4 is confirmed by
NMR but not visible in the EA results. AN is incorporated in GOpr and undergoes
a reaction forming a C=N group. These findings point towards an important
role of the nitrile group in the reaction of AN with GOpr. In the following this
activation reaction will be studied in more detail using AN and other additives
containing nitrile groups.

2.3.2. Electrolyte additives in EMIMBF4
For the comparison of the electrolyte additives given in section 2.2.3 CV measurements (0.5 mV/s) were performed with one cycle between 0 V and 2.0 V. All
electrolyte mixtures show a sharp increase in oxidation current between 1.3 V
and 1.5 V, leading to a maximum between 1.5 V and 2.0 V. Only for the sample
containing di-CN-4 as an additive a maximum of the oxidation current is not
seen, probably due to the cut off at 2.0 V. As shown in figure 2.11 the activation
potential is increasing for the different additives in the order of AN, Bu-CN,
di-CN-2 and di-CN-4. The inflexion point is used to calculate precise potential
values that are defined as activation potential, as suggested in literature [100].
Table 2.2 gives the activation potentials for all samples tested in this experiment,
which only differ by 0.2 V for the samples containing an electrolyte additive. A
comparison with pure EMIMBF4 shows a similar behaviour for the electrolyte
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Figure 2.11.: Current flowing during CV (0 - 2 V, reversed after 4’000 s) of GOpr with different electrolyte
additives in EMIMBF4 compared to pure ionic liquid.

without any additive. For the pure ionic liquid an oxidation current is seen, too,
but the activation potential is clearly higher (1.93 V) and no end of the reaction
is visible up to the maximal voltage in the CV scan. High maximum currents are
measured for all samples, ranging from 400 to 500 A/g. In the case of di-CN-4
and EMIMBF4 the current was still rising when the potential sweep was reversed.
This indicates that the reaction with these two electrolytes was stopped by the
sweep condition in the CV. Therefore, these samples are presumably not fully
comparable to the others.
Table 2.2.: Activation potential together with charges measured during oxidation and reduction as well as
irreversible charge of EMIMBF4 based electrolytes.

electrolyte
EMIMBF4 / AN
EMIMBF4 / Bu-CN
EMIMBF4 / di-CN-2
EMIMBF4 / di-CN-4
EMIMBF4

activation
potential
1.38 V
1.45 V
1.49 V
1.58 V
1.93 V

oxidation
592 C/g
381 C/g
484 C/g
414 C/g
344 C/g

charge flown
reduction
irreversible
382 C/g
210 C/g
265 C/g
116 C/g
352 C/g
132 C/g
300 C/g
114 C/g
265 C/g
79 C/g
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Looking at the accumulated oxidation and reduction current it becomes clear,

that all chosen combinations show an irreversible charge flow which is consumed
during the CV cycle. This irreversible charge is largest for EMIMBF4 / AN, similar
but lower for the other additives and lowest for pure EMIMBF4 . The even higher
irreversible charge for EMIMBF4 / AN shown in table 2.2, compared to those
presented in section 2.3.1, is interrelated to the electrode thickness. For the
first series of experiments (section section 2.3.1) electrodes with thickness of
500 µm were used to obtain enough material for EA and NMR analysis. Comparing
the electrochemical measurements of these samples with electrodes of 200 µm
thickness used here it is seen, that for the thick electrodes the oxidation reactions
are not fully completed and would need lower currents / sweep rates. This is
probably due to an IR drop in these electrodes that hinders the reaction in the
whole electrode. To study the electrochemistry of this activation in more detail
thinner electrodes are used for the experiments described in this section. For
EMIMBF4 not always the same electrochemical stability is measured, depending
on electrode materials decomposition starts between 4.5 V and 5 V vs Li+ / Li [63].
Using comparable carbon electrodes as applied in this work an electrochemical
stability limit of 4.6 V was measured [88]. This shows that the decomposition of
EMIMBF4 starts in the same potential range as the activation of GOpr. It can
therefore be assumed that EMIMBF4 is taking part in the activation reaction.
Monitoring the in-situ morphological behaviour of the whole electrode by
dilatometry is a well studied method [98]. In the case of GOpr a significant
expansion for all electrolytes is observed during the activation reaction. The
beginning of this expansion follows the onset of the oxidation current seen in
figure 2.11, both for the potential range and the relative order of the different
electrolyte combinations. The electrodes expand once during oxidation and most
of the expansion is kept during discharge. A maximum expansion of about 90 %
is reached for AN, Bu-CN and di-CN-2, about 80 % for di-CN-4 and about 65 %
for EMIMBF4 . As can be seen in figure 2.11 and 2.12 the discharge does not
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Figure 2.12.: GOpr electrode expansion during first potential sweep to 2.0 V for different electrolyte compositions.

start when the potential sweep direction is reversed but oxidation and expansion
continue until 1.6 - 1.7 V vs C are reached. This leads to different oxidation times
and shows that CV cannot ensure a comparable oxidation charge for all samples.
Interestingly for both AN and Bu-CN the maximum expansion is reached at the
end of the oxidation sweep but for both dicyanides and EMIMBF4 the expansion
continues after the potential sweep direction is reversed. This effect is strongest
for EMIMBF4 that only reaches 20 % expansion at 2.0 V and then continues to
65 % during discharge. This indicates that the activation reaction is not completed
at 2.0 V but a certain time above the activation potential is required.
The electrodes measured are composites with some voids and not perfect packing of the GOpr flakes. This means that the expansion measured via dilatometry
cannot directly be translated into an expansion of the GOpr flakes or interlayer
distances. As with starting expansion of the GOpr flakes first some voids will be
filled before an overall expansion is seen, the increase of the interlayer distance is
expected to be larger than the measured expansion of the electrode. Only little of
the maximum expansion is lost when the potential is returned to 0 V proving that
the GOpr layers are apart even in the uncharged state.
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After the first activation cycle to 2.0 V subsequent CV cycles are performed

between 0 V and 1.5 V. A different behaviour from the first CV cycle is seen in
the expansion behaviour. All samples expand reversibly between 5 % and 15 %,
no further irreversible expansion is observed. As can bee seen in figure 2.13 the
potential dependence of the expansion is qualitatively the same for all electrolytes.
The maximum expansion is reached at 1.5 V and kept during the reverse scan until
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Figure 2.13.: GOpr electrode expansion during CV cycling after activation step to 2.0 V showing reversible
behaviour for all electrolyte compositions tested.

about 1 V before it returns to the initial value. This behaviour is stable during
the three cycles measured. The extent of this reversible expansion is not directly
linked to the behaviour during activation. The electrode with EMIMBF4 / AN
as electrolyte shows a rather low reversible expansion while the electrode with
EMIMBF4 / Bu-CN exhibits a more than twice as high reversible expansion. It
could be that the presumably incomplete activation reaction seen in the first cycle
plays a role for the subsequent reversible expansion or that the size and shape of
the additive molecules influences the expansion behaviour.
XRD analysis of electrodes activated by CV was performed after washing the
samples 3 x with dry AN and drying them under vacuum (6 0.1 mbar). Comparing the two samples with the most significant differences during the activation
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(EMIMBF4 / AN and pure EMIMBF4 ) also confirms the incomplete activation
in the latter case. For EMIMBF4 / AN the signal of the GOpr layer distance at
4.4 Å has disappeared completely after activation and a new layer distance of
5.3 Å is seen 2.14. The electrode with EMIMBF4 in contrary shows a new layer
distance of 6.4 Å besides the residual GOpr signal. In parallel, the very broad
signal at 3.7 Å, close the graphite distance, increases. The reason for this kind
of splitting into a signal at higher and one at lower layer distance is not clear.
But the remaining GOpr layer distance indicates an incomplete activation with
EMIMBF4 using CV.
XRD comparison dry / not dry
3.7 Å
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5.3 Å

PTFE
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EMIMBF4 only (dry)
GOpr, pristine electrode
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Figure 2.14.: XRD patterns of GOpr electrodes activated by CV during dilatometry, showing incomplete
activation when using pure EMIMBF4 .

As shown above with the current evolution, expansion behaviour and layer
distance (figure 2.11, 2.12 and 2.14), the activation by CV does not lead to
comparable conditions. Very high peak currents occur during the activation,
leading to potentially inhomogeneous samples due to diffusion limitation. The
total charge (equivalent to possible number of reactions) also differs significantly
depending on the activation potential of each electrolyte. Therefore tests using
GSC were performed and compared to the results using CV.
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2.3.3. Galvanostatic activation
The maximum charge reached during CV is 600 C/g in the case of EMIMBF4 / AN,
which was then chosen as limit for the following galvanostatic chargings. A
comparison of dilatometry measurements of GOpr electrodes with EMIMBF4 / AN
and pure EMIMBF4 using CV and GSC is displayed in figure 2.15. For the
CV a scan rate of 0.5 mV/s and a maximum potential of 2.0 V are used as for
the previous experiments. The electrode with AN in the electrolyte reaches its
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Figure 2.15.: Comparison of activation by CV to 2.0 V and GSC with 600 C/g for two electrolytes.

maximum expansion during CV after about 400 C/g, the additional charge only
leads to minimally larger expansion. A very similar behaviour is seen for GSC
and the same electrolyte, only the expansion per charge is slightly higher in the
galvanostatic experiment. The GOpr electrode with EMIMBF4 also reaches a
plateau of the expansion in GSC, comparable to EMIMBF4 / AN as electrolyte.
The expansion per charge is lower than that of the sample with EMIMBF4 / AN. In
contrary, in the CV having pure EMIMBF4 as electrolyte, the electrode is charged
with only about 340 C/g and the expansion is stopped before a plateau similar
as for AN is reached. These results indicate that with CV a complete activation
reaction is not reached for all electrolyte combinations tested. Comparable results
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are obtained with GSC, therefore this technique was chosen to relate the different
electrolyte combinations and their activation reactions of GOpr.
GOpr electrodes in the following were all cycled galvanostatically with a
maximum charge of 600 C/g (current rate 0.1 A/g) and reversed to 0 V with the
same current rate. Subsequently three CV cycles up to 1.5 V were performed to
test the electrochemical properties after activation. For an additional comparison
also EMIMTFSI was used as electrolyte.
Looking at the potential development during the GSC shows a stable potential
at which the activation reaction is running that is reached within seconds. This
plateau potential is stable for the first 200 - 300 C/g and then slowly rises to
1.8 - 2.0 V. As can be seen in figure 2.16 an IR drop of about 0.2 V occurs for
all previously tested electrolytes when the current is reversed. The electrode
with EMIMTFSI behaves differently, here the potential which is reached after
a few minutes is 2.25 V and continues to rise up to 3.5 V. When the current is
reversed a huge IR drop of more than 3 V and only minimal charge extraction
is measured. The stability of EMIMTFSI was determined to be 1.8 V vs carbon
[88], the clearly higher potential measured in the case of EMIMTFSI also points
towards a significant overpotential and an IR drop. The activation potentials
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Figure 2.16.: Potential development during galvanostatic activation of GOpr using different electrolytes.
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previously derived from the CV measurements (see table 2.2) match the plateau
potentials observed during GSC well, figures are shown in table 2.3. The maximum
potential from CV measurements (2.0 V) is only reached by the electrode with pure
EMIMBF4 . This indicates that the 2.0 V sweep is not necessary for the activation,
but a lower specific current applied during GSC is beneficial for completion of the
activation reaction.
The expansion of the electrodes during GSC leads to similar maximum expansions as seen during CV experiments. The main difference is that using GSC
also the electrode / electrolyte combinations, that showed lower expansion in CV
(EMIMBF4 / di-CN-4 and EMIMBF4 ), now reach similar expansion levels. All
samples using EMIMBF4 expand to a maximum of 81.9 ± 3.8 % as shown in figure
2.17. In the discharged state this value is only slightly reduced to 75.4 ± 3.4 %
showing the persistent character of the expansion. The second interesting fact
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Figure 2.17.: Electrode expansion measured by dilatometry in dependence of the specific charge.

that can be drawn from this representation is the amount of irreversible charge.
All electrolytes based on EMIMBF4 reach 0 V after a discharge releasing about
400 C/g, yielding an irreversible charge of around 200 C/g. The only main difference that can be found between the samples is the dependence of the expansion on
consumed charge, i.e. the slope in figure 2.17. While AN, Bu-CN and di-CN-2 lead
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to a faster expansion with charge, di-CN-4 and EMIMBF4 show a slower expansion
as shown in table 2.3. This means that the electrodes have to accumulate more
charge with the latter electrolytes to expand to a certain level than with the
first three electrolytes. The slope changes when about 300 - 400 C/g have flown
into the electrodes, from this point on only a minimal expansion with additional
charge is measured. Interestingly similar numbers as for EMIMBF4 / AN were
measured previously in the system 1 M TEABF4 / AN. The initial slope during
activation there was 0.224 %/Cg−1 and 0.022 %/Cg−1 at the end [8]. These
small differences are probably due to the measurement technique as CV was used
in the case of TEABF4 / AN, compared to GSC in this work. This is an indication,
that first the AN concentration does not play a major role for the expansion
behaviour and that TEA+ and EMIM+ don’t have a noticeable influence in this
measurement. The sample using EMIMTFSI as electrolyte, in contrary to all
Table 2.3.: Activation potential and expansion behaviour of GOpr electrodes during GSC using different
electrolytes.

electrolyte
EMIMBF4 / AN
EMIMBF4 / Bu-CN
EMIMBF4 / di-CN-2
EMIMBF4 / di-CN-4
EMIMBF4
EMIMTFSI

activation
pot. [V]
1.32
1.35
1.45
1.54
1.68
2.25

expansion [%]
charged
discharged
85.9
80.6
85.2
74.1
77.4
71.3
78.8
74.5
82.3
76.4
6.95
6.58

slope [%/Cg−1 ]
begin
end
0.418
0.011
0.351
0.022
0.362
0.017
0.268
0.021
0.292
0.007
0.010
0.010

EMIMBF4 based electrolytes, only reveals a linear expansion to a maximum of
7.0 % and most of the charge (about 570 C/g) is used irreversibly. Presumably in
this case mainly a decomposition and only limited incorporation of EMIMTFSI
into the GOpr layers takes place. These findings are an indication that BF−
4 could
play an important role for the expansion of GOpr.
In the CV cycles following the activation, the expansion is monitored relative
to the level reached after the GSC. Expansions between 4.16 % and 15.7 % are
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measured, depending on the electrolyte type. It is noteworthy that the level of
reversible expansion in these CV cycles does not match the order seen in the
activation potential or the first cycle expansion. The highest reversible expansion
(15.7 %) during CV is found for Bu-CN in the electrolyte, the lowest (4 - 4.5 %) for
di-CN-4 and for the pure EMIMBF4 electrolyte. Figure 2.18 shows this expansion
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Figure 2.18.: Reversible expansion of GOpr electrodes during CV cycling after the activation reaction.

behaviour, which does not lead to much expansion during CV in the case of
EMIMTFSI. On all expansion curves for EMIMBF4 based electrolytes it can be
seen, that the electrodes first contract between 0 V and 0.25 V before they start to
expand. This could hint at the presence of positively charge ions (e.g. EMIM+ )
in the electrodes in the discharged state that are pushed out at the beginning of
charging. Just as the expansion, this contraction is most pronounced for Bu-CN
in the electrolyte, which could point to a higher flexibility for electrolyte uptake in
this case.
An important aspect of the expansion of GOpr by electrochemical activation
is the increased capacitance. As the capacitance of a double layer is directly
linked to the available surface, it is a measure for the surface area accessible for
electrolyte. Measuring the capacitance during CV cycling after the activation
shows a close to rectangular behaviour for the capacitance as displayed in figure
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2.19. The electrolyte combinations, which lead to a significant expansion during
the activation reaction, reveal high capacitance values in the potential range of
0 V to 1.5 V. Capacitance between 182 F/g and 198 F/g is found for EMIMBF4
mixed with solvents and 168 F/g for pure EMIMBF4 . These values are taken from
the discharge, so in terms of an energy storage device they represent the useful
capacities. Unactivated GOpr has a capacitance in the range of 1 - 5 F/g, meaning
that the activation leads to an increase by a factor 40 - 100. This demonstrates
that after activation regions between the individual GOpr layers are reached by
electrolyte, as such large capacitance values cannot be explained with pure surface
charging. Comparing the discharge capacitances with those needed for charging
denotes that most electrodes show a Coulombic efficiency clearly below 1 (around
0.90, see table 2.4 for details). For EMIMBF4 / di-CN-4 as electrolyte however
the Coulombic efficiency is determined to be 1.00, indicating that for this sample
no further reactions consume charge during cycling. The calculated efficiency of
1.13 in the case of EMIMTFSI is an artefact probably due to the reduction of
decomposition products, because efficiencies > 1 are not physical.
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Figure 2.19.: Capacity of GOpr electrodes activated with different electrolytes.

All the electrochemical and dilatometry measurements clearly point towards an
activation reaction with the electrolytes used, leading to an increased layer distance
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Table 2.4.: Summary of the electrode data during CV cycling after galvanostatic activation.

electrolyte
EMIMBF4 / AN
EMIMBF4 / Bu-CN
EMIMBF4 / di-CN-2
EMIMBF4 / di-CN-4
EMIMBF4
EMIMTFSI

specific charge Q
Qin
Qout
Qout /
[C/g]
[C/g]
Qin
333
297
0.89
321
284
0.88
303
275
0.91
273
273
1.00
276
252
0.91
49.5
56
1.13

reversible
expansion
[%]
7.23
15.7
8.75
4.16
4.56
0.53

expansion/
Qin
[%/mCg−1 ]
48.9
110.1
65.0
34.4
37.8
24.2

in GOpr. This reaction is similar to that with TEABF4 / AN known from literature
[100]. During the activation in the first cycle of GSC the electrodes expand by
about 80 %. These electrodes then show very little reversible expansion during CV
cycling of only 4 % - 16 %, combined with high specific capacities of 180 - 200 F/g.
Interestingly, all these effects are very similar for the different electrolytes and
even the pure ionic liquid EMIMBF4 exhibits comparable expansion and capacity.
This similarity of the varying electrolyte additives and a very different behaviour of
EMIMTFSI point towards an important role of the BF−
4 anion. A clarification of
this question was attempted by a detailed XRD analysis together with the NMR
and EA results discussed above.

2.3.4. XRD measurements
After GSC the electrodes were removed from the cells and washed 3 x with dry AN
before drying at 60 ◦ C under vacuum (6 0.1 mbar). XRD of these dry electrodes
was measured using Cu Kα radiation. All samples have the signal of PTFE
(2 θ = 18 ◦ , 4.9 Å), which was also used to align the pattern as PTFE can be
expected to be unchanged during the activation reaction. The strong reflection
of pristine GOpr does not appear anymore after the activation, but new layer
distances are seen. Figure 2.20 illustrates the changes observed. For EMIMBF4
and AN a new layer distance of 5.3 Å is measured, for Bu-CN, di-CN-2 and
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Figure 2.20.: XRD pattern of GOpr electrodes galvanostatically activated using different electrolytes.

di-CN-4 a slightly larger layer distance of 5.6 Å. This means that an increase of the
d-spacing of about 1 Å compared to the GOpr starting material appears in the fully
dry state, equivalent to 25 %. Dilatometry measurements (see figure 2.17) show
an expansion of the whole electrode by 80 %. As described above from the overall
expansion measured in dilatometry an interlayer distance increase of more than
80 % would be expected. This discrepancy is probably due to the fact, that the
expansion in dilatometry is measured in the presence of electrolyte. The changes
to the GOpr during activation seem to keep some electrolyte between the layers,
also in the discharged state. Therefore, the expansion measured by dilatometry
must be including the electrolyte, comparable to the pillaring described in literature
for a similar system [86]. Thus, the stable interlayer distance measured by XRD in
this work resembles a completely non-volatile pillar, e.g. some molecule or atom
binding or coordinating to the GOpr layer. The fact that for different molecules
with size variations by a factor of three almost the same layer distance results
leaves little room for possible reactions. If the additives used take part in such a
reaction and remain between the layers, it has to be in a way that the molecule
chains can be parallel to the GOpr layer and are not pointing away from it.
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The in-situ XRD analysis was performed using a synchrotron radiation with

wavelength of 0.505 Å. The beam stop on the 2D detector used for fast data
detection cuts off radiation below an angle of 2 θ = 2.5 ◦ . Therefore, it yields
no information about layer distances larger than 11.5 Å in this setup. Three
cells were measured during GSC, all with the same GOpr electrodes as used
in the previous experiments. Pure EMIMBF4 as well as EMIMBF4 / AN and
EMIMBF4 / di-CN-4 were employed as electrolytes. A total charge of 600 C/g was
used for the activation, after discharging to 0 V three subsequent galvanostatic
cycles were performed, charging and discharging with 200 C/g. The current rate
for all cycles was 0.03 A/g and diffractograms were recorded about every 10 min.
This measurement interval corresponds to steps of 18 C/g between the individual
patterns.
The low angle range is dominated by the PTFE signal at 2 θ = 5.88 ◦ (4.9 Å)
as shown in figure 2.21a - 2.21c. A detailed look shows the evolution of the
activation in GOpr. The signal of the GOpr layer distance (4.4 Å) is seen at
2 θ = 6.5 ◦ in the beginning of the GSC. During the activation its intensity is
gradually reduced for all three electrolytes. With EMIMBF4 / AN as electrolyte
this reduction is fastest, reaching half of the intensity after about 200 C/g as
shown in figure 2.21d. In parallel a new signal is evolving during the activation,
seen at 2 θ = 4.6 ◦ (corresponding to 6.3 Å). Its intensity is increasing throughout
the activation, again fastest for EMIMBF4 / AN. EMIMBF4 and EMIMBF4 / diCN-4 electrolytes show the same effects as EMIMBF4 / AN but in both cases the
evolution of the new signal is retarded. The new layer distance of 6.3 Å only starts
to show up after half of the charge is flown and the initial GOpr layer separation
disappears in the corresponding range. The new layer distance of 6.3 Å was not
detected in previous experiments [86] using 1 M TEABF4 / AN. This may point
to an activation reaction in which BF−
4 plays a role when only little AN is present
as in these experiments (5.8 M EMIMBF4 / AN or other additives). As in this
experimental series only layer distances up to 11.5 Å could be measured it is also
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Figure 2.21.: In-situ XRD analysis of GOpr during galvanostatic charging, using three different electrolytes.

