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Zusammenfassung

Diese Arbeit ist an der TU Wien und an der ETH Zürich entstanden und besteht daher
aus zwei Teilen.

Der erste Teil wurde an der TU Wien durchgeführt und beschäftigt sich mit der Meth-
odenverbesserung der Zyklovoltammetrie. Diese Methode wird für Tests der Inhibitor-
wirkung gegen Korrosion angewandt, um das Korrosionspotential und den Korrosion-
sstrom zu berechnen. Dazu müssen die gewonnenen Daten transformiert werden um
den Tafel Plot zu erhalten und lineare Regressionen müssen an die Kurve gelegt werden.
Dieser Prozess ist oft nicht einheitlich durchgeführt, da die Kriterien für die Regression
nicht genau festgelegt sind.
Im Rahmen dieser Arbeit wurde daher ein Computerprogramm basierend auf MAT-

LAB entwickelt, weches die einheitliche Auswertung übernimmt. Ein groÿer Vorteil dieser
Automatsierung ist die dadurch erbrachte Zeitersparnis. Die Auswertung einer Messreihe
mit zwei Zyklen konnte in weniger als einer Minute ausgewertet werden. Das erstellte
Programm konnte sogar stark rauschende Signale verwerten.

Der zweite Teil der Arbeit wurde an der ETH Zürich durchgeführt und beschäftigte
sich mit Li7La3Zr2O12 (LLZO), einem Feststo�elektrolyt mit Granat�Struktur. Durch
Einbringen geringer Mengen an bestimmten Fremdelementen wie z.B. Ga kann die Struk-
tur von tetragonal auf kubisch geändert werden. Die kubische Phase ist als Elektrolyt
für Li�Ionen�Batterien sehr interessant, da sie Li�Ionen gut leitet.
Im Rahmen dieser Arbeit wurde an neuen Dotierungen geforscht und die erste funk-

tionierende Batterie mit Feststo�elektrolyt hergestellt. Mit dieser Batterie wurde auch
ein LED�Lämpchen zum Leuchten gebracht.
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Summary

This work was executed at Vienna University of Technology and ETH Zürich. Therefore,
it is split in two parts.

The �rst part was done at Vienna University of Technology and was dedicated to the
method re�nement of cyclic voltammetry. This method is used for corrosion inhibitor
testing, especially for �nding the corrosion potential and the corrosion current. First, the
data needs to be transformed to get the Tafel plot. Next, the linear regression needs to
be done. There does not exist an uniform method, therefore the regression might di�er
with the operator.
In this work a computer program based on MATLAB for data evaluation was devel-

oped. The big advantage is the saving of evaluation�time. A measurement with two
cycles was evaluated in less than a minute. Even noisy data could be processed.

The second part of this work was done at ETH Zürich and was dedicated to the garnet�
type electrolyte Li7La3Zr2O12 (LLZO). With the help of small amounts of doping, e.g.
Ga, the structure could be changed from tetragonal to cubic. This cubic structure is
interesting because of it high ionic conductivity for Li�ions. This phase can be used for
the development of new all solid state Li�ion�batteries.
In this work new dopings were investigated. Furthermore, the �rst solid state battery

was built and operated. This battery was also able to light a LED.
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1. Introduction

Copper is a metal with a long history of usage. The earliest evidence on usage was found
in western Asia and dated back to 8000 B.C.E.[2] The reason for this was that copper
was available in pure metallic form and was easily formed because of its low hardness.
The Latin word cuprum derived from the large copper mines on Cyprus and translated
as "Metal of Cyprus"[2].

The invention of the �rst copper alloy, bronze, marked a new age in history. The
use of this material was important for military and cultural purposes. The invention of
how to make iron not only from meteorites but also from ores, changed the material of
weapons from bronze to iron and steel. Furthermore, copper was used for decorative and
cultural reasons. The great comeback of copper occurred with the general understanding
of electricity and the invention of electrical devices and wires. Copper has a high thermal
and electric conductivity and can be formed easily. Till today copper is an important
material and often can not be easily substituted by other metals [3].

Nevertheless, the corrosion of copper represents a major problem in the industry. In
case of corrosion the copper metal dissolves to copper ions and electrons and can be re-
deposited at places with high electric �eld strength. As a consequence metal depositions
are formed leading to so�called dendrites.

In general copper is quite a noble metal with a standard electrode potential at 25 ◦C
of +0.337 V [4, p.77] for the chemical reaction 1.1.

Cu2+ + 2e− → Cu (1.1)

In this work the corrosion of copper should be minimized by selected additives. The
main target is to de�ne a standard method for testing the corrosion inhibition e�ciency
by cyclic voltammetry, which is a promising and often used analytical method in this
�eld of study [5][6][7]. However, the main problem is that there is no standard procedure
for the evaluation of the measurement data. Therefore, a program/code for an automatic
data processing was implemented using MATLAB.

Values like the corrosion potential and the corrosion current were automatically calcu-
lated from the raw data by the use of Tafel plot to characterize the corrosion inhibition
e�ciency.
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1. Introduction

1.1. Corrosion

Corrosion of metals is a well-known phenomenon and occurs everyday varying in speed,
mechanisms and visibility. The reason for this are the di�erent chemical kinetics and
mechanisms of the corrosion reactions. Especially the free reaction enthalpy is impor-
tant to determine the direction of the viewed chemical reaction. Nevertheless, the free
reaction enthalpy can not give a statement about the kinetics of the corrosion reaction.

1.1.1. General De�nitions and Reasons for Corrosion Science

Our industry is based on the usage of a variety of materials, which should be chemically
and physically stable for as long as possible. That this is not possible is well known from
reality. The reasons for corrosion are numerous and are highly in�uenced by tempera-
ture and humidity often enhanced e.g. by the corrosive e�ect of the polluted air. For
that reason it is very important to know the working conditions and the surrounding
environmental in�uences of the usage of the material [8].