possible that larger distances are present, as observed in a previous project [86].
While it was not possible to record at low angles during the electrochemical
cycling, a slow scan with a 1D high resolution detector starting from 2 θ = 0.5 ◦
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was performed after the cycling. All three electrodes were still in the same
cell and in contact with the corresponding electrolyte but electrochemically in
the discharged state. Interestingly signals at 2 θ = 2.2 - 2.3 ◦ , corresponding
to 12.6 - 13 Å separations, were found for all samples. These signals are just
below the cut-off of the 2D detector and could therefore not be detected during
electrochemical cycling. They prove that also layer distances > 12 Å are formed
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Figure 2.22.: In-situ XRD in discharged state after GSC an CV cycling.

during the activation reaction. In the charged state theses layer distances could
be even larger than the measured 12.6 - 13 Å, as more electrolyte is expected
to enter in between the layers during charging for charge compensation. In
previous experiments activation of GOpr electrodes by CV using TEABF4 / AN
[86], periodic changes of the layer distances between 13 and 15 Å were recorded.
This fits well to the present results. Another important finding of the XRD analysis
after electrochemical cycling is that the signal corresponding to 6.3 Å is no longer
visible. This layer distance seems to be only present at the end of the activation,
before further cycling is performed and in the case of incomplete activation (see
figure 2.14 for comparison).
To summarise, XRD analysis reveals the formation of a new layer distance in
GOpr during electrochemical activation. This separation is very similar for the
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different EMIMBF4 based electrolytes used, which hints at a comparable activation
mechanism. The common feature of all electrolytes is the BF−
4 anion and with
the exception of pure EMIMBF4 also the nitrile group of the additive. In the case
of EMIMBF4 the expansion leads to the same level, but seems to be retarded. As
NMR analysis shows the presence of BF−
4 in all activated electrodes it is assumed
that the activation leading to an irreversible layer distance of 5.3 Å is linked to
an incorporation into or a reaction of BF−
4 with the GOpr interlayers regimes.
The different expansion behaviours per charge indicate, that the additives also
take part in the reactions but mainly by facilitating them. In the following final
section of this chapter possible mechanisms leading to the irreversible increase of
interlayer distances are discussed.
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2.4. Conclusions and outlook
The analysis of GOpr electrodes and their activation reaction during oxidative
electrochemical conditions leads to several important findings:
• GOpr can be activated by CV or by GSC, whereas GSC provides more
comparable conditions and results.
• Different electrolytes based on EMIMBF4 (pure and combined with additives
carrying a nitrile group) lead to almost the same increased layer distance.
• Using EMIMTFSI no comparable activation is achieved under the conditions
tested.
• Activated GOpr electrodes have a high capacitance close to 200 F/g, proving
that regions in between the layers become accessible for electrolyte.
• AN gets oxidised during the activation forming a C=N group and is not
removed during washing.
• BF−
4 / BF3 is present in the activated electrodes.
• EA shows an increase of the N content during activation, no additional F is
found.
• Galvanostatic activation leads to the formation of an intermediate layer
distance of 6.3 Å, that is not present after cycling anymore, plus a layer
distance of > 12 Å, measured in-situ with electrolyte in the system.
• After removal of free electrolyte only one layer distance around 5.4 Å remains.
No single reaction can be found for the explanation of all findings listed above
as each of them cannot fully account for the experimental results. These results
point towards a few possible causes for the observed activation reaction. In the
following some of these possibilities will be discussed. The fact contradicting some
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of the other findings is the missing proof of additional fluorine in the electrode
after activation. Since fluorine in addition to PTFE is confirmed by NMR to be
in the GOpr electrodes and errors in the EA for fluorine are possible, fluorine is
assumed to be present between the layers but the relative amounts are not known.
From previous experiments [8] it is known that the activation reaction studied
here is not possible using graphite as starting material. This proves that the epoxy
and hydroxide groups present in GOpr are required for the reaction. Both the
increased layer distance of 4.4 Å (3.3 Å in graphite) and functional groups could
help to first intercalate electrolyte between the layers. The mainly present epoxy
groups in GOpr lead to an increase in the interlayer distance of 1.1 Å compared to
graphite. So the main question to identify the activation mechanism in GOpr is
which atoms / groups / molecules are responsible for the additional 1 Å separation
after activation and drying and which are responsible for the additional 1.9 Å and
8.2 Å seen in the in-situ XRD. Figure 2.23 illustrates the different layer distances
found in GOpr during this project.

4.4"Å"

5.4"Å"

6.3"Å"

12.6"Å"

Figure 2.23.: Different spacings of GOpr layers from left to right: pristine GOpr, dried GOpr after activation,
GOpr incompletely activated and GOpr activated, discharged (in-situ).

From a comprehensive view it has to be stated that at least two causes for
the layer spacing exist. The first is responsible for the persistent layer distance
increase that also remains after strong drying. The second is related to the specific
electrolyte and responsible for the 12.6 Å (and potentially more) seen when the
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electrode is still in contact with electrolyte. For the first a bonding or strong
coordination to the GOpr layers is necessary in order to withstand washing and
vacuum drying. The strongest sign of a chemical reaction is the C=N group
formed from AN during electrochemical activation. This observation together
with the presence of oxygen groups on the GOpr layers leads to the hypothesis of
a process related to Ritter reactions [112, 113], where the nitrile group reacts with
a carbenium ion, that is formed during electrochemical oxidation of GOpr. In a
second step, the carbon atom of the former nitrile group can react with the oxygen
of a neighbouring epoxy group. This leads to the formation an oxazole type ring
on a GOpr layer. Such a hypothetical group is shown in figure 2.24a, indicating
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4.4"Å"
its approximate size of 4.2 Å. A reaction of this type is also proposed
in [114].
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As this might explain the new spacing but not the presence of BF−
4 or BF3
other options have also to be taken into account. Assuming that carbenium ions
are formed during the oxidation of GOpr also reactions with the only negatively
−
charged species present (BF−
4 ) are possible. This could be a discharge of BF4

leading to a fluorination of GOpr and the formation of an isolated BF3 , which
may be removed with the electrolyte or stay between the layers. The fluorine
on its own can cause an extra spacing of 1.35 Å, as shown in figure 2.24d. This
is not enough to explain the observed new layer distances, and consequently
additional coordinating molecules are be required. The second possible reaction
of a carbenium ion with BF−
4 is a coordination reaction. Here one fluorine is
bound to the carbon of GOpr but the remaining BF3 is not isolated but remains
coordinated to the fluorine. In this case the distance created to the GOpr layer is
about 2.9 Å, as illustrated in figure 2.24e.
The larger layer distances measured in-situ are assumed to be caused by
additional electrolyte molecules in between the layers. Both EMIM+ as well as
−
BF−
4 can be present, in the charged state a surplus of BF4 is required for charge

compensation. As both ions are in the size range of 2.5 - 3 Å , shown in figure
2.24b and 2.24c, several ions are needed to form a distance of > 12.6 Å. Such
large separation could also be supported by the side chains of the nitrile additives,
if they were attached to the GOpr layers as discussed above. This would fit to
the observation, that the activated electrode with Bu-CN in the electrolyte shows
significantly larger expansion in the CV cycling (see figure 2.18 and table 2.4 for
details).
This analysis suggests that the experiments presented give new insight into the
activation of GOpr. Possible mechanisms are presented awaiting their final proof.
Due to the rather complex nature of this system some questions remain. Therefore,
it is worth thinking about next steps that could help in their clarification. Four
promising ones are selected as a guideline for upcoming experiments concerning
the activation of GOpr.
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1. Instead of charging and discharging the electrodes before analysis, stopping
the electrochemical cycle at the maximum charge could give more insight
into the activation reaction. Analysing such an electrode by EA, NMR and
potentially XRD would provide information on the material responsible for
the large layer distance detected by in-situ XRD.
2. Some reaction products could be washed out during the preparation procedure used so far. Therefore, analysing the AN washing solution by gas
chromatography coupled with mass spectroscopy (GC-MS) could help in
answering this question.
3. For better comparison with existing experiments [8] performed with 1 M
TEABF4 / AN as electrolyte also 1 M EMIMBF4 / AN should be tested to
check for concentration effects.
4. In the experiments presented in this work pure EMIMTFSI did not show
comparable activation behaviour to EMIMBF4 based electrolytes. This
would be the chance to separate possible reactions of EMIMBF4 and the
nitrile additives by using EMIMTFSI / AN as electrolyte.
In this work conditions leading to significant increase of the interlayer distance

in partially reduced graphite oxide are presented. Distances of 5.4 Å, 6.3 Å and
12.6 Å can be achieved by oxidative galvanostatic charging. The electrolyte combination has influences both on the initial expansion behaviour during activation
as well as the cycling following the activation. BF−
4 anions are proposed to play
a major role in this activation reaction as they are the only common part of all
electrolytes leading to this activation reaction.

3. Delaminated lithium borocarbide as low
weight electrode material

3.1. Introduction
Lithium borocarbide (LiBC in the following) was first synthesised in 1984 [115,
116, 117] and unambiguously characterised by Wörle et al. in 1995 [118]. In its
layered structure boron and carbon form planar hetero-graphite layers. These
layers are isoelectronic to graphene and hexagonal boron nitride. Hexagonal prisms
between adjacent BC layers are completely occupied by Li+ cations, resulting in
the formula Li+ (BC)− according to the Zintl-Klemm concept [119, 120]. The
crystal structure is displayed in figure 3.1, showing the stacking order of LiBC. The
BC layers alternate in the position of B and C. The hexagonal unit cell therefore
consists of two formula units with dimensions of a = 275 pm and c = 706 pm.
Since its publication LiBC has gained a lot of interest due its properties. The
layered structure and the similarity to the known superconductor MgB2 make LiBC
an interesting candidate for superconductivity. Theoretical studies using density
functional theory (DFT) predicted superconductivity in hole-doped LiBC at a
critical temperature of TC = 90 K [121, 122]. Such a value would be much higher
than that of MgB2 (TC = 39 K). Due to this promising prediction much effort
was put into the synthesis of LiBC compounds with varying Li content (Li1−x BC,
x 6 1) and their bulk quantities were synthesised [123, 124, 125, 126, 127]. The
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Figure 3.1.: Representation of LiBC including one unit cell; (a) top view shows hexagonal structure of B-C
rings, (b) side view with alternation of B-C and Li layers and stacking order
black = C, green = B and pink = Li, unit cell boundary in black
Courtesy of M. Wörle, ETH Zürich

electronic and optical properties of these materials were experimentally investigated
in detail [128]. Theoretical investigations indicate that the layered structure of
LiBC is stable for Li contents of 0.5 6 x 6 1 [129] and that new crystalline phases
are formed for lithium contents below x = 0.5. Fogg et al. observed a phase
transition for low Li contents [130]. More recently also LiBC derivatives with partial
replacement of C by B were studied theoretically to investigate hole self-doping in
compounds like LiB1.1 C0.9 [131]. Unitl today, there is no experimental evidence
for the predicted superconductivity in hole-doped LiBC [127] and theorists did try
explaining this lack by changes in the electronic structure of Li0.5 BC [132]. Own
experiments show that hole-doped Li1−x BC tends to form buckled layers, which
have a severely modified electronic structure.
In the last years, some interest in LiBC shifted from super conductivity to
energy storage applications, one promising topic in this area is the storage of
hydrogen. In general hydrides are interesting candidates for hydrogen storage
applications [89], especially those formed from light elements like boron and alkali
metals. A reversible exchange of lithium vs. hydrogen in LiBC would lead to a
hydrogen storage capability of about 12 w.t%, way beyond all hitherto known
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topological hydrogen storage systems. However, exchange of Li for H was not
found yet. Nakamori et al. [124] reported hydrogen containing derivatives of LiBC
synthesised from lithium hydride precursors. Their compound was claimed to be
thermally stable up to 700 K and thereafter should release the hydrogen to form
pure LiBC. It was also claimed that LiBC could be an interesting candidate for
hydrogen storage applications in another recent report [133]. Our own experiments
did give no indication for any hydrogen uptake into LiBC up to 400 kbar and
300 ◦ C [134]. Other examples that did provoke some scientific echos recently are
LiBH4 , LiBH2 and especially LiAl(BH4 )4 [135].
Furthermore, the high lithium content and low weight of all elements (leading
to 23.3 % in weight) accounts for a high theoretical capacity of LiBC when used in
LIB. Due to the layered structure a high mobility and therefore easy extraction of
Li+ is expected. Similarly in LiC6 the lithium mobility is high enough for application
as fast anode material in LIBs. First experimental tests were performed during
the 1990s but without reliably success [136]. The first theoretical investigation
of the use of LiBC as cathode material for LIB was published in 2011 by Xu
et al. [137]. They claimed a reversible reaction LiBC ↔ Li0.5 BC + 0.5 Li, the
potential for lithium de-intercalation was calculated to be 2.3 V vs Li+ /Li. In a
work published in parallel to this project, the lithium de-intercalation potential
was measured to be close to +4 V vs Li+ /Li [138]. This value does not fit well to
the calculations but may make the compound an even more promising cathode
material than expected. Considering only an exchange of 0.5 Li per formula unit
would result in a capacity of 588 Ah/kg. This is more than three times as high
as the value of 170 Ah/kg of the current standard cathode material LiFePO4
[139]. Another report from an American Chemical Society conference in 2012
also pointed out the potential of LiBC as interesting material for LIB [140]. In
the same report the structurally very similar MgB2 was described as potential
anode material for a magnesium battery. This indicates a rather low potential
of the metal de-intercalation in this type of layered boron-based compounds, but
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may be in error, because LiBC was patented for anodic application already by a
Japanese group [141] in possible misunderstanding of its electronic structure and
questionable experimental data. The comparison of LiBC to intercalated graphite
is not valid.
In the project presented here the properties of LiBC and its possible application
in LIB are analysed. Therefore phase-pure LiBC was synthesised and electrodes
thereof were prepared. The electrochemical properties and reactions occurring
during electrochemical cycling of LiBC were analysed. The aim was to encounter
conditions and preparation routes for electrochemically modified LiBC. In a side
project proton exchange reaction with LiBC aiming for the formation of HBC were
performed as well as the products analysed.

3.2 Methods
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3.2. Methods
3.2.1. LiBC synthesis
The synthesis of LiBC was performed similar to the method of Wörle [118], starting
from the pure elements. Graphite, boron and lithium were mixed in a molar ratio
of 1 : 1 : 1.2, providing a 20 % excess of lithium and a total mass of product of
1 - 2 g. The mixture was heated in dry Ar atmosphere to 1523 K for 48 h. The
resulting brown to golden powder was then washed with dry methanol under Ar
atmosphere to get rid of unreacted lithium. Without using the lithium excess
during synthesis one risks to run into other stable borocarbides that are very
difficult to separate from the desired product. XRD analysis was performed to
check the phase purity.

3.2.2. Ball milling
The LiBC as synthesised is a mechanically very stable powder, manual grinding in
a standard mortal only leads to rather coarse particles. Ball milling under different
conditions was performed to increase the activity of the powder.
In a standard experiment 100 - 500 mg of LiBC were filled into a 50 ml agate
ball mill containing 20 balls and then sealed under Ar atmosphere. Rotation speeds
of 300 - 550 rpm were chosen accordion to the desired milling energy and particle
size. During a milling time of 60 - 90 min the rotation direction was reversed every
30 min. In addition to these dry milling experiments also milling with a solvent
present was applied.

3.2.3. Electrochemical measurements
Electrochemical performance was tested with in-house designed two electrode
cells. These cells consist of an outer stainless steel container that is closed by
screwing and sealed with a polypropylene (PP) ring. Inside there is a PP cylinder
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which holds the electrodes and the electrolyte, as shown in figure 3.2. Within
this cylinder the electrode material on a current collector was covered with a PP
separator (Celagard) and wetted with about 100 µl electrolyte. Circular pieces
with 17 mm diameter were cut out of 2 mm thick metallic lithium foil and placed
on the anode contact as counter electrode and reference. The anode contact with
the Li foil was then pressed down on the separator with a spring when the outer
container was screwed together. Titanium was used for both the current collectors
and the anode contacts. The test cells were assembled in dry Ar atmosphere
(H2 O and O2 6 0.1 ppm).

contacting, pressed
down by a spring!
lithium!
electrolyte!

V

separator!
current collector with
active material on top!

Figure 3.2.: Schematic drawing of the set-up of the electrochemical test cells.

The electrodes were directly prepared on the current collector. For this 66 %
active material, 20 % graphite, 10 % Super P carbon and 4 % PVDF were mixed in
Ar atmosphere in an agate mortar. The mixture was wetted with 1 : 1 NMP/THF
to produce a slurry. This was then distributed on the current collectors and dried
first on a 60 ◦ C hotplate for about 30 minutes and afterwards under vacuum at
40 ◦ C over night. Using this procedure electrodes with a total weight of 6 to
15 mg were produced, leading to about 4 to 10 mg active material per electrode.
Galvanostatic and cyclic voltammetry experiments were used to characterise
the electrochemical performance of the different materials. For galvanostatic
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experiments usually a current of 20 mA/g was used (based on the active material).
Starting from the OCV first a charging (delithiation) step up to the maximum
potential was applied, the a discharging (lithiation) step down to the minimum
potential. For cyclic voltammetry experiments potential rates of 50 µV/s were
applied. All voltages given refer to Li+ /Li.
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3.3. Experiments and results
3.3.1. LiBC as-prepared
To synthesise 1.5 g of LiBC 606 mg graphite (99.9995 %, Alfa Aesar, USA), 545 mg
boron (crystalline, 99.5 %, ABCR-Chemicals Karlsruhe; Germany) and 421 mg
lithium (granules, 99+ %, Acros Organics, Belgium) were mixed in a tantalum
ampule and sealed under Ar atmosphere. For oxidation protection the Ta ampule
was then placed inside a steel ampule sealed under Ar atmosphere as well. The
ampules were heated inside an evacuated corundum tube to 1523 K for 48 hours
with heating and cooling rates of 250 K/h. The resulting powder was washed
twice with dry methanol under Ar atmosphere to remove the excess of Li until
no more gas evolution during washing was observed. The product of the rather
large crystals has a brown to golden colour, which is due to anisotropic surface
plasmon effects (for SEM images see figure 3.4a and 3.4b).
Powder diffraction on in 0.3 mm glass capillary exhibits only reflections fitting
well to LiBC, as can be seen in figure 3.3a. LiBC is not known to form in
non-stoichiometric compositions under these conditions, elemental analysis was
therefore not performed and the product is expected to be phase-pure. The
electrochemical behaviour was measured in galvanostatic experiments as described
in section 3.2.3. Only minimal cycling is observed after the first delithiation, as
can be seen in figure 3.5a and 3.5c. A detailed discussion of the results can be
found in section 3.3.2.1 together with the comparison to delaminated LiBC.

3.3.2. Mechanically delaminated LiBC
Ball milling under different conditions was performed to increase the activity of
the powder. 500 mg LiBC were filled into an agate ball mill and sealed under
Ar atmosphere. After milling for 90 minutes with reversed rotations at 550 rpm
the material was collected and analysed. The resulting powder was significantly
darker than the starting material, as the particles were much smaller now and
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Figure 3.3.: Powder diffraction pattern of LiBC before and after ball milling.

less aligned. This is in agreement with the surface plasmon effects mentioned
in section 3.2.1. Powder diffraction of this material showed LiBC as the only
crystalline phase (figure 3.3b). The size of the crystallites decreased significantly,
appraised as 6 100 nm according to the line broadening of the main reflection.
The high background indicates a high amount of amorphous material present in
the sample. This points towards a successful, at least partial, delamination of
LiBC.
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Electron microscope analysis using scanning (SEM) and transmission (TEM)

techniques reveal the changes in morphology of the particles. The as-prepared
LiBC powder consists of plate-like crystals with diameters in the order of 1-20 µm
and a thickness of less than 1 µm, as shown in figure 3.4a and 3.4b. After milling
the particles were significantly smaller, an example is shown in figure 3.4c. Besides
the size reduction the plate-like morphology was still present after milling as can
be seen in the SEM and especially the TEM images (figure 3.4d).

(a) LiBC as-prepared
sem

sem

sem

2 µm

20 µm

(b) LiBC as-prepared, detail

LiBC PR01
as prepared

2 µm
(c) LiBC ball milledtem
(550 rpm)

100 nm
(d) TEM image of LiBC ball milled (550 rpm)

Figure 3.4.: Electron microscope images of LiBC as-prepared and ball milled, showing the difference in
particle size and the plate-like shape that is still partially present after milling.

LiBC PR01
milled

In order to stabilise delaminated LiBC ball milling in the presence of a solvent
was tested. Therefore, as-prepared LiBC was mixed with dimethyl carbonate
(DMC) in the ball mill and the same milling parameters were used as for the dry
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powder. It was found that the solvent reduces the milling energy significantly, the
particles were only slightly reduced in size and only little amorphous material was
found in the powder diffraction. This approach was successful in order to increase
the homogeneity of the ball milling process.
3.3.2.1. Electrochemistry of delaminated LiBC
The electrochemical properties were tested in battery cells as described in section
3.2.3. LiBC milled under different conditions (300 rpm, 550 rpm and 300 rpm
in DMC) was used for these battery tests and compared to the results of the
as-prepared LiBC. All LiBC test cells, from as-prepared LiBC as well as from
different ball milled LiBC samples, show the same trend and a generally similar
behaviour in galvanostatic experiments.

(a) LiBC as-prepared, 2-4.2 V

(b) LiBC milled (550 rpm), 2-4.2 V

(c) LiBC as-prepared, 2-4.2 V, detail

(d) LiBC milled (550 rpm), 1.5-4.2 V

Figure 3.5.: Voltage development in the first cycles of battery test cells.