Corrosion describes a reaction at a phase boundary leading to damage of the material
[9, p.1]. Normally, people think about metal corrosion when talking about corrosion.
Even so, the de�nition of corrosion applies to all kinds of materials, like for example
plastics or glass.

Corrosion is a chemical process that requires:

1. an anode reaction: Me→Men+ + ne− (Oxidation)

2. a cathode reaction: Men+ + ne− →Me (Reduction)

3. the electrolyte, in touch with both anode and cathode and therefore able to transfer
the ion current

4. a conductive connection of anode and cathode for transferring electrons.

To inhibit corrosion, one of these four requirements need to be absent. This can be
done for example by protective layers on the anode and/or cathode to separate the elec-
trolytes from the corrosive electrolyte.

The general reaction equation of the anode is given in equation 1.2.

M →M z+ + ze− (1.2)

Here, M , M z+ and e− refer to the metal, the metal ion and the transferred electrons.
The cathodic reaction is described in equation 1.3.
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1. Introduction

M z+ + ze− →M (1.3)

Summarized, anodic reactions release electrons which are consumed by the cathodic
reactions in the system.

As mentioned before, the free reaction enthalpy ∆G is important to determine in which
direction a reaction takes place. It is connected to the electrode potential, E, shown in
equation 1.4. Here F is the Faraday Constant.

∆G = −zEF?? (1.4)

If the value of ∆G is nearly zero, the driving force of the reaction will be small to
non-existent. If ∆G becomes a negative value, the reaction is called exergonic,i. e. a
spontaneously occurring reaction. Reactions like the burning of fuels with oxygen to
carbon dioxide and water or the rusting of iron are exothermic reactions. A ∆G which
is positive characterizes an endergonic reaction [10].

1.1.2. Thermodynamics and Kinetics

Literature for this subsection were [11], [10], [12], [8] and [4].
One of the most important values in connection with the ∆G is the electrochemical

potential µ̃. It is de�ned by the equation 1.5.

µ̃ = µ+ zFφ (1.5)

µ is called the chemical potential or partial molar energy and is a form of potential
energy that can be absorbed or released in a chemical reaction [13].φ is the is the lo-
cal electrostatic potential. In case of an uncharged species, which means z = 0, the
electrochemical potential has the same value as the chemical potential.

νAA+ νBB + · · · → νZZ + νY Y + · · · (1.6)

∆G = νZ µ̃Z + νY µ̃Y + · · · − [(−νA)µ̃A + (−νB)µ̃B + · · ·] =
∑
k

νkµk (1.7)

Concerning equation 1.7 it can be seen in that ∆G is the sum of all νkµk in case of
considering the whole chemical reaction in 1.6 where the electrical charges of the involved
phases do not change. In case of a single electrochemical half-cell this condition is not
given while for a Daniell cell it is ful�lled.
The chemical potential can also be written as

µk = µ0k +RT lnAk (1.8)
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1. Introduction

with Ak as the activity of the component A. If 1.8 is inserted in 1.7, it leads to

∆G =
∑

νkµ
0
k +RT ln ΠAνkk (1.9)

and with ∑
νkµ

0
k = ∆G0 (1.10)

where ∆G0 is called free standard-state free energy of formation. So ∆G is also de�ned
by

∆G = ∆G0 +RT ln ΠAνkk (1.11)

The electrode potential can be calculated combining equation 1.4 and 1.11:

E = E0 − RT

zF
ln ΠAνkk (1.12)

Equation 1.12 is a form of the Nernst equation and makes it possible to calculate the
value of E at di�erent temperatures and concentrations. The concentration is mathe-
matically connected to the activity by a linear equation with the activity coe�cient as
proportional coe�cient. The standard electrode potentials (E0)are measured against a
de�ned reference potential (0 V) i.e. the potential of the standard hydrogen electrode
(SHE) at 25 ◦C. Table 1.1 gives a selection of some standard electrode potentials.

Table 1.1.: Some standard electrode potentials at 25 ◦C (part of table in [4, p.77])

Electrode Standard electrode potential vs. SHE
Au3+ + e− = Au + 0.771
Cu+ + e− = Cu +0.520
Cu2+ + 2e− = Cu + 0.337
2H+ + 2e− = H2 0.000
Fe2+ + 2e− = Fe �0.440
Zn2+ + 2e− = Zn �0.763

Metals like copper with positive standard electrode potentials are called noble metals,
while metals with negative potentials like zinc are called ignoble metals.

A form of graphical presentation of thermodynamic data is the Pourbaix diagram,
also called potential-pH diagram. The Pourbaix diagram is used in corrosion science,
electrodeposition, geological processes and hydrometallurgical extraction processes rep-
resenting the relative stabilities of solid phases and soluble ions in aqueous environment
[4, p.78]. A typical Purbaix diagram is shown in Figure 1.1. The two parameters given
in the Pourbaix diagram are the electrode potential (E) on the y�axis and the pH of the
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1. Introduction

Figure 1.1.: Domains of corrosion, immunity and passivation of copper, at 25 ◦C [14].

environment on the x�axis.

Three important areas can be seen in these diagrams:

1. In the area of immunity, no corrosion occurs due to a stable species of the metal.

2. The second area describes the corrosion of the metal. Here, soluble ions form.

3. When an insoluble solid reaction product is stable (e.g. oxides) and forms a layer
on the metal, the metal is protected. This area is called passivity.