The first half cycle (first delithiation) always deviates significantly from the
following cycles. Two plateau-like potential domains increasing from 2 to 2.5 V and
from 3.7 to 4.2 V are separated by a potential step of about 1.2 V. The subsequent
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cycles are characterised by low capacity and only minimal voltage plateaus above
4 V (delithiation) and below 2.2 V as shown e.g. in figure 3.5d. The capacity
dropped to values below 5 Ah/kg (as-prepared) and below 30 Ah/kg (ball milled)
after a few cycles, respectively. Clearly this means that no reversible lithiation and
delithiation process can be observed under the given conditions going beyond a
surface reaction of the order of 10 Ah/kg. The comparison of as-prepared and ball
milled LiBC also shows that for these two electrode formulations the behaviours
are comparable (figure 3.5c), although the capacities are about a factor of 10
different.
It is suggested that the observed difference in capacity is due to the different
particle sizes and the degree of delamination. To support this assumption the
behaviours of differently milled samples were measured in a series of experiments.
Again the same voltage development is observed as described above, the main
difference lies in the capacity of the first half cycle. Starting from as-prepared
LiBC up to LiBC ball milled at 550 rpm a drastic increase in the first cycle
capacity is seen as summarised in table 3.1 below. From this data it can be
clearly stated, that the lithiation capacity is always clearly lower than delithiation,
independent of the initial delithiation capacity. For (partially) delaminated LiBC
the capacities are generally higher, here clearly more Li+ is accessible and can be
removed compared to samples of large crystallites, as in the as-prepared material.
In all cases some kinetic mechanism prevents the lithiation of delithiated LiBC.
This conjecture is accordance with thermodynamic, electrical conductivity and
theoretical considerations which suggest a delithiation beginning at about 2.5V.
As the conductivity is reasonable, only kinetic reasons can be responsible for the
increasing inertness.
From these findings it can already be concluded that at room temperature
the cycling in a lithium ion battery test cell is not reversible independent of the
particle size and state of crystallinity or delamination. This leads to the question
of kinetic reasons for this irreversible behaviour.
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Table 3.1.: Rapid capacity fading of LiBC (delithiation and lithiation) during first cycles

sample
as-prepared
delithiation
lithiation
milled 300 rpm (DMC)
delithiation
lithiation
milled 300 rpm
delithiation
lithiation
milled 550 rpm
delithiation
lithiation

cycle no 1

Capacity in
cycle no 2

cycle no 10

51 Ah/kg
2.7 Ah/kg

4.3 Ah/kg
2.3 Ah/kg

1.9 Ah/kg
1.6 Ah/kg

92 Ah/kg
5.3 Ah/kg

7.1 Ah/kg
4.0 Ah/kg

3.4 Ah/kg
2.9 Ah/kg

320 Ah/kg
30 Ah/kg

39 Ah/kg
22 Ah/kg

14 Ah/kg
13 Ah/kg

610 Ah/kg
22 Ah/kg

64 Ah/kg
20 Ah/kg

21 Ah/kg
14 Ah/kg

3.3.2.2. Reasoning for impaired cycling behaviour of LiBC
The mechanism behind the blocking effect for Li+ ions during electrochemical
cycling was subject of further investigations. Additional electrochemical tests and
detailed material analyses were performed.
For better understanding of the electrochemistry of the LiBC samplse also
cyclic voltammetry measurements were performed over the complete voltage range.
As can be seen in figure 3.6 two oxidation processes in different voltage ranges
(2.2 to 2.4 V and above 3.7 V) show up in the first cycle. They correspond well
to the two plateau regions in the galvanostatic experiments. Upon reduction
no process is observed down to 1.5 V. Only in the very low voltage region one
process shows up around 0.7 V that corresponds in shape and intensity to the
oxidation around 2.3 V. But this peak is not seen in subsequent cycles. The
oxidation processes were strongly reduced in the following cycles and the one
around 2.3 V was also shifted to lower potentials, falling below 2 V in the third
cycle already. So the cyclic voltammetry measurements also show the almost
complete irreversibility of Li+ extraction from LiBC. As the accumulated capacity
of the oxidation processes were less drastic in cyclic voltammetry measurements
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than in galvanostatic experiments these were repeated with lower currents. But
even with reducing the current from 20 mA/g stepwise down to 0.5 mA/g no
increase in reversibility in GSC can be observed.
15
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10
5
0
-5
-10
-15

cycle 1
cycle 2
cycle 3

-20
-25
0

0.5

1

1.5

2

2.5

3

3.5

4

potential vs Li [V]

Figure 3.6.: Cyclic voltammetry of LiBC.

A re-intercalation of the extracted Li+ is obviously strongly hindered after
the oxidising delithiation process. Upon delithiation the (BC)3−
3 rings are partially
discharged, which according to the Zintl-Klemm concept [119, 120] must be
compensated by modifications in the bonding structure. Formation of additional
double bonds within the BC-sheets are unlikely because the average electron
number falls below 4 e− . That makes formation of electron-poor Wade clusters
likely and thus new bonds across the layers should evolve. Such borocarbide
clusters would have to evolve right at the delithiated regions which are the borders
of the crystallites. This additional bridging of the BC layers will prevent the
re-intercalation of Li+ if kinetically inert at room temperature. To check this
hypothesis the electrodes were analysed after battery cycles by XRD and solid
state nuclear magnetic resonance spectroscopy (NMR).
In order to analyse the electrode material after electrochemical tests the
electrodes were washed with methanol twice to remove the electrolyte containing
the LiPF6 . The products were then dried under vacuum (5 · 10−2 mbar). The

3.3 Experiments and results

83

graphite cannot be removed from the electrode mix and is therefore seen in later
experiments.
XRD analysis shows only graphite and LiBC as crystalline compounds. The
intensity of the LiBC signals against the high background is clearly reduced
compared to the ball milled material before battery tests (figure 3.3b). This
indicates that some LiBC undergoes a reaction during electrochemical cycling
that does not keep the crystal structure but leads to an quasi amorphous material.
It is not surprising that the nature of the new borocarbide can not be clarified by
XRD, as such interlayer bridging structures must have local ordering character.
Magic angle spinning (MAS) 7 Li and

11 B

solid state NMR measurements

(spinning rate 20 kHz) were performed to get a closer insight into the delithiated
material. As a comparison the same measurements were made on the pristine LiBC
before battery tests.

13 C

NMR analysis is not meaningful due to the large amounts

of remaining graphite from the electrode mixture. The milled and unreacted LiBC
showed clear NMR signals as expected from the layered crystal structure. This is
shown in figure 3.7a and 3.7b.
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(c) 7 Li NMR of milled LiBC after battery test

(d) 11 B NMR of milled LiBC after battery test

Figure 3.7.: Solid state MAS-NMR of milled LiBC before and after battery treatement.
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After the electrochemical cycling the picture is a different one. First of all the

signal to noise ratios are clearly lower, which is due to the mixture with additional
graphite and the overall slightly lower sample mass (limited by the amount of
material extracted from one electrode). The 7 Li signal is marginally shifted to
lower ppm and has become asymmetric, showing a tail towards lower ppm values
(figure 3.7c). This exemplifies the gradual change in the chemical environment
of the Li+ ions in the material with still a significant proportion in the initial
state. A possible explanation fitting well to this finding is the following: LiBC
particles that are starting to delithiate from the borders are less and less changed
towards the particle centre as long as delithiation is not complete. Assuming
a not very fast Li diffusion within these particles, additionally limited by the
formation of new bonds between the neighboring layers, the result would be a
gradual change from crystalline LiBC in the center to delithiated material at the
borders. For boron the results are more complex, as can be seen in figure 3.7d.
The initial signal shape is still roughly visible and the shift of the maximum is
small. But there are several signals superimposed which leads to a broad signal.
It can be concluded that a good part of boron is still in the same or very similar
chemical environment compared to the sample before cycling. But the strong
broadening plus the shoulder towards lower ppm indicate that a part of the boron
has changed its chemical environment, i.e. formed new bonds. The integrated
signal intensity is also much lower than initially, which might point towards a loss
of small boron containing fragments during washing of the material. A 2D MQ
MAS-NMR experiment (results displayed in figure 3.8) reveals the the broadened
signal is due to a continuous shift of the

11 B

signal and not a sum of a few

distinct signals. The precise type of new bonds can not be identified with this
measurement, but it can be shown that not a single new compound is formed
but a continuous distribution of bonding environments. The 7 Li and

11 B

solid

state NMR shown above indicate the formation of new B-B, B-C or C-C bonds
during cycling, interlinking the layers and disabling the re-intercalation of Li+ into
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(b) 11 B NMR of milled LiBC after battery test

Figure 3.8.: Plots of 11 B MQ MAS NMR experiment of milled LiBC showing the effect of battery tests.

the structure. This means that LiBC undergoes increasing and irreversible kinetic
hindrance on oxidation in the electrochemical cycling experiment performed.
Supposing the delithiation up to rather high potentials such as 4.2 V leads
to the formation of stable new bonds, which suppress the re-intercalation of Li+ ,
brings up the question if there is a way of preventing this. A close look at the
potential evolution during the first cycle (figure 3.5b or 3.5d) reveals a small kink
around 3.6 V. This intermediate drop in potential could indicate the triggering of
a reaction that then runs until the maximum potential is reached.
Therefore, galvanostatic experiments were performed with a lower maximum
potential of 3 V. This limits the reachable capacity of course, but as the theoretical
capacity of LiBC is high enough one could also work with 50 % of it. However,
also in these experiments the capacity extracted during the first half cycle can
not be re-intercalated in subsequent cycles. A rapid drop of capacity is observed
in the first cycles, indicating that also the first Li+ extraction reaction around
2.3 V is not reversible. As these tests result in a behaviour comparable to that of
the full potential window it must be concluded that already the lower potential
oxidation leads to irreversible structural transformations.
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In addition to pure mechanical delamination in the ball mill several chemical

delithiation reactions were tested. Different compounds were tested for their potential of oxidising and delaminating LiBC. Another approach was the stabilisation
of delaminated LiBC during the milling process by additional compounds.

3.3.3. Reaction with metal chlorides
In a first set of reactions of LiBC partial replacement of the lithium ions was aimed
for by reactions with transition metal salts. Iron and manganese chlorides were
chosen as reactants for the removal of lithium (LiCl formation). The transition
metal ions are expected to coordinate to the (BC)3−
3 rings and stabilise the lithium
deficient structure. A general formula for the expected reactions is the given in
equation 3.1, where M e = F eII , F eIII , M nII , and x ∈ [0, 1].

LiBC +

1
M eCln
n

Li1−x M ex/n BC + xLiCl +

1−x
M eCln
n

(3.1)

The amount of the transition metal salt per LiBC was always chosen in such a
way that a full conversion reaction (x = 1), using up all M eCln , would lead to
M e1/n BC + LiCl only. For a reaction at elevated temperatures the reactants
were mixed under Ar atmosphere and sealed in a steel ampule, which was then
heated to 573 K for 72 h. At room temperature reactions during ball milling were
performed. The reactants were mixed under Ar atmosphere in an agate ball mill
and milled for 60 min at a rotation speed of 400 rpm. The resulting samples in
all cases were analysed by XRD and electron microscopy. Battery test cells were
built in the standard manner described above (see section 3.2.3).

3.3.3.1. LiBC + FeCl2
LiBC was first reacted with FeCl2 , using the ratio described above. The products
of the synthesis at 573 K and at room temperature in the ball mill are very
similar. According to XRD measurements both contain almost the same crystal
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phases, namely residual LiBC besides LiCl and Fe (see fig. 3.9a and 3.10a).
The sample heated to 573 K in addition also shows traces of Li1.8 Fe1.1 Cl4 . All
FeCl2 has reacted and is not found afterwards. The fact that LiBC can reduce
Fe2+ down to Fe means that the redox potential of LiBC is below the +2.6 V
of F e2+ + 2e−

F e vs Li+ /Li. This corresponds to calculations by Xu et al

[137] who predict an oxidation potential of 2.3 V vs Li+ /Li. The high background
indicates a significant proportion of amorphous material in both samples. A
difference becomes clear when the samples are washed with methanol to remove
the LiCl. For the sample reacted at 573 K the background below the LiCl and Fe
reflections is strongly reduced (fig. 3.9b), compared to the not washed sample.
Different to this, washing the ball milled sample does not reduce the amorphous
fraction. While the nature of the amorphous material is difficult to determine,
it can be stated that reacting LiBC with FeCl2 at 573 K produces a partially
methanol soluble amorphous material (probably chlorides), while ball milling the
sample at room temperature leads to a product which is not soluble in methanol,
possibly carbide or borate based.
Analysing the material with electron microscopy was generally problematic,
as the transition metal chlorides are rather volatile in the electron beam and
tend to be very hygroscopic. During transfer into the microscope chamber a
short contact with air can not be avoided with the instrumentation available.
Nevertheless some trends could be observed. For the milled material some larger,
probably crystalline, particles can be seen that are incorporated into a matrix of
the presumably amorphous material. No larger LiBC platelets can be found on fig.
3.11a after ball milling. Contrary to that, after the reaction at 573 K some LiBC
platelets of a size of several µm remain. Fig. 3.11b shows these platelets after
washing with methanol, covered with clearly crystalline particles of below 500 nm
diameter. It is assumed that the iron seen in XRD measurements is deposited on
the LiBC surface during the reaction of LiBC and FeCl2 . Such finely distributed
iron could be interesting as a catalytic surface.
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(a) LiBC + FeCl2 heated to 573 K
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(b) LiBC + FeCl2 heated to 573 K, LiCl washed out
Figure 3.9.: Diffractogramms of LiBC + FeCl2 products with reference patterns of phases present.

Battery performance of the different products was tested both in cathodic
(2-4.5 V) and due to the presence of elemental iron also in an anodic (0.05-2 V)
voltage range. No stable cycling was achieved, but decomposition reactions at
varying voltages occurred. Therefore these formulations were not analysed further
and this synthesis route was not further pursued.
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(a) LiBC + FeCl2 ball milled
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(b) LiBC + FeCl2 ball milled, LiCl washed out
Figure 3.10.: Diffractogramms of LiBC + FeCl2 products with reference patterns of phases present.

3.3.3.2. LiBC + FeCl3
LiBC was also reacted with FeCl3 , as the higher oxidation state of Fe3+ compared
to Fe2+ could help the reaction with LiBC. The redox potential of 3 V vs Li+ /Li
for F e3+ + 3e−

F e is clearly above that of LiBC. Reacting LiBC with FeCl3

at 573 K, using the ratio described in section 3.3.3, as well as ball milling the
same composition leads to Li1.8 Fe1.1 Cl4 besides remaining LiBC. This is the best
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2 µm
1 µm
(a) LiBC + FeCl2 ball
milled
sem

(b) LiBC + FeCl2 heated to 573 K, LiCl washed out

Figure 3.11.: Example SEM images of LiBC + FeCl2 products.

fit to several XRD patterns, one example of which is shown in fig. 3.12a. The

LiBC-FeCl2-wash_12

stoichiometric Li2 FeCl4 gives a very similar pattern, but the intensity ratios do not
fit well to the experimental pattern. However, when LiBC is ball milled with FeCl3
in a 1:1 ratio and otherwise identical parameters the product is different. Neither
remaining LiBC can be found nor any other crystalline product (fig. 3.12b).
Battery performance of the different products was tested in the cathodic
voltage range (2-4.5 V). Cycling appeared very similar to pure LiBC with a plateaulike process in the first oxidation cycle with high capacity and hardly any reversible
behaviour in subsequent cycles (see also section 3.3.2.1). This cycling was also
less stable compared to pure LiBC, higher deviations occured and several cells
only showed decomposition. Therefore the material resulting after electrochemical
delithiation was not analysed further and this synthesis route was not followed.

3.3.3.3. LiBC + MnCl2
Similar to the experiments with iron chlorides LiBC was also reacted with MnCl2
in the same way as described in the sections above. In contrast to FeCl2 and
FeCl3 no reaction products were found by XRD apart from traces of LiCl. This
is probably connected to the low redox potential of the corresponding reaction
M n2+ + 2e−

M n (1.9 V vs Li+ /Li), which is below that of LiBC. Potential
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(a) LiBC + FeCl3 ball milled, ratio 3:1
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(b) LiBC + FeCl3 ball milled, ratio 1:1
Figure 3.12.: XRD of LiBC + FeCl3 products (ball milled).

amorphous products were not detectable by electron microscopy. Electrochemical
tests also do not show any difference to ball milled LiBC and this approach was
not further pursued.
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3.3.4. Reaction with graphite oxide and graphite
In a second set of experiments delaminated LiBC sheets were tried to be stabilised
by milling with graphite oxide (GO) or pure graphite. Therefore, pre-milled LiBC
was mixed with GO/graphite in a ratio of the BC : C rings of 1 : 1 (also 1 : 2, 2 : 1).
The mixture was milled in a agate ball mill at 400 rpm for 90 min with reversing
rotation direction every 30 min. The GO used has an approximate composition
of C8 O2.20 (OH)1.31 after drying at 90 ◦ C under vacuum for 24 h to remove the
adsorbed water, same as analysed by Kaspar [83]. The resulting mixed materials
were used as active materials for electrodes in the electrochemical tests (see
section 3.2.3 for details on the electrode preparation) and analysed by electron
microscopy.

1 µm
(a) SEM imagesof LiBC milled
together with GO
tem

(b) TEM image of LiBC milled together with GO

Figure 3.13.: Electron micrographs of LiBC milled together with GO (ratio 1:1).

The
SEM images look similar to pure LiBC (milled), apart from a softer
LiBC+GO_0015
appearance of the particle edges. Also some flat areas appear (on the right of
figure 3.13a) which are not homogenous enough for the surface of a large LiBC
crystal. These observations could indicate that the LiBC is (at least partially)
covered by GO layers, meaning that a contact of GO to LiBC is favourable and
eventually a contact reaction takes place between oxo-functions of GO and LiBC.
TEM analysis of the border regions of the particles show layered material with
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interlayer distances of about 3.6 Å, calculated from the line distances in figure
3.13b. These distances are close to the interlayer distance in LiBC (3.5 Å) and
different from those of GO (5.8 Å). So the small layered regions seen in the TEM
images are not GO flakes, but a final conclusion about the nature of the material
is not possible. To investigate this question further an EDX measurement (for
details see appendix, figure A.1) was made. It shows boron, carbon and oxygen
as the main elements present in the layered areas of the TEM images. It can
therefore be concluded that the layered structure seen in figure 3.13b does not
only consist of GO or delaminated LiBC but both materials. This indicates a
reaction or at least mixing of LiBC with GO and might point towards a LiBC
delamination stabilised by GO sheets.
The electrochemical behaviour of the LiBC/GO mixted materials is similar to
that of pure LiBC. The potential development in the first cycle follows that of
the delaminated LiBC (see section 3.3.2.1). A high capacity of 500 - 600 Ah/kg
is observed during the first delithiation cycle, it drops quickly in the following
cycles to values of 100 Ah/kg or less as shown in figure 3.14. The capacities are
calculated for LiBC being the only active material. All measured capacities after
the first cycle are clearly larger than those of pure LiBC. At a ratio of LiBC : GO of
1 : 1 and 2 : 1 the capacities are roughly doubled, compared to the pure delaminated
LiBC. For a higher GO content (ratio LiBC : GO 1 : 2) the remaining capacities are
even about three times as high, still reaching close to 100 Ah/kg after 15 cycles.
Comparative measurements with pure GO were made to exclude the possibility
that the additional capacity arises from GO. Therefore it can be stated that GO
can stabilise delaminated LiBC to a certain extent, leading to higher reversible
capacities than those found for pure LiBC. However, the reversible capacity of
the combined material LiBC/GO is still clearly too low for application. Yet, these
results can point into a direction how LiBC could be modified to obtain higher
reversible capacities in LIB.
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Figure 3.14.: Capacity fading during the first cycles of battery tests of LiBC milled with GO, compared to
pure LiBC. Inside detail of low capacity region.

Corresponding experiments with graphite instead of GO do lead to distinctly
different results. Electrodes were made from mixtures prepared the same way as
with GO and tested for their electrochemical behaviour. No significant difference
can be observed compared to cells with only LiBC, the capacity fading is similarly
strong and the capacity values are comparable. This supports the assumption
that to oxo-functions of GO play an important role in the reactions stabilising
delaminated LiBC.

3.3.5. Reaction with Li salts
In a third series of experiments LiBC was milled together with a number of lithium
salts to provide additional Li+ ions in order to stabilise the BC sheets during and
after delamination delamination when they loose some of their Li+ coordinations.
This approach makes use of the double salt technique by which highly charged
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Zintl anions have been stabilized without changing the charge of the framework.
Particularly Li2 O, Li2 S, Li2 C2 and LiF were employed. All lithium salts were used
in amounts suitable to double the number of Li+ ions in the system. By this
ratio every potentially delaminated BC sheet could be surrounded by a layer of
Li+ on each side as it is the case in the LiBC crystal structure. This could help
the electrochemical performance as the BC sheets in such a configuration would
be far enough apart to prevent bond formation between the layers.
After milling at room temperature with rotation speeds of 500 rpm for two
times 30 min the reaction products were collected under dry Ar atmosphere and
analysed. XRD and electron microscopy was performed on all materials obtained
and the electrochemical behaviour was tested in the way described above in
section 3.2.3. All capacities given in this section are calculated based on the new
composite LiBC + Li salt, not on LiBC alone.

3.3.5.1. LiBC + Li2 O
The reaction product of LiBC and Li2 O contains a mix of different phases,
according to XRD analysis. Besides remaining LiBC and unreacted Li2 O, graphite
and a lithium boron phase (best fit of the known Li-B compounds by Li3 B14 ) can
be detected. The amorphous background is comparably high as in the pure ball
milled LiBC, a significant proportion of the sample is therefore expected to be
non-crystalline. The appearance of graphite and possibly a binary Li-B compound
Li3 B14 indicates that LiBC is not stable versus Li2 O under the conditions in the
ball mill. The stoichiometry of the Li-B phase with high boron content points
towards other Li containing phases in the amorphous part of the sample.
On electron microscopy images plate-like morphologies of LiBC can be seen,
covered with small particles of presumably different material. In addition, small
particles next to the platelets can be seen. The crystalline platelets have comparable
geometries as the pure LiBC and are therefore expected to be identical with the
unreacted LiBC. The other phases are probably part of the small particles covering
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(a) XRD pattern of LiBC milled together with Li2 O
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(b) XRD pattern of LiBC milled together with Li2 C2
Figure 3.15.: XRD pattern of LiBC reacted with two lithium compounds during ball milling.

the LiBC platelets and being around the larger particles.
Electrochemical tests of the obtained composite material exhibit a similar
behaviour similar to pure LiBC, as discussed in section 3.3.2.1. A noticeable
difference is the lower OCV of 1.1 V in the case of the product of the reaction
with Li2 O. This is probably due to the Li-B phase or an yet undetected amorphous
Li-rich compound. In comparison with pure LiBC the total capacity during the
first cycles remains similar but the distribution over the potential range is altered.
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After reacting with Li2 O the composite shows a higher capacity below 2.5 V (see
figure 3.17), which can be related to the lower OCV. As for pure LiBC the capacity
drops drastically after the first cycle to values below 50 Ah/kg as can be seen in
table 3.2.

3.3.5.2. LiBC + Li2 C2
The reaction of LiBC with Li2 C2 also leads to more than one phase. Similar
to the reaction with Li2 O the main crystalline components are unreacted LiBC
besides graphite and a boron rich Li-B phase, which are formed during the reaction
(best fit Li3 B14 ). No Li2 C2 is found in the XRD analysis anymore so all Li2 C2
is expected to be transformed into other compounds. This means that also in
this sample another Li rich material should be present, as the overall Li to B
ratio from the starting materials is 2:1. This reaction of Li2 C2 to graphite and a
Li-rich phase is comparable to a reaction described in the thesis of F. Wächter
[16]. There the reaction with Li2 C2 leads to lithiation of the starting material and
the formation of a carbon coating.
Comparing the morphologies of the reaction products of LiBC + Li2 C2 and
LiBC + Li2 O, respectively, indicates that for LiBC + Li2 C2 most of the reaction
products are directly attached to LiBC. Image 3.16b shows plate-like shape of
LiBC covered with less ordered material. In contrary to figure 3.16a hardly any
spherical particles next to the LiBC plates are found for LiBC + Li2 C2 .
In terms of electrochemistry the reaction product only shows a very limited
cycling capability. In the first charging cycle 41.8 Ah/kg equivalent of Li+ ions
can be extracted. In the subsequent discharge and charge steps no significant
amounts of Li+ can be exchanged. The data for the first cycles of the performed
galvanostatic analysis are summarised in table 3.2. These results indicate that
the material covering the LiBC plates is blocking the cycling of LiBC as the
capacities are in the same range as unmilled LiBC and much lower than that of
pure milled LiBC (see sections 3.3.1 and 3.3.2.1 for comparison). This hints at an
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even enhanced reactio of LiBC borders with molecular carbon from Li2 C2 .

10 µm

30 µm

(a) SEM image of LiBC milled sem
together with Li2 O (b) SEM image of LiBC milled together with Li2 C2

LiBC02+Li2C2-120613_04

30 µm
(c) SEM image of LiBC milled together
sem with Li2 S

10 µm
(d) SEM image of LiBC milled together with LiF

Figure 3.16.: Electron microscopy images of LiBC milled together with different lithium compounds.

LiBC02+LiF-120613_03

3.3.5.3. LiBC + Li2 S

After ball milling LiBC together with Li2 S only the two starting materials can be
seen in the XRD pattern. So either no reaction at all happens or the reaction
product consists of a fraction of the starting phases and the product, which is
fully amorphous. Analysis by SEM imaging does not give a clear indication of
a reaction of LiBC. As shown in figure 3.16c plate-like particles in the range of
10 µm are covered by material of smaller particle size, which could be remaining
finely ground Li2 S distributed between the LiBC particles. In addition, a reaction
at the edges of LiBC particles leading to an amorphous contribution may be
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Figure 3.17.: Potential development during first oxidation of materials after ball milling.

Electrochemical characterisation shows a high charging capacity of 1324 Ah/kg
during the first oxidation, dropping very quickly during the subsequent cycles. No
comparable charge is seen during reduction, as summarised in table 3.2. As the
measured value in the first cycle is even higher than the theoretical capacity of
LiBC clearly a sulphide compound must be oxidised. The high voltage range in
which most of the oxidation takes place hints at a reaction, which pure LiBC
does not undergo. LiBC shows about 50 % of the oxidation activity below 2.5 V
and the other 50 % in a steady increase between 3.6 V and 4.1 V. The reaction
product or mixture of LiBC and Li2 S exhibits an oxidation process starting around
3.6 V, too, which continues for almost 1000 Ah/kg. The unstable potential during
this reaction may be explained by intermediate reaction products that continue
to react once the first oxidation step was initiated. Unfortunately post-mortem
analysis of the electrode mix did not reveal new crystalline material.
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3.3.5.4. LiBC + LiF

The reaction product of LiBC + LiF does not reveal new crystalline phases in the
XRD. Only the starting materials are detected on a rather high background that is
comparable to the one of pure LiBC after ball mill treatment. In SEM images, as
e.g. figure 3.16d, very fine particles in the range of about 100 nm can be found on
the surface of larger plate-like particles. As ball milling is more effective for hard
materials such as LiF than for softer materials it is expected that LiF is ground
down to this particle size, covering the LiBC plates.

Table 3.2.: Capacities of LiBC reacted with different Li compounds, based on LiBC + respective Li compound

sample
LiBC + Li2 O
delithiation
lithiation
LiBC + Li2 C2
delithiation
lithiation
LiBC + Li2 S
delithiation
lithiation
LiBC + LiF
delithiation
lithiation

cycle no 1

cycle no 2

cycle no 10

618 Ah/kg
22.7 Ah/kg

27.8 Ah/kg
14.4 Ah/kg

11.3 Ah/kg
10.4 Ah/kg

41.8 Ah/kg
0.86 Ah/kg

3.3 Ah/kg
1.4 Ah/kg

1.4 Ah/kg
0.64 Ah/kg

1324 Ah/kg
82.6 Ah/kg

302 Ah/kg
64.2 Ah/kg

40.1 Ah/kg
30.2 Ah/kg

261 Ah/kg
10.2 Ah/kg

30.1 Ah/kg
7.3 Ah/kg

10.0 Ah/kg
6.3 Ah/kg

In a battery test cell the reaction product behaves similar to pure LiBC but
with a lower capacity. This can already be explained if LiF is assumed not to take
part in the electrochemical reaction. As the capacities were calculated based on
the weight of the new material a pure mixture of LiBC with an unreactive phase
leads to the lower capacity. This assumption also fits to the potential development
shown in figure 3.17 which is very similar to that of pure LiBC.
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3.3.6. LiBC - HBC?
In a side project some ion exchange reactions starting from LiBC were performed.
The aim was to obtain phases of the type of Li1−x Hx BC, potentially also the
pure poly-acid HBC. Therefore, a variety of proton sources were used, mainly
aqueous acids but also e.g. solid NH4 Cl, which can be understood as solid HCl.
The obtained materials were characterised by using XRD, electron microscopy
and elemental analysis and were also tested for their electrochemical behaviour.
For this series of experiments LiBC was prepared as described in section 3.2.1
and purity was confirmed by XRD analysis. Each reaction was then performed using
about 100 mg of pristine LiBC and consecutive mixing with a proton source, mainly
aqueous solutions of inorganic acids. These mixtures of about 2 ml were either
stirred for 24 hours at room temperature in air or sonicated for one hour at different
temperatures. The samples were subsequently washed with deionised water twice
and dried at 40◦ C under vacuum over night. A first experiment designed as a
baseline was mixing LiBC with pure H2 O only, to make sure changes observed in
further experiments are due to the additional reactants. The following substances
in different concentrations were used during these experiments: hydrochloric acid
(HCl), sulphuric acid (H2 SO4 ), nitric acid (HNO3 ) and acetic acid (CH3 COOH).
In addition to the water based reactions, also one reaction with dry NH4 Cl
was performed. Therefore LiBC was ground together with an excess of NH4 Cl and
the mixture was subsequently sealed under Ar atmosphere in a steal ampule. This
was then heated to 300◦ C for 18h (heating and cooling rate 100 K/h). After the
reaction the product was washed with dry methanol twice under Ar atmosphere
and dried 40◦ C under vacuum over night. All reaction conditions of this series of
experiments are summarised in table 3.3.
Comparing the XRD powder pattern of sample HBC-0 (reacted with water)
with LiBC as-prepared only a minimal increase of the amorphous background is
observed. This marginal reaction fits well to earlier observations about the stability
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Table 3.3.: Summary of reaction conditions for LiBC with different proton sources

sample
HBC-0
HBC-1
HBC-2
HBC-3
HBC-4
HBC-5
HBC-6
HBC-7
HBC-8
HBC-9
HBC-10
HBC-11

H+ -source
H2 O
HCl
HCl
HCl
HCl
H2 SO4
HNO3
HNO3
HNO3
HNO3
CH3 COOH
NH4 Cl

concentration
pure
37 % in H2 O
18.5 % in H2 O
37 % in H2 O
37 % in H2 O
96 % in H2 O
65 % in H2 O
32.5 % in H2 O
13 % in H2 O
6.5 % in H2 O
pure
pure

mixing
stirring
stirring
stirring
ultrasonic bath
ultrasonic bath
stirring
stirring
stirring
stirring
stirring
stirring
grinding

reaction time
24 h
24 h
24 h
1h
1 h, 100◦ C
24 h
24 h
24 h
24 h
24 h
24 h
18 h, 300◦ C

of LiBC, which thermodynamically is not stable towards oxygen or water but
kinetically strongly hindered. The as-prepared educt LiBC consists of rather large
particles/crystallites, which do not react easily with air or water. As soon as the
surface is strongly increased (e.g. by ball milling) LiBC can ignite spontaneously
in air. This finding of very limited reactivity towards water can be used as
reference for the further experiments. For all products it can be stated that the
amorphous background in XRD measurements became more pronounced compared
to the pristine LiBC pattern. But with the exception of sample HBC-6 to HBC-8
crystalline LiBC was always still present in the products.
During the reaction with HCl a little gas evolution can be detected together
with the formation of some liquid droplets on the glass above the mixture. A
formation of H2 gas would indicate that some LiBC was oxydised in the presence
of HCl/H2 O. The XRD pattern shows a higher background compared to HBC-0
but no other crystalline phases besides LiBC. Varying the concentration of HCl
does not change the shape of the XRD pattern. Elemental analysis (C, H, N and
Cl) of the sample HBC-1 shows an increase in hydrogen content but it remains
clearly below the calculated value for HBC. The measured carbon content is even
lower than that of LiBC, which does not fit to a formation of Hx BC. The residues
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of chloride found in the sample are not high enough to explain the lower carbon
content by presence significant amounts of HCl in the sample. With the low
chloride content of only 0.26 % it is also clear, that the additional hydrogen is
not due to trapped HCl. Table 3.4 summarises these findings. In the presence
of boron no reliable measurement of the oxygen content is possible. Therefore
no statement about oxides or water content can be made, that could account for
the remaining mass. Sample HBC-3 and -4 show very similar XRD patterns, no
new crystalline phase is found here, too. From the findings described above no
clear conclusion can be drawn whether some HBC is formed during the reaction
of LiBC with HCl solution.

Table 3.4.: Elemental analysis of LiBC reacted with HCl (sample HBC-1, all numbers given in weight %)

Element
C
H
N
Cl

Analysis result
38.76
0.95
0.025
0.26

calc. for LiBC
40.36
0
0
0

calc. for HBC
50.40
4.24
0
0

While reacting LiBC with H2 SO4 and CH3 COOH visually no reaction can
be observed, the material neither changes colour nor releases some gas. The
XRD patterns of both products only show minimal increase of the amorphous
background and no additional peaks besides LiBC can be seen. So it is concluded
that LiBC does not significantly react with H2 SO4 and CH3 COOH. Consequently,
this research attempt was not continued.
For sample HBC-6 to -9 (the reaction with HNO3 ) a very different behaviour
is observed. Immediately after mixing a violent reaction with strong gas evolution
and colour change to brown/red takes place. This reaction is less drastic for
sample HBC-9, where a clearly diluted HNO3 is used. After washing and drying
of the products the XRD patterns show no more crystalline LiBC, a very high
amorphous background and only some broad new peaks. The best fit to these
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few peaks is boric acid B(OH)3 , but different boron oxides show similar signals in
their XRD patterns. These observations indicate that LiBC is oxidised by HNO3
and the layered structure is lost during the reaction.
The reaction of LiBC with NH4 Cl under dry conditions also leads to changed
colour, a black powder plus some silvery fragments distributed within. Unfortunately, it was not possible to separate the two types of components for further
analysis. It is worth noticing that also for this material the XRD does not show
any new crystalline phase besides residual LiBC while the amorphous background
is very high.
The products of the reactions with HCl and HNO3 were tested for their
electrochemical behaviour in the same set-up that was used for pure LiBC (see
section 3.2.3). During these measurements it was noticed that the OCV of all cells
built is varying significantly. For the cells with nominally identical material HBC-1
the OCV was 1.54 V to 2.77 V and for HBC-9 1.62 V to 2.76 V, measured for three
or more cells each. These differences point towards inhomogeneous materials as
the cell preparation is standardised and was repeated several times. Independently
of these variations of the OCV the cells show no noticeable cycling. All capacities
were below 10 Ah/kg, dropping to values around 4 Ah/kg after a few cycles. The
potential evolution during the first oxidation is different to pure LiBC and does not
reveal the plateau-like region around 2.5 V (see section 3.3.2.1 for comparison).
From this it can be concluded that no reversible electrochemical reaction can
be performed with these modified materials and that they are chemically clearly
different from LiBC.
The experiments towards the formation of HBC from LiBC do not yield a
clear conclusion whether this material is achievable via this route. There are
indications for incorporation of some substantial amounts of hydrogen as the
elemental analysis of HBC-1 shows. But on the other hand the other elemental
fractions point towards a significant amount of another element (e.g. oxygen)
present. This could mean that LiBC is oxidised during such reactions and the
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(a) XRD pattern of LiBC reacted with HCl (sample HBC-1)
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(b) XRD pattern of LiBC reacted with HNO3 (sample HBC-6)
Figure 3.18.: XRD pattern of reaction products of LiBC with different proton sources.

layered structure might be partially altered or even destroyed. This would also
explain why reactions can be seen in the XRD for all samples where water and an
acid is present. Only minor changes are seen for those reaction products with pure
water or pure acid. A main difficulty is the problematic analysis of the obtained
products: no crystalline material is formed which makes XRD analysis not a useful
tool. Due to the low masses of all elements involved electron microscopy shows
only very little contrasts. In addition, LiBC and maybe also the products are prone
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to oxidation if they exist in small particles. The amorphous state of the products
might also make them more easily oxidisable. For further investigations of similar
reactions non-oxidising proton donors should be used. Mild thermal treatments in
inert atmosphere could help the crystallisation of products and thus make analysis
easier.
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3.4. Conclusion
Several series of experiments were conducted with the promising layered material
LiBC and the electrochemical behaviour of LiBC and the obtained reaction products
was analysed.
It can be shown that LiBC can be mechanically delaminated by ball milling
and that the lithium extraction properties are greatly influenced by the amount of
delamination, resulting in a ten-fold increase in capacities during electrochemical
cycling. However, the cycling is not stable and all capacities decay quickly after
the first cycle. The reason for this limited cycling is probably the formation of
new additional chemical bonds between the boron-carbon layers, found by solid
state NMR analysis. These bonds act as blocking mechanism and inhibit the
re-intercalation of already extracted lithium.
The reaction of LiBC with graphite oxide improves the cycling properties
markedly by stabilising the delaminated LiBC sheets. By this method a higher
reversible capacity of around 100 Ah/kg can be obtained. By reacting LiBC with
graphite or other lithium compounds no similar enhanement effect can be observed
and the reversible capacity remains below a level interesting for applications.
Reacting LiBC with proton sources in order to obtain HBC does not lead
to well defined products which are difficult to analyse and the success of these
experiments could not be fully clarified. Some hydrogen inside one reaction
product was found. Future experiments should be based on these findings and
untilise different reactants and reaction conditions. Also, a thorough check of the
possibility of LiBC as hydrogen storage material according to literature [124] may
be worthwhile.

4. Polyaniline based electrode materials

4.1. Introduction
In the field of rechargeable batteries functional polymers play an increasingly
important role. This is due to their wide range of interesting properties like
electronic conductivity, ionic conductivity as well as reversible redox reactions
combined with easiness of processability and adjustable mechanical properties.
Many promising polymers are known and their potential applications have been
evaluated in detail [142]. One example is the group of conductive polythiophenes
that can by prepared as semiconductors by doping and modified for different applications [143]. One of the most studied conductive polymer classes is polyaniline
(PANI, structure shown in figure 4.1a), which has been known as conductive
material for a long time [144]. Like many other conductive polymers PANI is
not conductive in its pristine state but requires doping to create mobile charge
carriers. Positive (p-type) as well as negative (n-type) doping is possible. An
often employed way of doping is the introduction of iodine, creating iodide ions
I− or polyiodide ions I−
n and positive charges on the polymer backbone [145]. For
p-type doping also many other oxidation agents can be used. The charges created
during doping are stabilised through delocalisation of the charge along the polymer
chains. Typically a charge is distributed over about 15 carbon atoms, higher
charge carrier densities require very stable systems [146]. Such systems should be
selectively electron rich, so that they are still stable when loosing electrons. The

110

Polyaniline based electrode materials

properties of a conductive polymer are also influenced by functional groups and by
the side chains. Electron densities and distributions can be modified, leading to
changes of properties like the band gap, which can be fine tuned also by modifying
polymer chains [147]. In the field of LIB conductive polymers are very interesting
for application in electrodes. The standard electrode preparation involves the use
of conductive additives like carbon black and a polymeric binder like PVDF for
mechanical stability. Conductive polymers offer the possibility of combining both
electronic conductivity and mechanical stabilisation by one single additive [148].
If the polymer shows more than one conductive state, e.g. several oxidation states
that are conducting, this concept can be extended even further. The conductive

S

additive could in such a case also deliver an additional capacity by taking part in
S

the electrochemical cycling while keeping its conductive Nproperty.
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Figure 4.1.: Structure of conductive polymers discussed in this work in their neutral states without doping.

Up to date, not many redox active polymers are applied in LIBs, one example
also here is PANI [149]. Its capacity, like for many other polymers, is limited by the
H

charge density that can be stabilised in the system. Not every polymer unit can Nbe
oxidised without breaking up of the bonding system. Therefore highly conjugated

S
H
N

systems with high electron density are interesting as more charges can be stabilised
S
along the polymer chain. In this respect polyphenothiazine (neutral structure
shown in figure 4.1b) is a promising candidate. It has been synthesised already
by Kim et al. [150] and its electrical conductivity was proven. For its synthesis
special conditions were applied involving a polycondensation in hot polyphosphoric
acid, making this route less attractive for large scale synthesis. The structure
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of polyphenothiazine and similar ladder polymers were studied theoretically by
Hong et al. [151], showing a very flexible system. Also other groups have studied
this system by using phenothiazine or triphenothiazine and have shown that
phenothiazine can be oxidised to the quinonic form [152]. Different oxidation
processes are possible, oxidation of triphenothiazine can lead to the formation
of radicals proving that also one electron oxidation is possible [153, 154]. The
promising electrochemistry of several compounds based on triphenothiazine has
also been analysed by Kong et al. [155].
Phenothiazine can be synthesised by reaction of elemental sulphur with
diphenylamine [156], comparable reactions are tested with PANI. From previous
experiments in this group [157] it is known that the thionation of PANI is possible
in principle but several problems arise. Due to the insolubility of PANI in its neutral
state only reactions in dispersion can be performed, leading to inhomogeneous
products with not all phenyl rings linked by sulphur. Secondly these products are
difficult to analyse and only an average degree of thionation can be determined.
These rather undefined systems are not suitable for further experiments aiming to
analyse the properties of polyphenothiazine compared to PANI. In order to study
this promising system in more detail a well defined molecule with comparable
properties to polyphenothiazine has to be used. For this purpose N,N-Diphenyl-pphenylene diamin is chosen as a starting material that can be directly reacted with
sulphur. With this simple reaction useful quantities of triphenothiazine (structure
given in figure 4.2) were obtained. This material can be used as a model compound
for polyphenothiazine as it is a well defined system containing the same functional
units as polyphenothiazine. As it serves as a model system for polyaniline directly
thionated by sulphur it will be called PANI-S throughout this work.
An important aspect in studying PANI-S is its application as redox active
material in LIBs. Therefore an increase in stored energy is desired which can be
achieved by higher capacity or higher redox potential vs Li+ /Li. One aspect in
this direction is described above, the potentially better charge stabilisation by the
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Figure 4.2.: Structural formula of triphenothiazine used as model compound (PANI-S in the following)

additional sulphur group in the molecule. Another important aspect is the use of
additional redox centres. This can be achieved by adding metals, similar to metal
doping of conductive polymers [158]. Forming complexes between the polymer
and metals can not only add another electron transfer mechanism but can also
influence existing redox processes and ideally increase the exchange potential. A
lot of research recently is going in this direction as forming metal complexes is
seen as a crucial step towards wide range application of conductive polymers in
LIBs [159]. Different methods are applied, starting from metal ions in different
oxidation states as well as elemental metals. Not only single metal ions are tested
for complexing conductive polymers but also complexes containing metal ions are
applied. A prominent example is the use of hexacyanoferrate Fe(CN)4−
which is
6
used e.g. in combination with polypyrole [160].
In this project the synthesis of PANI-S by direct reaction with sulphur is
described and the product is analysed in detail, also in respect to its electrochemical
properties. Complexing reactions with a variety of metal compounds are studied,
mainly using iron and copper as active sites and the electrochemical behaviour of
the resulting materials is tested.

4.2 Methods
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4.2. Methods
4.2.1. Synthesis
The synthesis of PANI-S uses commercially available N,N-diphenyl-p-phenylene
diamine (97 %, ABCR-Chemicals, Karlsruhe, Germany) as starting material.
525 mg are dissolved in 1,2-dichlorobenzene (99 %, Arcos Organics, Belgium)
under Ar atmosphere, 265 mg sulphur (99.999 %, Acros Organics, Belgium) are
added and the solution is heated to 80 ◦ C until all sulphur is dissolved. 55 mmg
iodine are added as a catalyst and the solution is refluxed under minimal Ar flow at
180 ◦ C for 24 h. The synthesis protocol was adapted from [161] and the reaction
equation is given in figure 4.3.
H
N
+ 4S
N
H
H
N

180°C, 24h, Ar atmosphere

S
+

2 H2S ↑

1,2-Dichlorobenzene, iodine
N
H

S
H
N

Figure 4.3.: Reaction equation for the synthesis of PANI-S

+ 4S

The yield is cooled N
to room temperature and washed three times with nH

H

N further colouring
S
hexane (>99 %, Sigma-Aldrich), then no
of the washing solution
180°C, 24h

2 Hto
2S ↑
is observed. It is dried under vacuum (60.1 mbar) over night and +grey
green
1,2-Dichlorobenzene

flakes are obtained as the product.
H
N

4.2.2. Chemical Analysis

S

N
H
H
N

S

+ 4S

+ 2 H2S ↑

Structure and Npurity of the obtained products are tested by
N
S NMR using deuterated
H

H

DMSO (250 MHz, Bruker), mass spectroscopy (MS) and elemental analysis (EA)
using the in-house services. For tests of magnetic properties electron spin resonance
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(ESR) spectroscopy and a superconducting quantum interference device (SQUID)
are used. Infrared spectroscopy (IR) is used to obtain structural information and
UV-VIS spectroscopy is used to analyse complexes formed, as they should be
detectable with this technique [159].