The temperature dependence of the kinetics of a corrosion process can be described
by an Arrhenius's equation:

r = A exp
−∆G∗

RT
(1.13)

Here, A is a constant and ∆G∗ is the activation energy. If equation 1.4 is applied, and
r is exchanged with i, the electric current, then equation 1.14 is obtained:

i = k exp
−∆G∗

RT
= k exp

zFE∗

RT
(1.14)

The constant A has changed in the process and instead there is a new constant k.

1.1.3. Types of Corrosion

Theoretically uniform corrosion should occur on solids, but in reality selective corrosion
of small areas is common [15]. Macroscopically seen, the corrosion happens on the whole
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1. Introduction

surface with the same corrosion rate. In reality, the macroscopically �at surface is �nely
structured. Therefore, local corrosion takes place.

The reasons for this selective type of corrosion are either di�erences in the electrolyte
like pH value or the concentration of dissolved oxygen or some local defects in the metal.
Normally there are lots of grains and face boundaries, since industrially used metals are
normally not in the form of a perfect single crystals.

Two well�known types of local corrosion are shallow corrosion and pitting corrosion.

Both types are related to contact corrosion. It occurs often if metals have a noble
metal coating. If the coating is damaged, the noble metal coating will act as the cathode
and the non�coated metal acts as the anode. Because of the huge cathode and the small
anode formed, a huge driving force for corrosion between both occurs. This leads to the
formation of holes.

The ratio of the depth to the diameter of the hole decides the name of the corrosion
type. For swallow corrosion the diameter is huge and the depth is small, while it is the
other way for pitting corrosion [15].

Another way to group corrosion phenomena is at which pH�Value they occur.

Acid corrosion happens when a solid and clean metal is attacked by a non-oxidizing
acid. In this case the metal starts to dissolve. During this process hydrogen gas develops
[9, p.122].

In neutral or alkaline environment combined with the precence of dissolved oxygen,
oxygen corrosion occurs. The oxygen is reduced and corrosion products of the metal are
formed [9, p.134-135]. This corrosion products can form protection layers on top of the
metal.

1.1.4. Copper [1, p.1433�1452]

Like mentioned above copper is a metal with high electronic and thermal conductivity.
It is quite noble but can react easily with other elements, i.e. with oxygen, over time.
In fact, there is always a thin copper oxide layer on the top of the copper metal under
normal environmental conditions.

When copper reacts with oxygen two di�erent kinds of oxides can be formed, depend-
ing on the oxidation state of the copper. Both forms are insoluble in water but soluble
even in light acids and in ammonia�containing solutions due to copper�ammonia com-
plexes. With hydroxides copper forms a blueish, �u�y solid (Cu(OH)2). One of the two
possible oxides of copper is Cu2O. Cu2O is a orange to brown coloured solid with a
cubic crystal structure It is a semiconductor with a band gap of around 2 V. The other
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1. Introduction

Figure 1.2.: Potential�pH equilibrium diagram for the system copper�water at 25 ◦C.

oxide of copper is CuO. CuO is a black solid with a monoclinic crystal structure. It is
used as a catalyst or as an electrode in batteries or is also taken as a pigment.

The Figure 1.2 shows a potential�pH equilibrium diagram considering Cu, Cu2O and
CuO in water. From the data of this �gure the zones of immunity (Cu), corrosion
(Cu�ions) and passivation (Cu�oxides) can be found.

14



2. Methodology

2.1. Cyclic Voltammetry

The method chosen to investigate the corrosion characteristics of copper in a corrosive
medium was cyclic voltammetry. In corrosion science this technique is a standard method
to gather information about corrosion systems and is often supplemented by impedance
spectroscopy. Other applications for cyclic voltammetry in chemistry are the study of
chemical reactions to gain information about the stability of intermediate and �nal prod-
ucts, reversibility and electron transfer kinetics or to get substance speci�c information
like formal reduction coe�cient or di�usion coe�cient [8].

Figure 2.1.: Schematic representation of a typical potential cycle between two selected
potentials (E1 and E2).

For the cyclic voltammetry experiment a potential is applied to the working electrode
which changes over time. The current is recorded and afterwards often normalised by the
area of the electrode. This helps to compare the results of di�erent experimental set�ups.
The potential applied to the working electrode cycles between at least two values with
a given slope, like shown in Figure 2.1. The boundary potentials (smallest and highest
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2. Methodology

applied potential (E1 and E2)) have to be chosen carefully.It is essential that these se-
lected potentials include the potentials for the relevant electrochemical phenomena.

Also, the slope has to be chosen with consideration. There can be huge di�erences
in the results measured with di�erent voltage sweep rates. The voltage sweep rate af-
fects the reaction of the sample greatly, so it is important to measure at di�erent rates
or already know the system well enough to choose the right sweep rate for the experiment.

Cyclic voltammetry also has special requirements for the reaction itself and the elec-
trolyte solution. Most of the theory used in voltammetry is based on completely reversible
reactions. If the investigated reaction is not reversible, the theoretical approach has to
be a di�erent and more di�cult one. It is also a common practice to use a so�called
support electrolyte to negate the in�uence of outer electrical �elds on the experiments.
A support electrolyte is a electrolyte with a lot of ions.

For the evaluation of the data the operator needs a lot of experience. Recently powerful
simulation programs were developed to understand the processes in detail. Nevertheless,
a profound knowledge and understanding of corrosion is needed to perform a reasonable
interpretation.

In this master thesis the behaviour of copper in di�erent electrolytes and voltage sweep
rates (10 mv/s and 20 mV/s) were examined in the voltage range of −1.8 to 1.3 V. The
recorded current pro�le was measured against the Hg/Hg2SO4 reference electrode. To
get insight into the in�uence of the dissolved oxygen concerning copper corrosion, the
experiments were performed with and without dissolved oxygen, i.e. purging with nitro-
gen, in the solution.