4.2.3. Electrochemical behaviour
The electrochemical properties are tested using cyclic voltammetry (CV). Two
types of reference electrodes are used, first a standard Ag/AgCl electrode with
3 M KCl solution in H2 O. To keep the system fully water-free a bridge electrolyte
chamber is used that can be filled individually (usually with 3 M LiCl in ethanol) in
between the Ag/AgCl electrode and the test solution. The second electrode used
in acetonitrile was the Ag+ /Ag couple. Both setups are checked against each
other to ensure precise voltage measurements. Working and counter electrode are
made of platinum.
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4.3. Experiments and Results
4.3.1. PANI-S as-prepared
During the reaction a slight smell of H2 S can be detected, as expected from
the reaction equation (figure 4.3). After 24 h the gas evolution has stopped
and the reaction is expected to be complete. The material now shows a dark
greenish colour. After washing and exposure to air 90 - 95 % yield of a dark grey to
green product is obtained. The high yield also indicated a complete reaction, the
remainder to 100 % are assigned to material losses during transfers and washing.
These findings are in accordance with literature [161] although their yield was
clearly lower (62 % after different washing procedure). The product is insoluble in
non-polar solvents, slightly soluble in ethanol, acetone and acetonitrile and well
soluble in THF and DMSO. Interestingly, if a clear solution of PANI-S in THF
is dried and the remaining solid re-dissolved in THF, often a few black particles
remain insoluble.
MS analysis of the as-prepared material shows the expected masses of the
PANI-S compound. A detailed look at the signal for the total mass revealed
however that the main mass is 319 u instead of the expected 320 u of C18 N2 S2 H12 .
Comparing the signal with simulated pattern for 319 and 320 u shows that the
sample consists of a mix of both masses. This can be stated because the intensity
ratios of the signals 319 to 319 + nH do not fit to the occurrence of natural
isotopes but fit to a sum of the 319 and 320 u signals. The full plot is shown in
the appendix in figure A.3. This finding implies that the product (as-prepared)
is a mixture of some of the expected product C18 N2 S2 H12 and a majority of a
partially deprotonated form C18 N2 S2 H11 .
Measuring 1 H NMR of the as-prepared product does not show any signal,
just a slight curvature of the background. This may be explained by paramagnetic
properties of the sample caused by unpaired electrons. To check this assumption
ESR measurements were performed and reveal a clear indication for strong para-
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magnetic properties. As shown in figure 4.4 the ESR signal of PANI-S as-prepared
is a multiple of the reference material (pitch containing some stable radicals). The
number of spins in PANI-S can approximately be calculated from the known number in the reference by comparing the signal integrals. This leads to a spin density
(spins per molecule PANI-S) of 0.75 %. It is therefore concluded that PANI-S
contains a rather high amount of radicals, that are stable at room temperature
and in air. Paramagnetic susceptibilities for PANI-S and similar compounds were
also found and reported by other groups but were traced back to impurities [162].
Taking the findings from MS and ESR together shows that the expected
material PANI-S can loose protons and electrons independently. From MS one
can conclude that a majority of the material is deprotonated once and ESR shows
that about 1 % is oxidised once (possibly but unlikely three times).

PANI-S as prepared
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Figure 4.4.: ESR signal of as-prepared PANI-S product showing strong paramagnetic properties.

To unravel more details about the unpaired electrons in PANI-S the magnetic
properties were measured using a SQUID. A field strength of 1000 Oe was employed
and the curves for field cooling and zero field cooling match very well in the range
of room temperature down to 2.5 K. From the molar susceptibility in the range of
2.5 - 12 K the effective magnetic moment was calculated to be µef f = 0.19 µB as
can be seen in figure A.2 in the appendix. This value corresponds to 1.1 unpaired
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electrons per molecule PANI-S or 1.1 % of the molecules having one unpaired
electron. It fits very well to the 0.75 % of molecules being in a radical form,
estimated from the ESR measurement shown in figure 4.4. Obtaining the same
result with two different methods confirms the radical content of about 1 % in
PANI-S.
The significant proportion of radicals explains the problems with measuring
NMR of the as-prepared material. To measure it and confirm the expected
structure a full reduction is necessary. This can be done by adding a few drops
of hydrazine to a THF solution of PANI-S. After about one minute the solution
has turned turned yellow and evaporating the THF yields a yellow powder. If
this powder is exposed to air it slowly turns green and purple again. NMR of the
yellow material can be measured in deuterated DMSO, the resulting 1 H NMR
is shown in figure 4.5. In the region of 0 - 5 ppm no signals except the one of
DMSO and traces of water in DMSO are found. For the symmetrical PANI-S
four clearly different proton sites can be distinguished. These sites are marked on
the structural formula in the inlet of figure 4.5. As site 1 and 2 all contain two
protons that are not fully identical, some splitting or asymmetry can be expected.
The rather broad signal at a chemical shift of 8.37 ppm can clearly be assigned to
the N-H (site 3). At 6.34 ppm the only other singlet belongs to site 4 and the two
multiplets to site 1 and 2. If both protons on site 1 would be identical a triplet is
expected, for two identical protons on site 2 a doublet. Due to the nitrogen closer
to one of the protons (and sulphur respectively) both protons give two different
signals each. The five signals around 6.70 ppm are therefore assigned to the two
triplets of site 1. The four signals from 6.91 - 7.03 ppm then correspond to site
2. It can be stated that the 1 H NMR analysis fits well with proposed structural
formula and a pure product can be confirmed.
IR spectra of the as-prepared material as well as the reduced form show
very similar results. The spectra of the as-prepared PANI-S in standard IR range
(4000 - 600 cm−1 ) and low frequency/FIR range (600 - 100 cm−1 ) are shown in
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Figure 4.5.: 1 H NMR of PANI-S reduced by hydrazine. The inlet shows the structural formula with the
different hydrogen positions marked, allocation given in the text.

figure 4.6b. Below 250 cm−1 the optics of the instrument used is is increasingly
blocking and no useful signals were obtained. A comparison with literature (figure
4.6a) shows a very good agreement. One of the main differences between the
starting material and the PANI-S product would be expected to be visible in the
N-H stretching. If the ring closure with sulphur was incomplete two different
aminic bands would appear, according to literature at 3340 cm−1 and 3240 cm−1
[150, 163]. As can be seen in figure 4.6b only one sharp band at 3330 cm−1
appears for the PANI-S product, indicating a pure compound with N-H only in S
containing rings.
As it is confirmed that the expected product was obtained in pure form
the electrochemical properties were analysed. Cyclic voltammetry was used to
characterise the redox properties. Due to the limited solubility of PANI-S it was
not easy to chose a solvent and electrolyte and several tests had to be made to
find a suitable formulation. As conductive additives tetrabutylaminperchlorate

sole N-H stretching at 3340 cm . The presence of a second aminic band at
IR spectrun (Fig. i) is in agreement with the aminic form of TPDT and show
-i prepared according to the literature [5,
in the spectrun of a TPDT sample
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be indicative of incomplete condensation.
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Acetonitrile shows a sufficient stability over a large potential window and can
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be used as solvent in electrochemical processes. The problem is the rather low
solubility which seems to depend on the actual oxidation state of the starting material. When dissolving the as-prepared PANI-S in acetonitrile a yellow precipitate
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was sometimes observed. Checking this effect in details it was found that AN
dissolves only the oxidised (violet) form of PANI-S. The yellow reduced one is not
dissolved, an effect that can be utilized in order to separate both. Adding a few
drops of hydrazine to a solution of PANI-S in AN results in a yellow precipitate
and a slightly violet solution. Washing the precipitate a few times with AN the
violet to red colouring is further reduced until a clear colourless solution of AN
remains on top of the yellow precipitate. In dried form this precipitate is now
stable in air for several days until it starts turning green again. This may be
explained by the purity, as indicated in the literature as well [161, 164]. As long
as traces of the oxidised material are present they act like a catalyst, helping the
oxidation of PANI-S, but the very pure reduced material is rather stable in air. By
this simple method large enough quantities of PANI-S in a reduced state can be
obtained reproducibly.
A possible explanation for the low solubility of PANI-S is the formation of
pairs of the molecules. PANI-S could undergo charge transfer with itself, i.e. the
electron deficient (oxidised) PANI-S could form charge transfer complexes with
electron rich (reduced or neutral) states of itself. Such electron rich - electron
poor stockings of planar molecules are common in Bechgaard salts.
Elemental analysis of this fully reduced material shows very good agreement
with the calculated masses for C18 H12 N2 S2 . Also hardly any remaining iodine
impurities are found. All numbers are given in table 4.1.

Table 4.1.: Elemental analysis of fully reduced PANI-S.

element
C
H
N
S
I

calculated
[wt.%]
67.47
3.77
8.74
20.01
0.00

found
[wt.%]
67.23
3.88
8.74
20.20
0.10
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The best way to measure CV of PANI-S was found to use ionic liquids as
solvent and electrolyte. They generally are stable up to very high potentials and
due to their intrinsic high content of charged particles are also suitable solvents for
materials requiring strong polarity. 1-Ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBF4 ) was employed for these measurements. In figure 4.7 the result of
a scan in the range of -0.3 V to +1.8 V vs SHE is displayed. Clearly, PANI-S
undergoes two fully reversible oxidation processes in this potential range, one
around 0.6 V and one around 1.1 V. This fits well to results of Urasaki et al. [165]
who measured CVs of many phenothiazine compounds. The current flowing in
both processes is the same, showing that a 1 : 1 ratio of electrons is involved.
Whether they correspond to 1 + 1 or 2 + 2 electrons can not definitely be answered
based on this measurement alone. To check this further a comparison with a
0.15
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Figure 4.7.: Cyclic voltammogram of reduced PANI-S in EMIMBF4 .

known compound can be made. Ferrocene was chosen for this purpose as a
standard reference material that shows a very stable 1 e− redox process. But this
process (0.64 V vs SHE) is close to the potential of the first PANI-S oxidation
(around 0.6 V vs SHE) and the signals overlap. Due to the fact that both oxidation
waves of PANI-S are very similar one can still try comparing them using known
concentrations. First pure ferrocene solution (10 mmol/l) is measured, then the
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same volume of a PANI-S solution (10 mmol/l) is added. By this the concentration
of ferrocene is divided in half and is now the same concentration as that of PANI-S.
Measuring the combined solution gives indications about the relative number
of electrons transferred. In figure 4.8 the expected cyclic voltammogram of
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Figure 4.8.: Cyclic voltammogram of ferrocene in EMIMBF4 compared to reduced PANI-S + ferrocene.

ferrocene around its redox potential of 0.64 V is shown (all voltages given vs
SHE). The second curve for ferrocene + reduced PANI-S in a 1 : 1 ratio shows
an interesting effect. The oxidation and reduction wave of ferrocene are now at
higher potentials, meaning that the redox potential of ferrocene was shifted to
0.83 V. Varied potentials for ferrocene complexes are known in literature [166],
but often additional ligands lower the potential of ferrocene instead of increasing
it. The maximum current for this process is almost identical to that for pure
ferrocene although the concentration of ferrocene is divided in half. The first
redox process of PANI-S with a similar potential compared to ferrocene is adding
to the current, leading to the same intensity as for pure ferrocene. Thus the
current coming from PANI-S in this voltage range is probably as high as that of
ferrocene. This 1 : 1 current ratio indicates that the first oxidation wave of PANI-S
is equivalent to 1 e− . The second redox wave of PANI-S is also shifted to a higher
potential (1.25 V) and for the oxidation a splitting in two signals close to each
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other can be seen, less clearly for the reduction. This splitting into two signals
could indicate that a 2 e− process exists, contradicting the findings described just
above. The only other explanation for such a splitting would be starting with
mixed oxidation states or otherwise not homogenous starting materials. As the
reduced PANI-S was used the oxidation states should be well controlled, so this
option is not very probable. With these two results no certain answer about the
number of electrons involved in the two redox processes of PANI-S can be given.
In principle the shifting of all three signals could be also due to a problem of the
reference electrode, leading to generally higher potentials. However both signals
(ferrocene/first PANI-1) and second PANI-S are not shifted by exactly the same
amount and similar effects are observed in several measurements. It is therefore
concluded that ferrocene and PANI-S interact with each other, e.g. by forming
a complex. This complex then shows two redox processes at 0.83 V and 1.25 V,
involving at least three electrons.
The rather complex redox properties of PANI-S require looking at the possible
redox mechanisms in more detail. The complexity arises mainly from the fact
that the material can be both oxidised and deprotonated and that a high number
of oxidation steps is possible. An overview of the presumed reactions is given in
figure 4.9a, including letters A to F for the different states of PANI-S. Starting
from the fully reduced form A the first oxidation process involves the amine groups,
leading to two radicals. The very acidic protons on these groups can be split off
in a deprotonation step, especially when the nitrogen is positively charged after
oxidation, leading to E. The two radicals within the molecule can also recombine
to a quinonic structure as shown in figure 4.9b. In a second step the sulphur can
also be oxidised, releasing two more electrons (B/C). In this step at the latest
a deprotonation is expected as stabilising four positive charges will be difficult
and the acidity of the amine proton is increasing even more. These proposed
redox mechanisms can of course also be incomplete, making e.g. a one electron
oxidation or a partial deprotonation possible. These different combinations of
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Figure 4.9.: Proposed redox mechanisms for PANI-S that would fit to the observations made.

redox states demonstrate the flexibility of the PANI-S system. Oxidation by up
to four electrons is possible but requires the system to be very robust in order
to stabilise itself over these pronounced charge differences. Observations of the
system support these findings, showing the proposed redox states are not only
a theoretical concept. The observed colours already indicate the presence of at
least four different redox states. The form prepared in reducing conditions using
N2 H2 appears bright and yellow, THF solutions after synthesis and purification
are strongly violet. The pristine material exhibits a green colour that can also be
seen close to the working electrode during CV measurements. Further oxidation
(higher potentials during CV measurements or dissolving in H2 SO4 ) leads to a
deep blue colour.
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Many attempts were made to get single crystals of the PANI-S material in
its different states to clarify material composition and structure precisely. But
neither crystallisation from THF directly, from a THF/dodecane mixture, very
slow evaporation or crystallisation at reduced temperatures led to growth of single
crystals. Only from the material reduced with hydrazine a powder pattern could
be obtained which is shown in figure 4.10. No reflections are found above 35 ◦ ,
below a clear pattern is obtained. Interesting is the most intense reflection at
5.7 ◦ which corresponds to a rather large spacing of 15.5 Å being met by a lot of
atoms, however not necessarily due to layering. The resolution vanishes slightly
below 3 Å, more significant frequent distance are 3.26 Å and 4.5 - 4.7 Å. Detailed
calculation of several XRD patterns of the molecule in different orientations could
potentially resolve the ordering in dried PANI-S.
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Figure 4.10.: XRD powder pattern of reduced PANI-S.

As CV measurements show a promising redox behaviour also battery tests are
of interest. Taking the transfer of two electrons into account one can expect a
reversible specific capacity of 168 Ah/kg, almost the same as found for LiFePO4 ,
transferring three or four electrons an even higher capacity would be possible.
The potentials of 3.6 V and 4.1 V vs Li+ /Li for the two oxidation steps already
lead to a slightly higher theoretical energy density by mass than in LiFePO4 .
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The standard test cell setup described in chapter 3.2.3 with lithium as counter
electrode was used to test battery performance of PANI-S. It turned out that
when using a mixture of ethylene carbonate and propylene carbonate (1 : 1) with
LiTFSI as electrolyte no useful results could be obtained. Analysing the electrodes
after the experiments showed that PANI-S is dissolved in the electrolyte mixture.
All parts of the cell including separator and casing were coloured in violet and
the test electrode was not compact anymore. All available electrolytes stable
up to the desired voltage of 1.5 V vs SHE dissolve PANI-S at least partially and
can not be used for battery tests. Therefore another system has to be employed.
One option is using zinc as counter electrode, then e.g. ZnSO4 in water can be
used as electrolyte. This limits the available voltage range, but for a first test
of the reversibility of the PANI-S oxidation in a battery it may help. For this
experiment the same test cell as for lithium batteries was utilised (see section
3.2.3 for details). The only modifications are a Zn counter electrode fabricated by
pressing Zn powder into a pellet and 1 mol/l ZnSO4 in water used as electrolyte.
Running the cell in the voltage range of -0.06 V to 0.64 V (both vs SHE) should
enable to record the cycling of the first oxidation process of PANI-S (around 0.5 V
vs SHE) and still prevent gas evolution from water splitting.
A stable cycling over 100 charge- and discharge cycles is observed with this
setup but the capacity is low. Only 12 - 15 Ah/kg are measured, which corresponds
to about 15 % of the expected capacity in this voltage range (85 Ah/kg for one
electron transfer). As the cycling is stable a degradation of the system is most
probably not the cause for this low capacity. It is expected that the electrode
mix can not fully be wetted with water and therefore the contact with electrolyte
may not be sufficient. Therefore, for battery tests an alternative system would be
necessary. No combination of electrolyte and counter electrode was found that
allow for a possible battery setup during this project. Therefore the electrochemical
performance of PANI-S has to be judged from CV experiments. Alternatively
ways have to be found, e.g. by forming a complex, to reduce the solubility in
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carbonate based electrolytes or to use a solid electrolyte as separator.
After analysing the pure PANI-S in details additional experiments were conducted to evaluate PANI-S based compounds. The focus is laid on complexes with
different transition metals. With these experiments the redox possibilities might
be improved by either increasing the potential of the PANI-S redox processes or
by increasing the capacity providing additional redox centres.

4.3.2. PANI-S in metal complexes containing iron
Complexes of PANI-S with transition metals were mainly formed by mixing solutions
of PANI-S (in THF) with solutions of an iron (or another metal) compound, if
possible also in THF. Different ratios of PANI-S to metal were mixed and thereafter
the resulting solutions dried in order to obtain a powder of the product.
4.3.2.1. PANI-S + FeCl3
Solutions of PANI-S and FeCl3 in THF are prepared by using extra dry THF
(99.5 % over molecular sieve, Arcos Organics, Belgium). The solutions are mixed
in different ratios of PANI-S to Fe3+ , starting from 1 : 1, using also 1 : 2 and 1 : 4.
With this concentration series coordination at the different possible sites (two
nitrogen and two sulphur atoms) was checked. Characterisation of the mixed
solutions as well as of the dried products by UV-VIS and IR spectroscopy and also
by CV measurements is employed.
Mixing the PANI-S and FeCl3 solutions a colour shift towards darker violet and
blue for high FeCl3 concentrations is observed. No precipitates are formed and the
solutions stay clear. Analysis of the solutions by means of UV-VIS spectroscopy
leads to first conclusions. All solutions, including pure PANI-S and pure FeCl3
in THF share an absorption band between 260 nm and 280 nm, as can be seen
in figure 4.11. As this appears independently of the additive it is expected to
come from THF although it is above the cutoff wavelength of 212 nm [167]. The
samples containing PANI-S show a distinctive absorption pattern with two maxima
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Figure 4.11.: UV-VIS spectra of PANI-S compared to PANI-S complexes with FeCl3 .

between 440 nm and 580 nm. Its shape is not significantly altered under the
presence of FeCl3 but the intensity is reduced according to the overall PANI-S
concentration. Only for the samples with 1 : 1 and 1 : 2 ratio no clear difference
is seen. This strong absorption in the yellow to green range leads to the violet
colour of PANI-S. The samples containing FeCl3 show absorption in two additional
ranges. The first is between 300 nm and 380 nm with two maxima around 310 nm
and 360 nm. In this range also pure FeCl3 has its only absorption as a broad
maximum around 340 nm. So the two additional bands in this range are expected
to arise from an altered absorption of FeCl3 . This indicates a new surrounding
for iron ions that also lowers the symmetry leading to two signals instead of one.
The second newly absorbing region is the broad range from about 580 nm up to
750 nm. Here three new maxima can be seen (600 nm, 650 nm and 720 nm) with
increasing intensities according to the increase of FeCl3 concentration. As no
absorption of pure FeCl3 exists in this range it is assigned to some new complex
formed in the solutions. This also indicates a coordination of PANI-S by FeCl3 .
Interestingly even four FeCl3 can be coordinated around one PANI-S molecule
according to these measurements as also for the 1 : 4 ratio no free FeCl3 is seen.
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Drying the above mentioned solutions of PANI-S and FeCl3 leads to black
to violet powders that can be analysed using IR spectroscopy. All three samples
containing FeCl3 show clearly distinct IR spectra compared to PANI-S as-prepared.
The products of the 1 : 1 and 1 : 4 as well as PANI-S and pure FeCl3 are shown in
figure 4.12. In the range of 1700 cm−1 to 600 cm−1 a the iron containing samples
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Figure 4.12.: IR spectra of PANI-S compared to PANI-S complexes with FeCl3 .

show different finger print spectrum, sharing only a few bands with PANI-S. FeCl3
does not show bands in this range except at 1580 cm−1 . This means that the
PANI-S molecule was clearly modified by the presence of FeCl3 . Looking at the
high wavenumber range one important difference can be seen. While PANI-S
shows a strong band at 3330 cm−1 from the N-H vibration this band is not present
in the samples with FeCl3 . PANI-S is obviously deprotonated on both N-H groups
by FeCl3 . An oxidation though seems unlikely as the lower potential oxidation
process of PANI-S is around 0.5 V while that of Fe3+ is close to 0 V vs SHE. This
would indicate that in the presence of FeCl3 the deprotonated PANI-S is formed
and coordinated by FeCl3 or FeCl+
2 while HCl is developed. Interestingly the IR
spectra of the samples with 1 : 1 and 1 : 4 ratio are very similar, only few bands
are slightly shifted. This would indicate that either the coordination of one or
several FeCl3 does not change the properties of the PANI-S molecule significantly
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or that the obtained spectrum is dominated by the deprotonated PANI-S bands
and only weak coordination is present.
As an additional test for the binding properties of FeCl3 on PANI-S parts
of the solutions used for the UV-VIS measurements are taken aside and sodium
thiocyanate NaSCN is added. All three solutions (with ratio PANI-S to FeCl3 of
1 : 1to 1 : 4) turn deeply red, showing the formation of [Fe(SCN)]2+ . This points
out that free or weakly bond Fe3+ is present in such solutions. As the red colour
of [Fe(SCN)]2+ is very intense and visible already in small amounts it is possible
that traces of unreacted FeCl3 lead to the colouring. On the other hand the colour
is comparable for the three solutions, independent of the FeCl3 concentration.
3+ to
This finding points towards a weaker bonding of FeCl3 , FeCl+
2 or even Fe

PANI-S, compared to the strong complex of Fe3+ with SCN− .
With the first results that iron or iron chloride can coordinate to PANI-S the
electrochemical properties of these complexes are investigated. CV measurements
were made in solutions of PANI-S and FeCl3 mixed in ratios of 1 : 1, 1 : 2 and 1 : 4.
Ethylenecarbonate (EC) and dimethylcarbonate (DMC) in a 1 : 1 mixture similar to
standard LIB electrolytes was used as the solvent and tetrabutylamintetrafluoroborate N(C4 H9 )4 BF4 as the conductive additive. Compare to the CV in EMIMBF4
(figure 4.7) the currents are slightly lower, probably due to the lower solubility,
but still clearly measurable. Starting from pure PANI-S (black solid curve in figure
4.13) shifts of the oxidation waves are seen for higher FeCl3 concentrations. The
sample with PANI-S to iron ratio of 1 : 1 shows both oxidation processes as pure
PANI-S but shifted to higher voltages and reduced in intensity. For the 1 : 2 ratio
only the second oxidation is seen at an even slightly higher potential of 1.3 V vs
SHE. At the highest iron concentration the same oxidation process is found at
1.3 V plus a redox process around 0.1 V. This process matches the CV of pure
FeCl3 well and is expected to arise from excess of FeCl3 in the case of PANI-S
to iron ratio of 1 : 4. Thus, it can be concluded that the addition of FeCl3 leads
to higher oxidation potentials of PANI-S but from a 1 : 2 ratio on one electron
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Figure 4.13.: Cyclic voltammogram of PANI-S compared to PANI-S complexes with FeCl3 .

transfer at PANI-S is lost.
In conclusion it is found that FeCl3 can coordinate PANI-S in different
amounts, starting from one up to four FeCl3 per PANI-S. The reaction also leads
to deprotonation of the N-H groups and iron or iron chloride is only weakly bound
to PANI-S. The oxidation potential of iron coordinated PANI-S is higher than
that of pure PANI-S but as only one of the two redox processes can be accessed
in the voltage rage up to 1.7 V vs SHE the capacity of a corresponding battery
material would be lowered.

4.3.2.2. PANI-S + K4 Fe(CN)6
Composites of polymers with hexacyanoferrate are know from literature [160, 168]
and can show quite interesting properties. Often the polymers in the composites
are used as conductive additive or to improve the mechanical properties and form
a film only. Using a redox active polymer could further improve this concept
as it adds another redox centre and could significantly improve the capacity.
Experiments with K4 Fe(CN)6 and PANI-S were made to test the coordination
possibilities between the two materials. A strong coordination or complex would
improve the mixing properties of a composite, leading to better contacts. Although
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PANI-S is not a polymer it can also in this respect be seen as a model compound for
such materials. The short and well defined molecule of course is not comparable to
the properties arising from long polymer chains. But the chemical groups present
that can coordinate different ions are the same and due to the short molecule
even better accessible than in polymers.
Composite materials were prepared by mixing solutions of PANI-S in THF and
K4 Fe(CN)6 in water as the solubility of K4 Fe(CN)6 in THF is too low. Similar to
the experiments with FeCl3 different ratios of PANI-S to Fe(CN)4−
were used,
6
ranging from 1 : 0.5 to 1 : 4. No precipitation or colour change was observed during
mixing and the solutions were evaporated to obtain a powder product. These
products were analysed by IR and CV.
IR spectra of all samples prepared (PANI-S to Fe(CN)4−
= 1 : 0.5, 1 : 1, 1 : 2
6
and 1 : 4) are very similar to each other as well as similar to the IR spectrum of
pure PANI-S. Only two minor additional bands are observed at 618 cm−1 and
1107 cm−1 . These bands are not present in the IR spectrum of pure K4 Fe(CN)6
and can therefore be assigned to a new product. For every PANI-S to Fe(CN)4−
6
ratio none of the bands of pure K4 Fe(CN)6 is measured. These findings show
that pristine K4 Fe(CN)6 is not present next to PANI-S after drying the solutions
but that some kind of reaction or coordination takes place.
Cyclic voltammetry was measured for all samples prepared with PANI-S and
K4 Fe(CN)6 in AN as a solvent and tetrabutylamin tetrafluoroborate N(C4 H9 )4 BF4
as the conductive additive. Pure K4 Fe(CN)6 is not soluble in AN therefore no CV
of the starting material for comparison could be measured under these conditions.
Figure 4.14 shows the resulting CVs for different PANI-S to K4 Fe(CN)6 ratios
together with the CV of pure PANI-S. While the starting material PANI-S shows
two oxidation processes, the samples containing hexacyanoferrate exhibit up to
four different oxidation and reduction processes around 0.5 V, 0.9 V, 1.3 V and
1.7 V (all vs SHE). Remarkable is the last oxidation at the very high potential of
1.7 V, corresponding to 4.7 V vs Li+ /Li, close the to stability limit of most liquid
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Figure 4.14.: Cyclic voltammogram of PANI-S compared to PANI-S complexes with K4 Fe(CN)6 .

electrolytes. The reduction currents for most processes measured are lower than the
oxidation currents, questioning the full reversibility of these processes. The lowest
potential redox process however appears to be clearly reversible. Interestingly none
of the four oxidations measured appears at the potential of one of the PANI-S
oxidations. So in contact with K4 Fe(CN)6 the oxidation potentials of PANI-S are
shifted and new electron transfer possibilities arise. According to a work of Noël
et al [169] hexacyanoferrate should not be electrochemically active in AN, only in
water. They worked with the unmodified hexacyanoferrate salt when observing
this effect. Comparing their finding with the measurement made in this work two
conclusions are possible.
1. If the measured processes do not arise from hexacyanoferrate oxidation the
four oxidation processes come from PANI-S. This would mean that additional
oxidation states of the molecule can be stabilised by hexacyanoferrate and
that four electron oxidation is possible.
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2. Alternatively hexacyanoferrate in contact with PANI-S can still be redox
active in AN. The additional oxidation processes then arise from hexacyanoferrate which would be a sign for some kind of coordination or complex
formation with PANI-S.
Subsequent battery measurements did not reveal much new information, as
the solubility of the PANI-S/hexacyanoferrate composite material in the battery
electrolyte is still too high. As discussed above a similar material based on longer
chains of a PANI-S derivative could be promising for battery application, especially
if the redox process at 4.7 V vs Li+ /Li could be accessed.

4.3.3. PANI-S in metal complexes containing copper
Following the experiments with FeCl3 and K4 Fe(CN)6 similar tests were performed
using copper compounds. Namely the following compounds were used: copper(II)
chloride CuCl2 , copper(II) acetylacetonate Cu(acac)2 , copper(II) acetate Cu(Ac)2
and copper(I) iodide CuI. Copper was chosen as Cu+ and Cu2+ are rather soft
cations and are hoped to coordinate well to the nitrogen and sulphur groups
of PANI-S. In the following it will be focussed on CuCl2 and Cu(acac)2 as for
Cu(Ac)2 and CuI no signs for a reaction with PANI-S were found.

4.3.3.1. PANI-S + CuCl2
Solutions of PANI-S and CuCl2 in THF were prepared using extra dry THF
(99.5 % over molecular sieve, Arcos Organics, Belgium). The solutions are mixed
in different ratios of PANI-S to Cu2+ , starting from 1 : 0.5, using also 1 : 1 to
1 : 5. In this way coordination at the different possible sites (two nitrogen and two
sulphur atoms) can be checked as well as the behaviour with more CuCl2 than
coordination sites. Characterisation of the mixed solutions as well as the dried
products by UV-VIS and IR spectroscopy was applied and CV measurements were
performed.
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Upon mixing the solutions of PANI-S and CuCl2 no clear colour change
is observed. The UV-VIS absorption shows very similar results for all CuCl2
concentrations. The samples exhibit only weak absorption compared to both pure
PANI-S and pure CuCl2 solutions, respectively. The sample with a PANI-S to
CuCl2 ratio of 1:2 is shown as an example in figure 4.15. The reduced absorption
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Figure 4.15.: UV-VIS spectra of PANI-S compared to PANI-S complexe with CuCl2 .

in the range of 500 - 550 nm is expected from the 1 : 2 dilution with CuCl2 in THF.
Interesting is that also in the range of 300 - 350 nm no more CuCl2 absorption is
found and no other absorption range shows up. So no unmodified CuCl2 is seen
anymore but also no new features can be detected by UV-VIS. This indicates first,
that CuCl2 undergoes some change in contact with PANI-S and secondly that a
possibly formed complex with PANI does not absorb in the UV-VIS range.
IR spectroscopy was used to measure possible coordinations or complexes
formed. Therefore the solutions were dried and the resulting powder used for
measurements. Spectra in the standard IR range (4000 - 600 cm−1 ) and the low
frequency/FIR range (700 - 200 cm−1 ) are obtained for all ratios PANI-S to CuCl2 .
In the range above 600 cm−1 no clear changes are seen that can be assigned to
a specific group. The FIR range in which many metal-nitrogen bonds can be
detected yields more indications, the resulting FIR spectra are displayed in figure
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4.16. Generally it is observed that small shifts in a few bands occur when going
from pure PANI-S to CuCl2 content of 0.5 to 2 CuCl2 per PANI-S. For higher
CuCl2 ratios no further change is detected. Especially the two strong absorption
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Figure 4.16.: IR spectra of PANI-S compared to PANI-S complexes with CuCl2 .

bands around 540 cm−1 and 475 cm−1 show this trend, in figure 4.16 this can
be confirmed as the curve for the 1 : 5 ratio is almost identical with the one for a
1 : 2 ratio. The only exception is a very broad absorption band around 400 cm−1
that can not be assigned undoubtedly although its shape is similar to the only
absorption of pure CuCl2 in this range (around 350 cm−1 ). The shifts of the
band at 540 cm−1 might indicate a coordination at the nitrogen site as this band
is assigned to the N-H vibration in phenothiazine [170]. On the other hand the
hydrogen is probably not fully replaced by copper as an N-H band can still be
seen around 3330 cm−1 . From the IR measurements it can be concluded that
some coordination of PANI-S by up to 2 CuCl2 takes places. This coordination is
however not strong enough to alter the vibrational mode of PANI-S significantly,
as e.g. in the case of FeCl3 .
To test the electrochemistry CV measurements were performed with the
samples of up to 2 CuCl2 per PANI-S. In several tests only oxidative currents
were measured and no reduction. Therefore it has to be concluded that the
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redox processes of PANI-S CuCl2 complexes are not reversible. The coordination
products of PANI-S and CuCl2 were thus not studied in more detail.
4.3.3.2. PANI-S + Cu(acac)2
Solutions of PANI-S and Cu(acac)2 were prepared comparable to the solutions of
PANI-S with CuCl2 described above (section 4.3.3.1). The solutions are mixed in
different ratios of PANI-S to Cu2+ , starting from 1 : 0.5, using also 1 : 1 to 1 : 4.
No clear changes in colour are observed during mixing the solutions. The powder
materials obtained after drying are characterised by IR spectroscopy and ESR
spectroscopy.
Comparing the IR spectra of PANI-S + Cu(acac)2 with those of the two
starting materials it is seen that the resulting spectrum of the product is mainly a
sum of the starting materials. Every band in the FIR range shown on figure 4.17
can be assigned to either PANI-S or Cu(acac)2 . The same is true for the mid IR
range above 600 cm−1 , the coresponding plot can be seen in figure A.5 in the
appendix. The absence of any new bands or shifts of existing bands indicates that
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Figure 4.17.: FIR spectra of PANI-S compared to PANI-S complexes with Cu(acac)2 .

both materials are present next to each other without significant modifications.
It is therefore concluded that Cu(acac)2 does not coordinate PANI-S under the
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conditions applied during this work. This could be due to the strong chelating
properties of acac that could mean that Cu(acac)2 is not dissociated.
In addition to the IR measurements ESR spectroscopy was applied to study
the different complexing behaviour of CuCl2 and Cu(acac)2 towards PANI-S. The
ratios of PANI-S to copper of 1 : 2 were chosen as here most copper is expected
to coordinate without having much unreacted copper compounds in the sample.
In these measurements (shown in figure 4.18) a clear difference between the
two materials is seen. For both samples (PANI-S with CuCl2 and PANI-S with
20
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Figure 4.18.: ESR spectra of PANI-S compared to PANI-S complexes with CuCl2 and Cu(acac)2 .

Cu(acac)2 ) the superposition of two signals can be detected. The smaller and
very sharp signal around 3380 A/m is known from pure PANI-S (see figure 4.4 for
comparison) and is due to the significant radical content. The very broad signal
that spans over an applied field range from about 2800 A/m to 3600 A/m arises
from Cu2+ . Both samples show a non-symmetrical signal which hints at a distorted
geometry of the complex. This asymmetry is less pronounced for the sample
containing Cu(acac)2 . In the case of CuCl2 the sharp PANI-S signal is comparable
in intensity to the copper signal. Contrary to that in the case of Cu(acac)2 only
a minimal signal of PANI-S is detected. The interpretation of these findings is
difficult. A possible conclusion is that CuCl2 stabilises the radicals present in
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PANI-S whereas Cu(acac)2 leads to a recombination of the unpaired electrons.
An oxidation or reduction which could also lead to less unpaired electrons seems
unlikely because then the IR spectra should be altered to a greater extent.
IR and ESR spectroscopy in this case do not lead to exactly the same conclusions. From IR data is seems clear that no coordination or complex formation
takes place between PANI-S and Cu(acac)2 . The ESR result indicating a suppression of radicals however points towards some kind of interaction of PANI-S with
Cu(acac)2 . As similar to the material with CuCl2 no reversible redox system was
observed in CV measurements this route was not further pursued.
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4.4. Conclusions and Outlook
The short five ring molecule PANI-S was successfully synthesised in high purity
by direct thionation of N,N-diphenyl-p-phenylene diamine with elemental sulphur.
About one percent of the as-prepared molecules contains an unpaired electron,
showing that the system can stabilise radicals. The fully reduced state of the
product with the expected structure can be achieved by reduction with hydrazine,
leading to an air stable material. While PANI already shows interesting properties
due to its high number of intrinsic redox states [171], PANI-S adds even more
possible redox states, making it a promising material for a number of applications.
PANI-S shows promising electrochemical behaviour with fully reversible cycling of
two or four electrons in the range of 0.5 - 1.5 V vs SHE. This makes the material a
promising compound for different types of batteries. Unfortunately it is soluble in
battery electrolytes which are stable up to the limiting potentials and therefore no
direct battery test could be performed yet. Reacting PANI-S with iron compounds
like FeCl3 and K4 Fe(CN)6 leads to metal complexes. These complexes however do
not show an improved electrochemical activity as far as CV measurements reveal.
Similar reactions with copper compounds (CuCl2 and Cu(acac)2 ) do not clearly
form stable complexes, but an interaction is observed here as well. The results
described show the properties of PANI-S in respect of its use as electrochemically
active material. The reversible redox processes at high potentials of PANI-S and
its role as a model compound make polyphenothiazine a promising candidate for
battery application. In addition to the electrochemical properties investigated
during this work numerous colours of PANI-S in its different redox states were
observed. This could make it a candidate for electrochromic applications by itself,
similar to PANI metal complexes [172]. The detailed information gained during
this project could be the basis for further development of polymeric phenothiazine
type polymers starting from polyaniline and sulphur. The resulting ladder type
polymers differ from the well defined compound PANI-S presented in this work by
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the higher electron delocalisation, which makes them conductive in intermediate
oxidation states. The low solubility of polyaniline-S derivatives and their ability
to transfer reversibly multiple electrons might make polyaniline-S/Li batteries
with capacities of 180 - 200 Ah/kg at an average discharge voltage of 3.6 V an
appealing goal of future research.

5. Solid polymer electrolytes

5.1. Introduction
Almost every battery developed so far - independent of the electrode materials
used, except sodium-sulphur - employs a liquid electrolyte. The main reason is
the high mobility of ions in liquids, enabling low internal resistivity and high power
output. Despite the wide usage these liquid systems have some disadvantages and
alternatives are evaluated since the discovery of ionic conductivity in polyethylene
oxide (PEO) in 1975 [64]. Solid electrolytes facilitate the cell design and prevent
leakage of liquids. This is an important safety advantage, especially for mobile
devises where additional sealing could cause a weight problem [173]. In addition
to safety, solid electrolytes might also provide possibilities for cost reduction as no
expensive liquids stable at high voltages are required and as fabrication and cell
design are less complex [174]. Another advantage is the low self-discharge and
therefore good storage possibilities, usually combined with high thermal stability
[175]. In the field of LIB metallic lithium anodes would provide higher capacities
but application is hindered by the problem of dendrite growth during cycling. Using
solid electrolytes this issue may be improved, and metallic lithium anodes could
lead to higher energy densities in LIB. Disadvantages of solid electrolytes are the
generally lower conductivity compared to liquid systems and therefore the lower
efficiency and lower power output. Another potential problem are mechanical
stresses, especially with temperature changes, that can lead to cracks and poor
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contact to the electrodes. Also the use of nano particular active materials does
rise extended contact problems with solid electrolytes.

5.1.1. Types of solid electrolytes
Many different types of solid electrolyte systems have been evaluated that can be
separated in four main categories, namely polymer gel electrolytes, dry polymer
electrolytes, composite electrolytes of organic and inorganic materials as well as
pure inorganic electrolytes.
The last mentioned inorganic electrolytes have properties most different from
liquid electrolytes. Generally inorganic electrolytes share a high chemical and
thermal stability and high mechanical stability. The conductivities for most
systems are lower than for those containing liquids, at least in the low temperature
range [176]. Big advantage of solid inorganic electrolytes is the stability at
high temperatures and due to the increasing conductivity with temperature
they were used in high temperature batteries and even more often in fuel cells.
The mechanical stability also may help to prevent dendrite formation when
metallic lithium is precipitated at the anode. The materials used for theses
inorganic electrolyte systems mainly are oxides, sulfides and phosphates [173]
and in the case of LIB they preferably conduct Li+ ions. Phosphates are among
the most frequently employed materials for inorganic electrolytes. Starting from
LiTi2 (PO4 )3 many materials were developed, finally leading to LiAl0.3 Ti1.7 (PO4 )3 ,
which shows a high lithium conductivity among inorganic electrolyte materials,
reaching 7 · 10−4 S/cm at room temperature [177]. These values are however
only reached inside the crystallites and polycrystalline films of this phase exhibit
conductivities in the range of 10−7 S/cm at room temperature, only, due to
interfacial resistivity [178, 179]. The sulfide based material Li10 GeP2 S12 is among
the ones with highest lithium conductivities at the moment, with 1.2 · 10−2 S/cm
at room temperature [180]. In a full battery with LiCoO2 , however, only 120 Ah/kg
could be reversibly used, corresponding to 86 % of the full capacity. A major
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problem with inorganic electrolytes is the interface between electrode and solid
electrolyte [181]. The high hardness of both materials prevents contacts over the
whole surface area leading to enhanced contact resistances and low efficiency of
the battery. Therefore combinations of inorganic electrolytes and liquids are tested
to improve the contact resistances [182], but with this approach many advantages
of solid electrolytes are lost again.
A very different approach are gel electrolytes that can be considered as a
system in between solid and liquid as they contain some solvent properties. Either
this solvent is incorporated in micro pores or the polymer is swollen taking up
solvent. Gel electrolytes typically show quite high conductivities due to the high
mobility of charge carriers in the solvent-containing polymer [183]. The soft
matrix also leads to the downside of very limited hindrance to dendrite formation.
Plasticisers are also used in gel electrolytes [184] to improve the flexibility. Often
a clear discrimination between plasticizer and solvent is difficult to make, the main
property they have in common is the low molecular weight compared to the polymer.
Examples can be based on many polymers, two examples for prominent materials
used in gel electrolytes are the following: First tri(ethylene glycol) diacrylate
(TEGDA) with ethylene carbonate/propylene carbonate (EC/PC) incorporated in
the cross linked polymer, leading to a conductivity of 2.7 · 10−3 S/cm at room
temperature [185]. Secondly poly(methyl metarcylate) (PMMA) is used in many
gel electrolytes as the pure polymer is mechanically not flexible enough and
conductivity is usually low. A blend of PMMA and poly(vinyldiene fluoride)
(PVDF) with up to 65 % dimethyl phtalate (DMP) as a plasticiser and 8 % lithium
perchlorate can reach conductivities of 4.2 · 10−3 S/cm at 30 ◦ C [186].
Instead of combining solid materials with liquids a promising alternative is
forming composites of inorganic materials and polymers. The content of ceramic
material can vary over a wide range, starting from traces and going up to 66 %
[187]. With these differences one aims for different effects at both ends of the
scale. Three main motivations for such composites can be separated. With high
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ceramic contents the focus is on the conductivity of the inorganic material and
the polymer mainly provides good contact between the ceramic particles and to
the electrodes. For low ceramics content the main aim of adding ceramic particles
is to prevent the polymer from crystallisation and to create less dense areas inside
the material to facilitate chain and ion movement. A third aspect of ceramic filler
materials in polymer matrixes is the enhancement of mechanical stability through
composite formation. Soft polymers usually require more mechanical strength to
prevent short circuiting through dendrites or simple pressing during assembly. This
can be especially important when the system is run at elevated temperatures. Of
course, mixed effects of the above-mentioned ones are possible and often desired.
Theoretical works show that conductivity of ions in polymer-ceramic composites
happens mainly at the surfaces of the inorganic particles [176], thus for every
composite small particles and good mixing are important. If no lithium conducting
materials are employed the prominent materials added are standard oxide particles
that can be produced in small particle sizes like SiO2 [188], TiO2 [189] and Al2 O3
[190]. Composite electrodes are made based on all standard polymers used for
solid electrolytes, like PEO or PEG [191]. For PMMA based electrolytes it is
often required to prevent crystallisation and to improve ion movement through
the polymer [192].
Next to these three groups of solid electrolytes pure polymers can be used as
electrolyte materials, too. Single types of polymers can be employed as well as
copolymers. The conductivities in such systems rely entirely on ion movement
through the solid polymer matrix. To enhance the mobilities flexible polymer
chains are important. In addition, the chain movements can be raised with not
too dense packings of the polymer chains, as smaller segments can then move
[193]. This is one reason why crystallisation should be impeded in electrolyte
materials and preferably amorphous regions should be formed [194]. If the chosen
polymer does not solidify in an amorphous state by its own this can be enhanced
by copolymerisation. Monomers with different functional units or side chains and
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different lengths of the repeating units will lead to polymers that can not order
easily. The second advantage of the copolymer approach is the possibility of
tailoring other properties besides chain flexibility [148]. By combining different
functional units also the solubility of lithium salts and the compatibility with the
electrodes can be improved.
Examples for numerous materials and material combinations can be found in
the literature, the most common ones are presented in the following brief overview.
One of the most studied polymers still is PEO, although its conductivity without
plasticisers or other additives is only in the range of 10−7 S/cm (all values given at
room temperature). Using EC/PC as plasticiser it can be improved to 10−6 S/cm
[195]. Copolymers of poly(styrene) (PS) and PEO exhibit higher conductivities
of 10−4 S/cm even without any plasticisers [196]. The less often used poly(vinyl
sulfone) (PVS) similarly shows high conductivities of around 10−4 S/cm, making
it a promising candidate for electrolyte application [197]. PMMA is also used in
blends of two polymers, but high conductivities in these systems are only achieved
when using plasticisers. Poly(vinyl chloride) (PVC)/PMMA with EC/PC [198]
and PVDF/PMMA with DMP [199] are examples for these combinations yielding
up to 4.2 · 10−3 S/cm but having the disadvantages of plasticiser contents.
Using polymer electrolytes has an additional advantage when designing a full
battery cell. The electrodes (with the exception of the metallic lithium anode)
require binders to hold the pellets together. Instead of polymers used as standard
binders like PVDF the electrolyte polymer can be used as contact provider between
electrode and electrolyte layer. Besides a good mechanical contact between the
layers the electrolyte polymer can also enhance local ion conduction inside the
electrode.