2.2. Making Electrodes

The working and the counter electrode were self�made. The following process was used
to prepare the electrodes:

• The �rst step is to clean a piece of wire of the selected material from organic
compounds. Therefore, the wire was heated in a �ame.

• For the platinum counter electrode at least half of the platinum wire is wrapped
around a steel wire. For conductivity, the wires were connected with a silver paste.

• The wires are molten in a glass capillary in a way, that the electrode material is
strongly embedded in a thin layer of glass at one side. For the platinum wire the
embedded side has to be the one where only platinum is present.

16



2. Methodology

Figure 2.2.: Image of two self�made electrodes.

• The copper wire and the steel wire are connected to a long isolated wire on the
end opposite to the glass embedding. The connection is �xated by soldering and
sheathed by a shrink sleeving.

• The whole wire construction is embedded in a glass tube using the EpoFix Resin
and Epo�xHardener (25:3 mixing ratio).

• The electrodes are smoothed and honed using sand paper, grade P4000.

The electrodes are shown in Figure 2.2.

2.3. Chemicals

• EpoFix Resin

Contains: Bisphenol�A�epichlorhydrin, epoxy resin (number average molecular
weight ≤ 700), oxirane, mono[(C12�14�alkoxy)methyl]derivs.
(Struers)

• Epotix Hardener

Contains: Triethylentetraamin, 2�(2�Aminoethylamino)ethanol
(Struers)

• Zinc oxide (98%)
CAS�No.: 1314�13�2
(Alfa Aesar)

• 4�Methylimidazole (98%)
CAS�No.: 822�36�6
(Alfa Aesar)

• Ascorbic acid
CAS�No.: 50�81�7

17



3. Results and Discussion

3.1. Program for Evaluation of Data

In corrosion science the point of intersection in the Tafel plot from measurements of
cyclic voltammetry is an important characteristic value which holds both, qualitative
and quantitative information. Therefore the point of intersection is used for comparing
di�erent materials in reference to their corrosion resistance or for the characterisation of
corrosion inhibitors. It is crucial to �nd this characteristic value in a reproducible way.
Furthermore, it is important to make sure there is an experimental set�up to allow the
same edge conditions, as well as the same processing and evaluation of the data recorded
from the measurement. Many di�erent ways to process data are found in literature. For
the data processing computational methods are preferred, due to the fact that a com-
puter program works with strict criteria for data processing, ensuring the reproducibility
of the task and minimizes the time for data processing.

The �rst step to program a code for processing the measurement data is to choose
a suitable programming language. Programming languages like Python [16] or C# [17]
are widely-used and powerful tools. The user needs to be aware of many concepts of
programming, i.e. the assigning of storage space for variables. The output of the data in
form of pdf-�les or images also need some knowledge. An easier way for beginners in pro-
gramming a code is the use of MATLAB which is the short form of 'Matrix Laboratory'.
The program written in MATLAB can be used by either typing the program name in the
control window of MATLAB or by opening the program in MATLAB and pressing the
'Run'�Button. Because of the easy use, MATLAB is taken as the program for processing
the recorded data measured by cyclic voltammetry. Another advantage of this program
is the simple translation of the implemented MATLAB code to a Python or C# program.

3.1.1. Flow Chart of the Tasks

The operating principle of the implemented MATLAB code is shown in Figure 3.1. The
working tasks of loading the raw data and calculating the characteristic value of the point
of intersection due to the Tafel Plot have been simpli�ed using smaller tasks.

The �rst draft of the �ow chart is shown in Figure 3.1 where the task of the program is
separated into six smaller tasks: Getting the raw data from the �le, transforming y�axis
to obtain the Tafel Plot, �nding the minimum value of the Tafel Plot, de�ning the area
of regression, calculation of the point of intersection and the data output in form of plots
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3. Results and Discussion

Getting the raw data from
the �le (.raw format)

Transforming y-axis to
obtain the Tafel Plot

Finding the minimum
value of the Tafel Plot

De�ning the area of regression

Calculation of the
point of intersection

Data output in form of
plots and numerical values

Figure 3.1.: Tasks to be performed.

and numerical values.

The beginning is the acquisition of the raw data to the local memory of the program.
Furthermore, the name of the measurement �le should be saved for the labelling of the
output data and the plots. As a result they are clearly assigned to the input data.

The second step should be the transformation of the data in a way that the Tafel Plot
can be used for data analysis. Within this step the potential versus the Hg/HgSO4

reference electrode has to be transformed to the potential versus normal hydrogen elec-
trode. This is an important step to easily compare the results from other working groups
in the literature [18][7][5].

For making the data processing reproducible, the criteria for choosing the areas of
data for the regression have to be always the same. The idea for this program was to
�nd the absolute minima in the Tafel plot in every cycle (means the zero�point in the
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3. Results and Discussion

Figure 3.2.: A characteristic .dat �le opened with MATLAB's import data function

non�transformed data). This minimum is used as a point of origin for �nding an area
with a certain distance to both sides of this point. Here, the area of 10 to 80 mV to both
sides of the point of origin were chosen. In this area, there is no in�uence from di�usion.
This kind of formulation has the advantage of a stable program, even when measurement
conditions change. It is not dependent on the number of data points. however, there is
one disadvantage: If there are only two points in the desired area, the regression is done
only with these two points.

After the regression is done, the point of intersection of the chosen regression lines
have to be selected, which can be done by simple math. The results are the corrosion
potential and the corrosion current. Furthermore the resulted slopes of the regression
lines give information about the behaviour of the inhibitor (anodic or cathodic). The
corrosion current gives information on the corrosion rate.
The �nal task is the output of the archived information in form of plots and a tabular

or a text �le. For this thesis the program should be able to show the points of intersection
and the regression lines in Tafel plots with the transformed data.