5.1.2. Lithium ion sources and mobility in solid electrolytes
While inorganic electrolyte materials contain lithium ions themselves most polymer
electrolytes require the addition of lithium salts for enabling of ion conductivity.
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In LIB applications anion mobility should generally be decreased as it could lead
to concentration variations and undesired discharge effects [200]. For efficient
lithium exchange between the electrodes high transference numbers for lithium
are desired (i.e. high fraction of the current being transported by Li+ ). It was
found that anion mobility decreases with increasing Li salt concentration due to
lower free volume [201]. Anion mobility even influences Li+ mobility as can be
shown by pinning the anions in the structure. Complexation of anions by chelating
reagents (e.g. pyrrole derivatives as Calix[4]pyrrole) can increase the Li+ mobility
by orders of magnitude [202]. This is explained by the fact that a strong binding
of the anion weakens the Li+ -anion interaction and releases the Li+ ions into the
matrix polymer.
An alternative to using lithium salts as additives and trying to limit the
mobility of the anions is incorporating the anions into the polymer matrices. Side
groups in the monomers containing lithium salts lead to polyanionic polymer
matrices containing Li+ . By this method the Li+ transference number naturally
is 1 but the overall conductivity can still be limited. In such a system containing
PEO and poly(lithium vinylsulfonate) (PLVS) conductivities around 10−6 S/cm
at 50 ◦ C are reported [203].
In this project the focus is laid on polyanionic polymers as well as on avoiding
the problems associated with fluorinated lithiums salts. If traces of water are
present, hydrofluoric acid (HF) can be formed in such systems which induces
severe corrosion problems on all components of the battery. The polymerisation is
carried out using radical polymerisation triggered by photo-initiators. This method
allows for very flexible film preparation and can have advantages for industrial
production as well. Like this polymer electrolyte films could easily be prepared
in a coating line where the polymerisation can be initiated by UV light right on
the electrode layer. For an improved contact between electrolyte and electrode
composite films of the Li+ ion conducting polymer and the active cathode material
are prepared and used for battery testing.
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5.1.3. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful tool for the analysis
of electrochemical properties. By measuring the AC equivalent of the Ohmic
resistance in a DC circuit, several frequency dependent conduction processes can
be studied. The impedance Z is defined analogue to the resistance R in Ohm’s
law U = R · I, but using time dependent AC expressions for potential and current
(see equation 5.1). The frequency dependence of conductivity in many circuits
leads to a phase shift φ between the applied potential E(t) and the resulting
current I(t).

Z=

E(t)
E0 sin(ωt)
sin(ωt)
=
= Z0
I(t)
I0 sin(ωt + φ)
sin(ωt + φ)

(5.1)

Using Euler’s relationship the sinus can be expressed by a complex exponential
[204], giving a real and imaginary part of the impedance (equation 5.2).





Z = Z0 exp(iφ) = Z0 cos(φ) + i sin(φ)

(5.2)

The common Nyquist representation plots the negative of the imaginary part of
Z vs its real part while scanning through the measurement frequencies. In this
representation conduction processes showing a phase shift between potential and
current appear as semicircles above the Re(Z) axis. Low frequency values are on
the right hand side of the arc and high frequency values on the left hand side.
The diameter of this semicircle corresponds to the resistance of the conduction
process. In figure 5.2a this is shown in a schematically drawn example. The
major shortcoming of this representation is the missing direct information about
frequencies. From the highest point in the semicircle a characteristic time for the
process (relaxation time) can be calculated according to formula 5.3.

τ =

2π
ωat max.

(5.3)
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A"
The resistance of the wiring (Rw in figure 5.2a) is measured in every experiment,
B"
too, but the resistance is usually so low compared to the inner device effects
C"
that it can easily be missed. To interpret Nyquist plots an equivalent circuit
D"
E"
is needed and the measured data can be fitted to the equivalent
circuit. For
the Nyquist plot in figure 5.2a the equivalent circuit is given in figure 5.2b. In

,Im(Z)"

high"frequency"end"
ω"

low"frequency"end"

Re(Z)"
Rw"

Rb"

(a) Nyquist plot of a single conduction process (Rb ) in series
with wiring resistance Rw .

C"

C"

Rw"

Rb"

(b) Equivalent circuit to the plot in
figure 5.2b

Figure 5.2.: Idealised example of Nyquist impedance plot with corresponding equivalent circuit.

practical measurements often only parts of the semicircle can be seen and with

Rb"

more complicated systems it is likely to have more than semicircle. They can
be clearly separated from each other or overlap which makes fitting necessary to
obtain individual arc diameters. By this method different conduction processes can
be separated and the corresponding resistivity of each process can be evaluated.
The situation is more complex than the example in figure 5.2 when measuring
solid electrolytes, as not only the electrolyte has to be considered but also the
contact area to the electrodes. An equivalent circuit reflecting these two effects
is shown in figure 5.3. The process inserted in the outer circuit represents the
electrode-electrolyte interface with its capacity Ce and resistance Re . Typically
Ce is orders of magnitude larger than the geometrical capacity Cg , therefore at
low frequencies an arc with diameter of Re /2 around Rb +Re /2 is expected from
the interfacial impedance [205]. At high frequencies an arc with diameter of
Rb around Rb /2 corresponds to the bulk impedance. Depending on the charge
transfer resistance Re different magnitudes for the low frequency interface arc arise.

,Im(
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lithium, respectively composites [207]. For evaluation of the bulk resistance the
diameter of the first arc can be used and the resistivity can be calculated taking
into account the sample thickness and measured area.
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5.2. Methods
5.2.1. Polymer synthesis and film preparation
The whole solid electrolyte project is a cooperation project with the group of
Prof. H. Grützmacher and Dr. M. Trincado, who mainly did the polymer
synthesis. The composite film preparation preparation and all measurements were
performed in this work. Both parts are illustrated here for better understanding
and completeness. Synthesis of BAPOs, crosslinker and resulting polymers are
protected by patent [208] or are currently in process of being patented [209],
therefore not all details of chemical structures can be given.
SO3Li
O O
O
O
The polymers prepared during this project are synthesised by photo-initiated
S
S
polymerisation. As initiators
N the group of bisacylphosphane oxides (BAPOs) is
used to which a variety Li
of+ functional side chains can be attached. A selection
of the BAPOs used in this work is listed in a patent [208]. In figure 5.5 the
general structure of the BAPOs used for the described polymerisations is shown,
comparable to that published in [210].
O

O
O
P

BAPO
side
chain

Figure 5.5.: General structure of the BAPO photo-initiators used for polymerisation.

The optimized polymer was obtained by radical photochemical polymerization
of three main components, methyl methacrylate (MMA, monomer 1, structure
shown in figure 5.6a), lithium styrene sulfonate (monomer 2, structure shown in

S

O

BAPO 1

Li

monomer 2

O

crosslinker

figure 5.6b) and a lithium sulfonate
analogue cross-linker (generalised structure
Li+
O
Li+
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is shown in figure 5.6c). MMA (99 %, 6 30 ppm MEHQ, Aldrich Switzerland) is
used directly after distillation to remove the radical inhibitor 4-methoxyphenol
(MEHQ). Monomer 2 is received commercially (> 94 %, Tosoh Europe B.V.,
The Netherlands) and was purified before usage by recrystallisation from bis(2methoxyethyl) ether. A BAPO containing a ethyleneglycol unit (BAPO-1) is
O

O

O

O

employed as photo-initiator for the reaction performed using UV light and a
S

S

surfactant is added to control the Nextension and morphology of the final polymer.
Li+

The ethyleneoxide group in the side chain of BAPO-1 applied in the optimised
polymer may enhance the Li+ solubility and might also raise its mobility.
O

O

O

S

O

SO3Li

O

S
N
Li+

O
(a) Methyl methacrylate
(monomer 1)

O

O

Li+ O

SO3Li

(b) lithium styrene sulfonate
(monomer 2)
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F

O

F

F

O

cross-linker

Li+ PF6-

O

F

Li+

F

Li+

monom

P
F

F
F

(c) Generalised structure of the cross-linker [209].
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Li+
O

Figure 5.6.: Structures of main components in lithium sulfonate polymer.

O

Li+ O

F

S

F

O

O

O

S

O

S

F

O

F

S

A slightly modified synthesis
was
suspensions
intended
F used for
F theLipolymer
+ ClO N
Li+ O
Cl
O
4
Li+ PF6Li
+
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O
S O O

Li

O

Li+

F
FP section 5.2.2 for details). Here lithium
to Fuse for composite
(see
F film preparation
F

O
F

F

F

O

F monomer emulsion prior to UV irradidodecane sulfate (LiDS) was added to the

ation (optimal total concentration 9 mmol/l, different amounts tested as well). It
F
F

O

O

O

S
F

S
N
Li+

O as surfactant and stabilises the polymer particles in the emulsion, leading
works
O
F
Li+
Om
n
to smaller particles. +During- the +washing step after polymerisation the surfactant
O
Li ClO4
Li O
Cl
O
O
O
F and should not be present in the final polymer sample.
O
O
S
O
is removed
F

p

O

O

Films of the polymer electrolyte were prepared used teflon
either
O templates,
O
flat teflon plates for large films or plates with 300 - 500 µm groves. These circular

P
O

n

O

m
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groves have the size of the electrolyte films required for conductivity and battery
tests. The polymer dispersion after washing (see above) is filled into the groves
or distributed over the teflon templates for drying. The films are dried in several
steps, first for 1 day at 50 ◦ C under Ar atmosphere, then for three days at 50 ◦ C
under vacuum (20 mbar). Films that are not directly used for measurements are
stored in room temperature Ar atmosphere.

5.2.2. Composite cathode preparation
Composite cathode were prepared in the ball mill based on lithium iron phosphate
(LFP) using conductive carbon additives and the sulfonate polymer. In a first step
carbon coated LFP (2 µm, A1100, Aleees, Taiwan) was premixed with graphite
(SFG6, Timcal, Switzerland) and Super P carbon black in an agate ball mill
(300 rpm, 2 x 10 minutes with reversed rotation direction). Then an aqueous
suspension of the polymer with solid loadings of 0.15 - 0.25 g/ml was added and
depending on the concentration some additional deionised water. For suitable
slurry viscosities it was aimed for a total solid of 0.5 g/ml. To prevent strong
foaming during ball milling and resulting holes in the cathode films, two drops
of tributyl phosphate (> 99.0 %, Fluka Chemie AG, Buchs, Switzerland) were
added as anti-foaming agent. After ball milling for 2 x 30 minutes (300 rpm, with
reversed rotation direction) a homogenous slurry was obtained. The amounts
used for different composite compositions are shown in table 5.1. An in-house
Table 5.1.: Compositions for polymer composite cathodes, % given are meant as weight % of the solid.

component
carbon coated LFP
SFG6 graphite
Super P
polymer (suspension)
deionised water

low polymer mix 1
composition
weighted
75 %
1.5 g
10 %
0.2 g
5%
0.1 g
10 %
0.8 - 1.3 ml
2.7 - 3.2 ml

high polymer mix 2
composition
weighted
55 %
1.1 g
10 %
0.2 g
5%
0.1 g
30 %
2.4 - 4 ml
0 - 1.6 ml
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designed doctor blade setup was used to form films from this slurry on standard
aluminium foil (15 µm). 210 - 510 µm thick slurry resulted in dry film thicknesses of
40 - 100 µm. The films were dried analogue to the polymer electrolyte films, after
one hour under room temperature air flow at least 12 h in 50 ◦ C Ar atmosphere
followed by at least 24 h at 50 ◦ C under vacuum. For battery applications the dry
films have to be pressed in order to reduce voids in the film and improve contact
between particles. Therefore circular pieces for the electrodes were cut from the
films. These films were covered with a new Al foil on the composite side and a
waxed weighting paper on the Al side. This package was placed in a manual press
between to stainless steel plates and was pressed with about 2 t, equivalent to
about 10 MPa.

5.2.3. Impedance measurements
Measurements were carried out in the frequency range of 500 kHz to 1 Hz using
an excitation amplitude of 50 mV and averaging each data point over four measurements (VMP3, Biologic SAS, France). Circular samples of 17 mm diameter are
cut from the electrolyte film and the samples are placed between to round stainless
steel discs (1.8 cm2 ) and sealed for air and moisture protection with a temperature
stable tape. A self-designed sample holder inside a furnace is used, contacting the
samples with a constant force through spring contacts. A schematic drawing of
the setup is shown in figure 5.7. At each temperature a holding step of 20 min. is
applied for thermal equilibration and two scans are recorded. Only if both scans
result in the same line shape the data is used for evaluation. From the obtained
line shapes (described in section 5.1.3) three ways to extract the bulk resistance
are possible.
1. Fitting the electrolyte arc with the EC-lab software (V.10.23, Biologic
SAS, France), using the equivalent circuit described in section 5.1.3 or a
simplification leaving out the interfacial impedance as blocking electrodes.
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A"
B"
C"
D"

E"

Figure 5.7.: Schematic drawing of self-designed setup for EIS measurements with gold-plated spring contacts
(A) in contact with VMP3 potentiostat, airtight sealing tape (B), electrolyte film to measure
(C), stainless steel contact plates (D) and furnace with temperature range of 25 - 100 ◦ C (E).

From this fit the diameter of the bulk impedance arc is directly obtained.
2. Selecting the minimum in the Nyquist plot between the electrolyte arc and
the beginning of the interfacial arc. The x-axis value can then be taken as
the bulk resistance as no noticeable resistance of the wiring is measured.
3. Using a straight line fit to the beginning of the interfacial arc the x-axis
intersection can be taken as the bulk resistance same as for the minimum
method.
The resistances R obtained as described above are then used to calculate the
conductivity σ according to

σ=

d
A∗R

(5.4)

where d is the sample thickness and A the sample area measured between the
steel plates. All three options to determine R were tested on several data sets
and the resulting conductivities are compared. As the differences are below 1 %
on average usually R is determined from the minimum in the Nyquist plot. An
additional reason not to use the arc fitting is the fact that for several samples only
very few points on the electrolyte arc were obtained and the fitting showed strong
deviations. For each material at least two samples are measured to exclude errors
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from e.g. bad contacting and for all materials reported here both measurements
gave the same result.

5.2.4. Battery setup
Electrochemical performance was tested in two different cell types. Battery
tests were performed in coin cells described below and stability tests using CV
were performed between to metallic lithium electrodes in in-house designed two
electrode cells. These cells contain of an outer stainless steel container that is
closed by screwing and sealed with a polypropylene (PP) ring. Inside there is a
PP cylinder which holds the electrodes and the electrolyte, as shown in figure
3.2 in section 3.2.3. Within this cylinder the polymer electrolyte film was placed
on circular pieces of metallic lithium with 17 mm diameter. The anode contact
with a second Li foil was then pressed down on the electrolyte with a spring
when the outer container was screwed together. Titanium was used for both
electrode contacts. The test cells were assembled in dry Ar atmosphere (H2 O
and O2 6 0.1 ppm). Cyclic voltammetry experiments were used to characterise
the electrolyte stability towards lithium as well as the Li+ transport properties.
Scan rates of 0.5 mV/s were used in the potential range of -0.25 V up to 4.0 V
(all potentials given refer to Li+ /Li).
Battery tests are performed in standard coin cells (CR2025, Renata, Switzerland). Lithium metal is used as anode material and the composite films described
in section 5.2.2 as cathode materials. As a comparison for the composite cathodes
also a standard commercial (non-composite) LPF cathode is used (85 % LFP,
the same type as used for the composites, 10 % carbon and 5 % PVDF binder,
Renata, Switzerland). For galvanostatic experiments usually a current of 20 mA/g
was used (based on the active material). Starting from the OCV first a charging
(delithiation) step up to the maximum potential was applied, then a discharging
(lithiation) step down to the minimum potential.
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5.3. Experiments and Results
Before the poylmerisation experiments the purity of the monomers was tested by
elemental analysis and NMR. As shown in table 5.2 elemental analysis confirms the
successful synthesis of the cross-linker. The purity of monomer 2 also improved
during recrystallisation but still does not match the calculated values exactly.
This is probably due to coordinated molecules of bis(2-methoxyethyl) ether.
After polymerisation completeness of the reaction was tested by IR and NMR
spectroscopy and no signs for unreacted monomers were found.
Table 5.2.: Elemental analysis of monomer 2 and cross-linker.

element
C
H

monomer 2 [wt.%]
calculated
found
50.5
52.6
3.69
3.80

cross-linker [wt.%]
calculated
found
54.1
53.4
3.94
4.10

Using two monomers and a cross-linker with the same functional vinyl group a
copolymer containing these three building blocks is obtained. A general structure
of the polymer is shown in figure 5.8. Here next to an initiator molecule with
the phosphane oxide group blocks of the two monomers and the cross-linker are
shown. The order of MMA (m), the lithium sulfonate monomer (n) and the
cross-linker (p) are not fixed. Also the three components can be mixed and are
not clearly separated like in this schematic illustration. The polymer with this
general structure is referred to as sample B2 97 throughout this work and its
properties in respect to the use as solid electrolyte in LIB are studied in detail.
Modifications of this material are also tested and described in section 5.3.4 with
the corresponding sample names.
Films of the polymer are prepared as described in section 5.2.1. The drying
conditions are an important aspect determining the mechanical properties of the
films. If drying is not sufficient the films stay in a soft, gel-like state with reduced
mechanical properties. These films are easily perforated during handling or in

side
chain
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Li+
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cross-linker
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Li+
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BAPO 1
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O

Figure 5.8.: General structure of polymer named B2 97 in this work. Repetition blocks of lithium sulfonate
monomer (n), MMA (m) and the cross-linker (p) are shown.

the test cells. In addition to the mechanical properties also the stability towards
lithium is impaired due to remaining water. After complete drying the films were
stable enough for manual handling even for thicknesses as low as 200 µm. Using
XRD no clear crystallinity is found, only a very broad signal in the 2 θ range of
10 ◦ - 25 ◦ is detected (see figure 5.17 in section 5.3.4). The two broad maxima
around 2 θ = 13.5 ◦ and 2 θ = 20.5 ◦ correspond to mean distances of 6.5 Å and
4.3 Å, respectively. These values can indicate chain distances in ordered regions of
the polymer, but from the signal width it can be stated that these ordered regions
are very small or not well defined. Also polarised light microscopy does not show
indications to crystalline regions.

5.3.1. Conductivity measurements
Impedance measurements reveal the expected line shape in Nyquist plot representation as displayed in figure 5.9. For stainless steel electrodes the typical
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behaviour of blocking electrodes is found: In the high frequency range an arc
of the bulk electrolyte is seen and at lower frequencies an approximately linear
increase, representing the interfacial impedance. Contrary to this, for lithium
electrodes a second arc showing the low interfacial resistance of non-blocking
electrodes appears. The bulk electrolyte arc exhibits similar resistance in both
measurements, steel and lithium electrodes, respectively. This behaviour is the
same for the whole temperature range studied (25 - 80 ◦ C), independently of minor
changes in compositions described in section 5.3.4.
6000

5000

B2_97, 60°C (Li || Li)
B2_97, 60°C (steel || steel)

-Im(Z) [Ohm]

4000

3000

2000

1000
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1000
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Figure 5.9.: Nyquist plot of B2 97 impedance, comparing steel and lithium electrodes.

From the blocking electrode impedance measurements the conductivity of the
samples is calculated as described above in section 5.2.3. For sample B2 97 and
all its modifications high conductivities are measured, reaching 0.5 mS/cm at
60 ◦ C. Figure 5.10 shows the conductivity of sample B2 97, plotted logarithmically
vs T−1 . At 60 ◦ C this polymer films shows a conductivity of 4.46 · 10−2 mS/cm,
which is in a range suitable for LIB application. This conductivity is comparable to
that of a related polymer used as solid electrolyte by Bouchet et al. [69]. In their
work a similar anion for the lithium salt functionality is used but without a crosslinker. The high conductivity in this work is interesting as crosslinking is generally
seen as a hindrance to ion mobility and can reduce conductivity [211]. For high
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ion mobility conduction paths are beneficial that are formed easier along linear
polymer chains than in a 3D network of crosslinked polymer. The linear increase
T [°C]

conductivity [mS/cm]

60.2

49.4

39.3

29.9

3.2

3.3

0.01

B2_97 (a)
B2_97 (b)

0.001

3

3.1

1000/T [K^-1]
Figure 5.10.: Conductivity of B2 97 derived from impedance spectroscopy.

visible in figure 5.10 indicates that the conductivity mechanism remains the same
throughout the temperature range measured. Differences of the mechanism would
lead to changes in the slope in such a plot. From the slope, an activation energy
of the conduction mechanism can be calculated using Arrhenius-type formula 5.5,
where σ and σ0 are the conductivity and the pre-exponential factor and Ea , kB
and T the activation energy, Boltzmann’s constant and the temperature in K,
respectively.

σ = σ0 exp −

Ea 
kB T

(5.5)

Sample B2 97 reveals an activation energy of Ea = 0.65 eV in the range of 30 60 ◦ C. This value is comparable to other lithium ion conducting solids [212] but
higher than for polymers with lithium salts dissolved within [213]. This could be
related to the sing-e ion conducting nature of the polymer B2 97.
Stability against lithium was tested by cyclic voltammetry between two lithium
electrodes in the potential range of -0.25 V to 4 V vs Li+ /Li using a scan rate
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of 0.5 mV/s. Figure 5.11 illustrates the observed behaviour at 40 ◦ C and 60 ◦ C.
The general developing of the curves is as expected from literature [214]. Lithium
stripping at positive potentials has its maximum between 1 and 1.5 V and up to
4 V no increase of the current is seen. This exemplifies the stability of the polymer
film up to voltages high enough for application with standard cathode materials
like LFP. In the negative potential range lithium deposition on the electrode takes

0.15

B2_97: CV (Li || Li ), 40°C
B2_97: CV (Li || Li ), 60°C

current [mA]

0.1

0.05

0

-0.05
0

1

2

3

4

potential vs Li [V]
Figure 5.11.: CV spectra of B2 97 between two non-blocking lithium electrodes.

place. The fact that for negative potentials the current is always negative shows
that no significant overpotential exists for the lithium deposition. Interestingly
the current already drops at around +0.3 V. The reason for this is not fully clear,
but may have to do with a special binding of lithium at the electrode/electrolyte
interfaces. In addition to the CV measurements, stability of the polymer films
against lithium was also tested by placing the film on freshly cut lithium in dry
Ar atmosphere. In regular time intervals (1 h, 1 day, 1 week) the film is lifted up
and the interface was inspected optically. For unstable or not fully dry films a
colouring of the lithium surface is visible, for B2 97 the metallic surface remains
unchanged.

SE_04)
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5.3.2. Composite cathodes
The first films prepared showed varying properties and were not well reproducible.
Some films did not stick well to the Al foil, others cracked easily. The analysis
of SEM images of these films indicates a possible cause: cracks in the films
as shown in figure 5.12a usually occur in regions where also sphere-like large
particles are found. These particles do not match the film components (LFP,
graphite and Super P) and from the rather dark appearance in the SEM images
they are expected to consist of light elements. Therefore, these particles may be
assigned to polymer agglomerates. They are present after ball milling and also
after pressing the film (figure 5.12b). With total polymer contents of 10 - 30 % it
is important to have the polymer well distributed throughout the films to achieve
good and homogeneous binding properties. As this problem did not appear always

5)μm)

sem

4)μm)

(a) Crack formation due to insufficient binding of the (b) Polymer agglomerates leading to inhomogeneous
polymer, as-prepared film.
polymer distribution, pressed film.

sem cathode films showing the effect of polymer agglomeration (marked).
Figure 5.12.: SEM images of composite
GS10520press_SE_16)

the change in the polymer suspensions used to make to composite mixtures were
analysed. Zeta size measurements show a bimodal distribution of particles with
maxima around 200 nm and 6 µm. The second set is increasing relative to the first
with increasing time after preparation of the suspension. Some large agglomerates
like this can use up the majority of the polymer, as the large particles have a
volume of about 30’000 times that of small particles, leaving behind an insufficient
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amount of the polymer for composite formation. Therefore, the addition of LiDS
as surfactant during polymer preparation was introduced, leading to more stable
suspensions, indeed.
Zeta size measurements of polymer suspensions containing LiDS show a
uniform distribution of the particles size between 100 nm and 200 nm. So the
surfactant not only stops the agglomeration to large particles but also leads to
slightly lower diameters for the smaller particles. The size distribution remains
unchanged after 2 weeks aging, showing the stability of the suspension, so that it
can be used for the preparation of composite films.
Two compositions of composite cathode films were prepared and showed
clearly different morphologies. For 10 % polymer content the as-prepared film
(see figure 5.13a) looks like a mixture of the components. LFP particles (bright),
graphite flakes of a few µm and very fine Super P particles can be discriminated and
no polymer particles are visible. After pressing (figure 5.13b) a more homogeneous
film is formed with some particles laying still on top. These images clearly show
the compression of the film, reducing the porosity significantly. The films with
30 % polymer show quite different morphologies on the SEM images, although by
eye the look similar. Already in the as-prepared films (figure 5.13c) all particles are
covered with a layer of polymer, forming an inner surface. After pressing (figure
5.13d) a flat surface with some pores is seen. All particles are bound within the
film and not directly visible any more. All pressed films show enhanced mechanical
stability and can be handled manually for battery assembly without problems.

5.3.3. Battery performance
After the B2 97 films did show good conductivity the first battery tests were
conducted. The composite electrodes described above are used as cathodes and
metallic lithium as anodes. For a comparison also a commercial cathode without
lithium conducting polymer was tested under otherwise the same conditions.
Charge and discharge rates were 20 mA/g (corresponding to about c/8). The
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Figure 5.13.: SEM images of composite cathode films with different compositions, compared before and
after pressing.

131211$B2$116$30$pressed_02)

composite cathode used has a mass of 5.16 mg, including Al foil, which leads
to 1.46 mg composite material and an active mass of 1.1 mg. This composite
cathode (containing 10 % polymer) shows capacities close to the theoretical value
(152 Ah/kg in the first cycle at 60 ◦ C), and is stable for the five cycles measured
at this temperature. Impedance spectra are measured after every charging and
discharging steps at 60 ◦ C. After these five cycles the cell was transferred to
another measurement device for long term measurement and the temperature
was increased to 70 ◦ C. At this new temperature the capacity first increases to
167 Ah/kg before it started to decay slowly. After 20 cycles 144 Ah/kg were still
measured. In comparison the commercial (not composite) cathode shows very
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low capacity (90.6 Ah/kg in the first cycle) and a quick drop during subsequent
cycles (27.7 Ah/kg after five cycles and 12.7 Ah/kg after ten cycles). All these
measurements are illustrated in figure 5.14. While it is obvious that with a solid

specific capacity [Ah/kg]
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Figure 5.14.: Capacity development during the first cycles, comparing composite cathode (10 % B2 97
polymer, 75 % LFP) with commercial cathode (no ionically conducting polymer, 85 % LFP).

electrolyte a non composite cathode does not work well the first results with
the composite cathode are promising and will be analysed in more detail. In a
recent study [69] a similar triblock copolymer has been used as electrolyte using
composite cathodes as well. The capacities reported are in the same range as
measured in this work.
Looking at the battery measurements displayed in figure 5.14 it can be seen
that with the composite cathode especially at 70 ◦ C charge and discharge capacity
differ significantly. This corresponds to a Coulombic efficiency of clearly less
than 100 % and could be a reason for the drop in capacity with cycling. In
the first cycle at 70 ◦ C 95.9 % of the charge capacity can be extracted during
discharge, after 15 cycles this value drops to 92.4 %, showing an acceleration of
the capacity fading. This is also seen in the potential development during charge
and discharge illustrated in figure 5.15. Another aspect that can be derived from
this plot is the exchange potential. In optimised LFP based LIBs the potential
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Figure 5.15.: Potential vs specific charge during cycling of B2 97 battery (composite cathode) at 70 ◦ C.

during charge and discharge is very stable and does not show high potential
differences. In the case of the presented battery with B2 97 as electrolyte the
potential difference between charge and discharge increases during every cycle.
This potential difference indicates the presence of noticeable overpotential. While
it is around 0.1 V in the beginning of cycle 1 it increases to almost 0.4 V in the
end of the cycle. This overpotential further increases during cycling until it ranges
from 0.2 V to 0.6 V in cycle 15. This potential difference is less pronounced at
60 ◦ C but also here an increasing overpotential is observed. This development
can be followed by impedance measurements after every half cycle. It is quite
likely that this effect is due to a destructive side-reaction.
Measuring impedance spectra of a full battery yields slightly more complex
results than using simple metal electrodes. This is because now two different
interfaces on both sides of the electrolyte are present and ionic conductivity in
the cathode and the electrolyte can lead to overlapping signals. Fortunately, it
is found that both effects do not influence the impedance spectra much. This
is probably because the interface between electrolyte and composite cathode
has little influence due to the same polymer in both layers and the composite
conductivity is dominated by electronic conductivity in carbon, which would only
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be seen at very high frequencies in impedance spectroscopy. The Nyquist plots of
the full battery are comparable to the measurements with two lithium electrodes.
A high frequency arc from the bulk conductivity is seen after every cycle in
charged and discharged state, plus a smaller one at low frequencies from the
electrolyte-electrode interface. In between these two another arcs becomes visible,
which quickly grows from cycle 1 to 5. This effect is observed in both charged and
discharged states as displayed in figure 5.16. This additional conduction process
indicates the formation of a solid electrolyte interfacial layer (SEI). The resistance
of this layer increased during the first five cycles from less than 100 Ω to about
1000 Ω, as seen in figure 5.16a. This raises the overall resistance (electrolyte +
SEI) significantly. Interestingly the resistance of the bulk electrolyte in the charged
state drops from around 4500 Ω in the first cycle to about 3500 Ω in the fifth
cycle. This counterbalancing effect reduces the magnitude of the overall resistance.
In the discharged state however the tendency is the other way round. Starting
from a lower resistance in the first cycle compared to the charged state (around
3300 Ω) it rises during cycling (figure 5.16b). Although the complex results of
the impedance spectra cannot reveal the nature of the processes leading to the
observed capacity fading alone, they give important indications to the origin of
this behaviour. The often observed formation of an SEI layer seems to increase
the cell resistance and creates an additional overpotential. This leads to lowering
of the Coulombic efficiency and loss of capacity during cycling.

5.3.4. Modifications of the polymer
In parallel to the battery tests described above modifications of the polymer were
prepared and also investigated. Films containing the surfactant LiDS used to
prepared stable slurries for composite preparation show comparable mechanical
properties compared to those without LiDS. No noticeable difference in the
handling of both types of films was observed. The XRD patterns however change
for these films. As displayed in figure 5.17 a similar broad signal is seen but the
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Figure 5.16.: Impedance spectra during first cycles of B2 97 battery at 60 ◦ C, compared with impedance
between to lithium electrodes.

maximum around 2 θ = 13.5 ◦ almost disappears and only the second maximum
around 2 θ = 20.5 ◦ is visible. This shows that the larger distance in the structure
of 6.5 Å is not present any more while the second characteristic distance of
4.3 Å remains unchanged. The addition of LiDS therefore has an influence on
the polymer structure. Independently of this slight changes of some ordering the
overall polymer does not show clear signs of crystallinity.
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Figure 5.17.: XRD pattern of the films B2 97 (no LiDS) and B2 116 (5 wt.% LiDS).

To get more insight into the change induced by the surfactant 7 Li NMR was
measured for both polymers, B2 97 without LiDS and B2 116 with 5 wt.% LiDS
added during synthesis, respectively. A comparison of the 7 Li NMR of the lithium
containing monomer 2 and the cross-linker is shown as well in figure 5.18. As
mentioned in the very beginning of section 5.3 no signs of remaining monomers
are found in the NMR spectra of the polymers. The chemical shifts of the signal
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Figure 5.18.: 7 Li MAS solid state NMR spectra of B2 97 (no LiDS) and B2 116 (5 % LiDS) compared with
the lithium containing monomer 2 and the cross-linker.
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of the two polymers differ clearly, indicating a modified chemical environment
resulting from the addition of LiDS. The signal of sample B2 116 also is narrower
than that of B2 97, hinting at a higher mobility of the Li+ ions. No second
signal is seen in sample B2 116, so it can be assumed that the washing after
polymerisation removes the surfactant. The resulting changes are therefore only
due to different configuration of the copolymer induced by the surfactant present
during polymerisation.
Further influences of the addition of LiDS can be seen when measuring
conductivity via impedance spectroscopy. A series of samples with different
amounts of LiDS added (from B2 97 without LiDS up to samples with 10 wt. %)
is compared in figure 5.19 at 40 ◦ C and 60 ◦ C. The trend at both temperatures is
the same, illustrating the significant influence of LiDS on polymer conductivity.
Minor addition of LiDS (1 wt. %) leads to a reduction in conductivity by a factor
of four compared to B2 97. Similar values are obtained for the maximum addition
of 10 wt. % LiDS although here at 40 ◦ C the conductivity is slightly higher. For
intermediate LiDS contents of 5 wt. % and 7 wt. % conductivity increases sharply
with a maximum of an order of magnitude larger compared to B2 97 for 7 wt. %
LiDS.

conductivity [mS/cm]

60°C
40°C
0.1
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0
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Figure 5.19.: Conductivity at 40 ◦ C and 60 ◦ C of polymers using different contents of the LiDS surfactant.
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Another test points towards the special role of the BAPO photo-initiator used.

This can influence the polymer not only via the side chains attached but also
via its polymerisation properties, potentially leading to different molecular weight
distributions of the polymers. Besides the BAPO-1 with a PEO group in the side
chain used for the preparation of sample B2 97 three other BAPOs were tested,
which are listed in patent [208], claims 1 and 2. The sides chains of these BAPOs
contain a siloxane (BAPO-2), a chloride salt (BAPO-3) and a polysiloxane group
(BAPO-4). For theses experiments diethyl phthalate (DEP) was used instead of
TEG as plasticiser (5 wt % as for the other polymers), the precise influence of DEP
and other plasticisers is still under investigation. For polymerisation experiments
the conditions were kept the same as for the initially used BAPO and the total
molar amount of BAPO-2 to -4 is 0.45 %, too. Despite these small amounts
used for polymerisation the effects on conductivity are significant. 5.20 shows the
conductivity of the polymers based on the BAPOs given above in the temperature
range of 25 ◦ C - 60 ◦ C compared to B2 97. The samples 112a, 112b and 112c
correspond to BAPO-2, BAPO-3 and BAPO-4, which are mentioned above. From
B2 97 to sample b2 112c conductivity increases by about a factor of five at 40 ◦ C
and a factor of three at 60 ◦ C. The maximum conductivity of 0.14 mS/cm at 60 ◦ C
is reached for the polymer with the poly siloxane containing BAPO-4. This sample
however exhibits a deviation from the linear increase on the plot of logarithmic
conductivity vs T−1 . This indicates a change of the conduction mechanism at
higher temperature or the influence of a second conduction process.
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Figure 5.20.: Conductivity of polymers using other BAPOs as photo-initiators.

5.4. Summary and outlook
In this project a single ion conducting copolymer for the use as electrolyte in LIB
is synthesised by UV initiated radical polymerisation. It consists of two monomers
(MMA and lithium styrene sulfonate) and a cross-linker. Impedance spectroscopy
analysis shows a high conductivity of the polymer in the temperature range of
25 - 70 ◦ C, in the order of 10−4 S/cm at 60 ◦ C. The self standing polymer films
show good mechanical stability enabling manual handling of films as thin as
200 µm.
Composite cathode films are prepared based on the polymer as both Li+ ion
conducting matrix and binder with carbon coated LFP as active material and
conductive carbon additives. First battery tests using these composite cathode
films and the polymer electrolyte show high capacity of 167 Ah/kg at 70 ◦ C but
a capacity fading due to relatively low Coulombic efficiency of 95 %, leading to
144 Ah/kg after 20 cycles. Detailed analysis of the impedance development during
the first cycles shows a growing interfacial resistance together with an assumed
SEI formation. This is identified as the possible cause for capacity fading.
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Several modifications of the polymer were prepared and tested for their Li+

ion conductivities, demonstrating that further improvements are achievable by
using different photo-initiators, other plasticisers and a surfactant, present during
the emulsion polymerisation. The surfactant LiDS has a significant influence on
polymer structure and on its properties and should be studied in more detail in
order to understand the precise reasons for these effects. A working composite
cathode has been prepared but its composition and preparation is not optimised
yet. Clearly, that should also be subject of further research.

6. Conclusions and outlook

The progress in the field of lithium ion batteries over the past two decades has
made them the leading technology for mobile storage of electrical energy. Despite
this remarkable improvements the available energy densities are limiting the
development in important fields, namely mobile electronic devices, handheld tools
and electrical vehicles. Also the maximum power of storage devices is an important
parameter as most batteries exhibit significant reductions of their performance
when fast charge and discharge rates are applied. In this work four aspects of
electric energy storage have been investigated and some promising results are
documented that might help future improvements in the field of electrochemical
energy storage.
Partially reduced graphite oxide is known to undergo an electrochemically
induced activation reaction during oxidative cycling in different aprotic solvents.
It was demonstrated that this activation reaction can be utilised to form new
layer separations. Clearly, the electrolyte used has an influence on the activation
behaviour. Layer distances of 5.4 Å up to > 12 Å were found, which makes regions
in between the layers accessible for electrolyte molecules. A direct consequence of
the large available surface comparable to that of graphene are the capacities of
up 200 F/g which make such materials interesting for the use in electrochemical
double layer capacitors. The increased layer distances might as well lead to
enhancements of the capacity of graphite based anode materials in lithium ion
batteries or open a field of catalytic applications of GO. The mechanism of the
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activation is not yet fully understood although a prominent role can be assigned
to the BF−
4 anion present in the electrolyte. Therefore, future experiments should
focus on the reaction products by more in-situ measurements and the analysis of
species present in the charged state.
The layered material LiBC has a high theoretical capacity of 1’176 Ah/kg,
about 7 times as high as LiFePO4 . Its lithium extraction and intercalation
behaviour was studied in detail and a strong dependence of the initial capacity on
the particle size was found. More than 600 Ah/kg, equivalent to an extraction of
about 50 % of the lithium, were found in the first cycle. In subsequent cycles this
capacity drastically diminished, indicating a partially irreversible character of the
extraction. The cause for this irreversibility was analysed and NMR results point
towards the formation of new bonds between the BC layers. This is expected
to prevent the re-intercalation of lithium between the layers. The attempted
insertion of other positively charged ions did not lead to more stable cycling.
Some improvements however were achieved by ball milling of LiBC together with
graphite oxide, but the reversible capacities are still clearly below values useable
for battery applications.
Polyphenothiazine is a promising candidate for rechargeable battery application
due to its high number of redox states and its electrical conductivity in all but the
neutral state. To explore its properties in detail, the five ring molecule PANI-S was
synthesised as a well defined model compound for polyphenothiazine. It shows
promising electrochemical behaviour with fully reversible cycling of two or four
electrons in the range of 0.5 - 1.5 V vs SHE. As its solubility in common battery
electrolytes is too high, no direct battery tests could be performed yet, in order to
confirm the theoretical capacity of 167 Ah/kg (based on two electrons transferred).
Reacting PANI-S with iron compounds like FeCl3 and K4 Fe(CN)6 leads to metal
complexes. However, they do not show an improved electrochemical activity as far
as CV measurements reveal. Similar reactions with copper compounds (CuCl2 and
Cu(acac)2 ) do not form comparably stable complexes. The detailed information

179
obtained during this project may become the basis for further development of
polymeric phenothiazine type ladder polymers.
For the implementation of metallic lithium as anode material in lithium ion
batteries solid electrolytes are expected to become pivotal prerequisites. A single
ion conducting copolymer was analysed for this purpose and the influence of
the different components and composition was studied. Large conductivities in
the temperature range of 25 - 70 ◦ C were found, reaching 5 · 10−4 S/cm at 60 ◦ C.
Composite cathode films based on this polymer could be used for first battery
tests, a capacity of 167 Ah/kg at 70 ◦ C was found. The capacity fading due to a
Coulombic efficiency of 95 % was analysed, indicating growing interfacial resistance
due to SEI formation. As an ongoing research, presently the performance of the
test cells is constantly improving and publications will follow the patent process.
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A. Appendix

A.1. Experimental Infrastructure
Furnaces
Resistivity tube furnace Heraeus Ro 4/50 for syntheses up to 1100 K
Resistivity tube furnace GERO HTRV 40-250 for syntheses up to 1700 K
Electric Arc Furnace inside a dry box with argon

Ultrasonic bath
Bandelin Sonorex Super 10 (maximal power 410 W).

Powder X-Ray Diffraction
Bruker AXS D8 PD, PSD-50m Detector (M-*Braun), CuKα1 = 1.54056 Å, in
Bragg-Brentano geometry.
Stoe STADI P, equipped with Dectris MYTHEN 1k silicon strip Detector, bent
Ge- Monochromator, CuKα1 = 1.54056 Å.

Magnetic Measurements
SQUID Magnetometer MPMS 5S, in quartz tubes.

Differential- and Thermogravimetry
Netsch STA 409, in corundum crucibles. Netzsch DSC 404, in corundum crucibles.

Infrared spectroscopy
Room temperature Raman spectra were recorded from a WITec CRM200 confocal
micro-Raman spectroscope using a 532 nm green laser delivered through a single
mode optical fiber. This type of fiber supports only a single transversal mode

XXIV

Appendix

which can be focused to a diffraction-limited spot of about 400 nm (100x objective
of NA = 0.8). The backscattered light was cut by a super-notch filter and focused
into a 50 µm pinhole. The spectrometer was equipped with a Peltier-cooled charge
coupled device (CCD) camera. The spectral resolution was 1 cm−1 .

Electron Microscopy
Tecnai F30 microscope (manufactured by FEI) with a field emission gun (FEG),
Vacc = 300 kV, and Cs = 1.2 mm.
FEI Quanta 200 FEG High Voltage: 0.2-30 kV, Emitter: Schottky Type, Detector:
SE, BSE; EDAX Pegasus EDX+EBSD, GATAN MiniCL.

Electrochemistry
Galvanostatic and potentiodynamic measurements were monitored by Astrol, a
program from Astrol Electronic AG. A potentiostat (BAT-SMAL battery cycler)
was connected using a serial cable to a personal computer via a serial/analog
converter. The in-house built two electrodes cells are described in Chapter 3.2.3.
Impedance spectroscopy was measured using a BioLogics VMP3 and the corresponding software EC Lab.

A.2. Additional experimental results
A.2.1. LiBC

Figure A.1.: EDX analysis of LiBC milled with GO (1:1 ratio), showing boron, carbon and oxygen as the
main elements in the sample.

A.2 Additional experimental results

XXV

A.2.2. PANI-S

Figure A.2.: Detail from SQUID measurement of PANI-S with linear regression fitting to calculate the
effective magnetic moment.
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Figure A.4.: CV measurements of PANI-S in different solvents, showing their influence.
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Figure A.5.: IR spectra of PANI-S compared to PANI-S complexes with Cu(acac)2 .