3.1.2. Generation and Transformation of Raw Data

The raw data is provided in the �le format of .dat with some header lines describing the
information about the measurement and the data in form of space�separated numerical
values. 3.2 symbolically shows a characteristic .dat �le opened with the import data
function of MATLAB. For the implemented code the processes of opening the raw data
and saving the raw data to the local memory should be done automatically. For this task
the used code is shown in Listing 3.1.
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3. Results and Discussion

Listing 3.1: Getting the data from the raw data �le

f i d = fopen ( f i l ename ) ;
data = importdata ( f i l ename , '  ' , 1 7 ) ;
f c l o s e ( f i d ) ;
xdata = data . data ( : , 3 ) ;
ydata = data . data ( : , 4 ) ;

Listing 3.2: Getting the path of the �le

[ FileName , PathName ] = u i g e t f i l e ( ' ∗ . dat ' , ' F i l e  S e l e c t o r ' ) ;
f i l ename = [ PathName FileName ] ;

For processing of the raw data, the �le has to be opened by the program described by
the �rst line of the code. Here, the �le �lename is opened. If the �le of the raw data
is saved in the same folder as the program, the name of the �le will be su�cient for
opening. Otherwise the path where the �le is found has to be included too. Due to the
fact that the �le of raw data normally is not saved in the same folder as the MATLAB
program, the task mentioned above is done with the code shown in Listing 3.2. With
the command uiget�le it is possible to choose a �le from the computer in a simple way.

After selecting and opening a �le, the data is imported by the importdata command
(second row of Listing 3.2). Here, the separator is speci�ed (in this case just a space) and
the number of headlines has to be given (here it is 17 ). The data is saved as the variable
data. Then the �le is closed again with the next command fclose(�d). The values for
potential are named xdata, while the current is named ydata.

The potential of every data point is transformed by adding 0.65. This transformation
of the raw data changes the potential of Hg/HgSO4 to the one versus NHE (Normal
Hydrogen Electrode). The y�axis in the Tafel plot shows the logarithmic current per
area. Therefore, the data is �rst divided by the area of the working electrode followed
by the logarithm from the absolute value of the result. The code is given in Listing 3.3�
the �rst line of the code transforms the potential, the second line transforms the current.
The electrode is shaped as a circle. Therefore the area of the electrode is easily calculated
by the formula (d/2)2 ∗ π. Here, d refers to the diameter (0.0125 cm).

Listing 3.3: Data Transformation

U = xdata + 0 . 6 5 ;
I i = log ( abs ( ydata /((0 .0125/2)^2∗ pi ) ) ) ;

3.1.3. Extrema of Potential Data and Minima of the Tafel Plot

Like mentioned above, it is important to �nd the minima of the Tafel plot. This oper-
ation is easy for the human operator by plotting the data and �nding the minima. For
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the computer, this process needs to be translated in a more systematic process.

When people look at the data of cyclic voltammetry measurements, they normally
have more than one cycle and they normally look at the minima of every single cycle.
Due to the face that measurement e�ects like random noise cause many minima, the
random noise has to be eliminated by smoothing the raw data (see Listing 3.4).

Listing 3.4: Smoothing the raw data and transforming it afterwards

iN=15;
In = conv ( ydata , ones ( iN , 1 ) . / iN , ' same ' ) ;
I t r an s = log ( abs ( In /((0 .0125/2)^2∗ pi ) ) ) ;

The smoothing is done by a convolution corresponding to the polynomial multiplica-
tion. In MATLAB the command conv is used. The word 'same' in the brackets means
that the resulting vector should have the same length as the �rst vector. In this case
ydata is entered.

Figure 3.3.: Tafel plot with raw data and smoothed data with di�erent iN.

Figure 3.3 shows a zoom into a Tafel plot. The raw data and the smoothed data with
di�erent iN (5, 10, 15, 20) are plotted. iN is the size of the multiplication vector. It can
be seen easily that a small iN leads to little smoothing. Nevertheless, the data is close to
the raw data. High value of iN leads to an extremely smooth curve and a loss of chemi-
cal information of the raw data. In this work the optimum value of iN turned out to be 15.

Afterwards, for separating the cycles, the position (means number of data point) of
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3. Results and Discussion

Figure 3.4.: The Potential which changes linearly during the measurement. The slope
between the extrema is strictly monotonic � normally a characteristic for
cyclic measurements in voltammetry.

the extrema of potential have to be found. This is done by the code given in Listing 3.5.

Here, the position in the data array, the value of the potential at the extrema and
the corresponding current per area of the smoothed curve are obtained in the matrix C.
Additionally, the �rst and the last point of the data should be included in the matrix C.
The �rst three lines of the code insert the �rst measured data point in the matrix C. The
last three lines add the last point in the raw data at the end of the matrix C. The con-
struction of the for�loop coupled with the if�condition is used to �nd the local maxima
of the curve. This is possible due to the fact that the slope between the maximum and
minimum values of the applied potential is strictly monotonic. This is shown in Figure
3.4. Figure 3.4 shows the value of the applied potential plotted over the number of the
data point.

Listing 3.5: Code for �nding Extrema of Potential

az=length (U) ;
n1=1;
C =[1 ,U(n1 ) , I t r an s ( n1 ) ] ;

for k = 2 : 1 : l ength (U)−1
i f (U(k−1)<U(k ) && U(k)>U(k+1)) | | (U(k−1)>U(k ) && U(k)<U(k+1))

n1 = n1+1;
C(n1 , 1 ) = k ;
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3. Results and Discussion

C(n1 , 2 ) = U(k ) ;
C(n1 , 3 ) = I t r an s (k ) ;

end

end

C(n1+1 ,1) = az ;
C(n1+1 ,2) = U( az ) ;
C( n1+1 ,3) = I t r an s ( az ) ;

The k in Listing 3.5 describes as the counter number repeating the for�loop. k is set
from 2 to length(U)-1 with the step size 1. The data value before and after the chosen
value have also to be considered, therefore the boundary values have to be considered
separately. This is done by adding them to the matrix separately.

The slope between the desired extrema is either strictly monotonic increasing or de-
creasing. The if�condition checks exactly this condition. If an extremum is identi�ed,
the desired values (position, potential and current of the smoothed curve) will be written
in the matrix C.

This receiving matrix is used afterwards in the Code of Listing 3.6. Here, the raw data
is separated into di�erent pieces of data to �nd the absolute minimum in the Tafel plot.
Like before for Listing 3.5 a counter number and a matrix for calculating the de�ned
results are initialised. Afterwards a for�loop is used to �nd the desired values and write
the identi�ed values in the matrix. This matrix is named Min. In the matrix Min three
values are recorded. The �rst value describes the index where the minima is found in
the whole set of the data. The second value describes the corresponding potential. The
third is the value of the smoothed current at the minimum. After this step all important
values for the interpolation are received from the raw data.

Listing 3.6: Finding minima in the smoothed data for the Tafel plot

c = 1 ;
Min = ze ro s ( c , 3 ) ;

for k = 2 : 1 : l ength (C)
e = C( c ) ;
f = C( c+1);

[M, I ] = min ( I t r an s ( e : f ) ) ;
Min( c , 1 ) = I+e−1;
Min( c , 2 ) = U( I+e−1);
Min( c , 3 ) = M;
c = c+1;

end
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3. Results and Discussion

3.1.4. Interpolation Areas, Interpolation and Point of Intersection(POI)

The interpolation areas are chosen to be on both sides of the minimum in the distance of
around 0.01 to 0.08 V. Note that this area is normally not a�ected by di�usion. However,
it is greatly a�ected by changes of the surface. This e�ect is not included in the data
processing, since the exact area of the surface in each cycle is not known. Furthermore,
the chemical composition of the surface can be changed during the experiment. This
leads to a deviation of the points of intersection of the di�erent cycles among each other
and should be kept in mind when interpreting the results.

Listing 3.7: Code for de�ning the corner points for the interpolation area

for k = 1 : 1 : l ength (Min)
i f abs (U(1)−U(Min( c ,1 ) ) ) >0 .08 && abs (U( l ength (U))−U(Min( c ,1 ) ) ) >0 .08

d =1;
while abs (U(Min( c ,1))−U(Min( c ,1)−d ) ) < 0 .08

d = d+1;
end

reg ( e , 1 ) = Min( c ,1)−d ;
reg ( e , 2 ) = U(Min( c ,1)−d ) ;
e = e+1;

d = 1 ;
while abs (U(Min( c ,1))−U(Min( c ,1)−d ) ) < 0 .01

d = d+1;
end

reg ( e , 1 ) = Min( c ,1)−d ;
reg ( e , 2 ) = U(Min( c ,1)−d ) ;
e = e+1;

d =1;

. . .

The code Listing 3.7 is the �rst part of the structure to �nd the corner points of the in-
terpolation. It is done with a combination of for�loops as well as if� and while�conditions.
It works as an iterative search until the given condition is not ful�lled. Then the position
of the value in the original matrix and the value itself are saved to a matrix called reg.
The matrix reg is used for the interpolation. Using the above mentioned way, the code
is resistant to little changes in the starting point. Listing 3.8 describes the interpolation
of the data over the de�ned areas.
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Listing 3.8: Interpolation over the de�ned areas.

for k = 1 : 1 : ( l ength ( reg )/2)
x = U( reg ( c ) : reg ( c +1)) ;
y = I t r an s ( reg ( c ) : reg ( c +1)) ;
p = p o l y f i t (x , y , 1 ) ;
F i t (d , 1 ) = p ( 1 ) ;
F i t (d , 2 ) = p ( 2 ) ;
y f i t = p (1) ∗ x + p ( 2 ) ;
y r e s i d = y − y f i t ;
SSre s id = sum( y r e s i d . ^ 2 ) ;
SSto ta l = ( l ength (y)−1) ∗ var ( y ) ;
r sq = 1 − SSre s id / SStota l ;
F i t (d , 3 ) = rsq ;
XFIT{1 , d} = x ;
XFIT{2 , d} = y f i t ;
XFIT{3 , d} = y ;
c = c+2;
d = d+1;

end

The interpolation is implemented with the poly�t�command. This command is already
implemented in MATLAB. The poly�t�command should perform as a linear �t. This is
done by setting the third argument of the poly�t�command as one. The slope(p(1)) and
the axis intercept(p(2)) are then written in the matrix Fit. The coe�cient of determi-
nation(COD) of the linear �t function is calculated and added to the matrix in form of
a single number. A coe�cient of 0 means no correlation. A coe�cient of 1 signi�es a
perfect linear correlation and a perfect �t. Additionally the values of x, y and of the
linear �t are saved. This will be important for plotting the obtained values.

Listing 3.9: Finding the point of intersection

for k = 1 : 2 : l ength ( Fi t )
i f Fit ( c)>0 && Fit ( c+1)>0 | | F i t ( c)<0 && Fit ( c+1)<0

c= c+1;
else

syms x y
A = [−1∗Fit ( c , 1 ) 1 ; −1∗Fit ( ( c+1) ,1) 1 ] ;
B = [ Fit ( c , 2 ) ; F i t ( ( c +1 ) , 2 ) ] ;

X = l i n s o l v e (A,B) ;

i n t e r s (b , 1 ) = X( 1 ) ;
i n t e r s (b , 2 ) = X( 2 ) ;
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c = c+2;
b = b+1;
end

end

In a next step the correct pair of slopes and axis intercepts have to be selected for the
calculation of the point of intersection (Listing 3.9).
With the linesolve-command a linear equation system can be solved. For this, the lin-

ear �t function has to be in the form −kx+ y = d and the value of x has to be speci�ed.
For this reason, A and B are de�ned. The resulting values, the coordinates of the point
of intersection, are saved in the matrix inters.

3.1.5. Plotting of the Results

Figure 3.5.: Raw data and �tted data measured in tap water.

Here, the user should be able to choose a directory for the data storage. The code for
choosing a folder is given in Listing 3.10. The plots should be generated automatically
and saved to the given folder. In addition, the pictures should be named similar to the
original data �le without the typical ending of the data format.

Listing 3.10: Selecting the folder to save the plots to and preparation for the name of the
plots.

directory_name = u i g e t d i r ( ' c : \ data\ ' , ' Save graph i c s  to . . . ' ) ;
[ pathstr , name , ext ] = f i l e p a r t s ( f i l ename ) ;
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3. Results and Discussion

Figure 3.6.: Fitted data curve (black) with areas of regression (blue), regression lines
(red) and point of intersection. Data measured in tap water.

Figure 3.5 shows a plot with the raw data curve (blue) and the smoothed curve (red).
Figure 3.6 shows the �tted curve (black), the areas for regression (blue), the regression
lines (red) and the point of intersection. The equations for the regression lines and the
coordinates of the point of intersection are shown above Figure 3.6.

With the help of this program the time processing the data and getting the desired plots
and the point of intersection of the �ts is done in less than one minute. That is a great
improvement for this task in time in contrast to the evaluation by hand. Furthermore,
the possibility to make mistakes while doing the evaluation is also minimised.
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3.2. Corrosion of Copper in Tap Water, NaCl and Ascorbic
Acid Solutions

The in�uence of tap water, NaCl and an organic acids on the behaviour of copper corro-
sion was tested.

It is known, that dissolved CO2 in the water leads to the formation of a coating on
copper [4]. The NaCl�solution was used to make the e�ect of pitting corrosion visible.
The ascorbic acid was chosen to investigate the e�ect of an organic, acidic chemical
compound on copper.

3.2.1. Tap water

A large number of di�erent ions are dissolved in tap water. In Vienna the water is anal-
ysed regularly and the last published analysis on wien.at [?] states that the main ions
found in the tap water are calcium, magnesium and sulfate. Additionally chloride, ni-
trate, sodium and potassium are found. Furthermore, CO2 is dissolved in the tap water
leading to the existence of the carbonate ion in the water.

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.7.: Exemplary plots for tab water The plots for every single �t alone from (b)
are shown in Figure 3.8.

The understanding of the chemical composition of the electrolyte is important for the
interpretation of the acquired data. Sulfate as well as carbonate can react with copper
ions, forming insoluble solids. The precipitate acts as protection layer on the surface of
the metal. This e�ect is often used in water pipes and heat exchanging devices to prevent
corrosion and prolong the lifetime of these devices [4]. Sulfate reacts with copper ions
into a black solid (CuSO4), while carbonate and copper form a green to mint coloured
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solid (CuCO3). A black layer can also be formed, i.e. by CuO. These corrosion products
of copper are also often seen on copper statutes and on copper roofs.

The sweep rates and potential ranges were varied for the experiments. Experiment 1
in Table 3.3 was measured at with a sweep rate of 2 mV/s in the range of -0.8 to 1 V.
Experiment 2 was measured with 20 mV/s in the range of -0.8 to 1.3 V. Experiment 3
was measured with the rate of 10 mV/s in the range of -0.5 to 1.3 V. Experiment 4 was
measured with the rate of 10 mV/s in the range of -0.8 to 1 V. The above mentioned
potentials are measured against the Hg/HgSO4 reference electrode, while the results
given in Table 3.3 were converted to the potential of the normal hydrogen electrode.
All measured curves look quite similar. As a consequence, the existence of a sweep rate
dependent reaction is excluded.

Experiment 1 was done after purging the electrolyte with nitrogen. The electrolyte
was also purged with nitrogen during the experiment. After this experiment, a green
coloured layer on top of the copper electrode could be obseved. It is assumed that a
CuCO3 layer was formed.

A black layer was observed after doing the same procedure with oxygen. It can also
be seen from the achieved data in Table 3.3 that there are di�erences between the values
for the point of intersection. The value for yPOI is more negative treated with oxygen.
This means that the corrosion current is lower. If oxygen is present in the electrolyte,
the corrosion potential(xPOI) is increasing. The formed carbonate layer was removed by
rinsing with water. The sulfate or oxide layer was removed by the treatment with an
abrasive paper. The changes in the corrosion current and the corrosion potential could
be connected to the formation of the di�erent protective layers.

After the formation of a sulfate or oxide layer the corrosion potential is shifted to a
smaller, more cathodic value. This behaviour of shifting the corrosion potential towards
more cathodic values is typical for protective layers which are more noble than the bulk
material. In general, these layers show better corrosion resistance than the bulk material.
Nevertheless, they are prone to pitting corrosion due to defect sites.

In Figure 3.7 the plots treated with oxygen are shown. The di�erence in the data
measured with rising and falling potential, as well as the quality of the �ts and the cor-
rect placement of the points of intersection can be seen easily. Towards higher potentials
the curves get �at and smooth. This is typical for a process in�uenced by di�usion. In
Figure 3.8 the areas of the �ts are zoomed in and the calculated point of intersection at
the time is given. Above the plots the linear equation of the �ts are given together with
the coordinates of the point of intersection. The coe�cients of determination (COD) for
this electrolyte are higher than 0.9, which means a good quality of the �ts.
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Table 3.1.: Mean values for xPOI and yPOI for nitrogen treated tap water.

Total mean value

xPOI yPOI
0.321V ± 0.051V −7.147± 0.770

Mean for anodic measured values

xPOI yPOI
0.281V ± 0.041 −7.794± 0.459

Mean for anodic measured values

xPOI yPOI
0.361V ± 0.002 −6.499± 0.236

Table 3.2.: Mean values for xPOI and yPOI for oxygen treated tap water.

Total mean value

xPOI yPOI
0.263V ± 0.085V −8.170± 1.042

Mean for anodic measured values

xPOI yPOI
0.186V ± 0.032V −9.116± 0.369

Mean for anodic measured values

xPOI yPOI
0.340V ± 0.002 −7.224± 0.097
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.8.: The plots show the smoothed cure in the back(black), the areas used for the
interpolation (blue) and the �ts(red), that lead to the point of intersection.
The corresponding numerical results are listed in Table 3.3 Experiment 4.

32



3. Results and Discussion

T
ab

le
3.
3.
:
R
es
ul
ts

fo
r
ta
p
w
at
er

as
el
ec
tr
ol
yt
e.
k
,
d
an

d
C
O
D

fo
r
th
e
�t
s
an

d
x
an

d
y
of

th
e
P
O
I
ar
e
gi
ve
n.

E
xp

er
im

en
t

k
1

d
1

C
O
D

1
k
2

d
2

C
O
D

2
x
P
O
I

y P
O
I

1
-2
9,
53

28
0,
05

67
52

0,
97

31
8

21
,8
67

5
-1
4,
43

88
0,
97

00
9

0,
28

20
1

-8
,2
71

9
23

,8
51

9
-1
5,
43

03
0,
95

47
7

-2
1,
73

78
0,
96

85
8

0,
95

28
4

0,
35

97
1

-6
,8
50

6
-2
1,
28

09
-0
,0
63

98
5

0,
96

52
2

24
,8
41

2
-1
5,
49

76
0,
95

22
6

0,
33

46
2

-7
,1
85
1

22
,9
24

-1
4,
69

31
0,
96

22
8

-2
3,
00

26
1,
88

79
0,
94

60
8

0,
36

10
3

-6
,4
16

8

2
-2
2,
54

94
-1
,5
81

5
0,
95

81
7

23
,0
63

4
-1
4,
05

8
0,
94

81
6

0,
27

35
3

-7
,7
49

4
26

,1
86

9
-1
5,
89

8
0,
94
81

6
-2
0,
61

63
1,
13

81
0,
96

31
0,
36

39
9

-6
,3
66

1
-2
3,
92

34
-2
,3
70

5
0,
95

02
9

22
,3
52

2
-1
3,
20

17
0,
96
29

3
0,
23

40
6

-7
,9
7

23
,0
22

7
-1
4,
62

06
0,
96

06
8

-2
2,
80

32
1,
81

7
0,
95

35
7

0,
35

87
-6
,3
62

4

3
-2
3,
56

52
-3
,2
37

3
0,
94

73
4

22
,5
06

2
-1
3,
80

05
0,
96

73
9

0,
22

92
8

-8
,6
40

3
21

,5
13

3
-1
4,
53

24
0,
96

79
1

-2
4,
53

27
1,
16

07
0,
94

25
8

0,
34

08
1

-7
,2
00

4
-2
0,
73

05
-5
02
48

9
0,
96

57
4

26
,7
59

2
-1
3,
91

34
0,
95

98
5

0,
18

24
5

-9
,0
31

2
20

,6
93

2
-1
4,
15

86
0,
96

36
7

-2
4,
52

52
0,
20

4
0,
94

17
5

0,
33

97
4

-7
,1
28

2

4
-2
5,
54

3
4,
86

05
0,
95

08
5

25
,9
34

2
-1
4,
19

4
0,
97

00
2

0,
18
13

7
-9
,4
93

2
26

,3
88

6
-1
6,
24

64
0,
94

62
6

-2
0,
22

85
-0
,2
79

49
0,
94
80

4
0,
34

25
1

-7
,2
08

-2
6,
15

28
-5
,3
08

8
0,
94

04
3

20
,4
41

2
-1
2,
41

81
0,
94
64

2
0,
15

25
8

-9
,2
99

2
23

,6
57

4
-1
5,
33

87
0,
95

68
9

-2
2,
87

57
0,
35

87
1

0,
94

97
1

0,
33

73
4

-7
,3
58

1

33



3. Results and Discussion

3.2.2. NaCl

Pitting corrosion is a common issue in industry. If chloride ions are present in the elec-
trolyte, pitting corrosion will be formed. Chloride ions are small and penetrate easily
through the noble oxide to the bulk material. Chloride can react with copper in two
di�erent ways. With copper(I) chloride forms the in water insoluble white to greyish
coloured solid CuCl, whereas copper(II) and chloride form a brown to green-blueish solid
which is very soluble in water. Copper(I) and copper(II) are always in equilibrium. Sol-
uble ions are getting distributed by di�usion in the electrolyte. Therefore, there always
is a lack of the soluble form directly next to the electrode. The protection layer formed
by chlorides is normally quite thin [4][?].

For pitting corrosion to occur, most parts of the surface are passivated and act as
cathodes. In small areas, the protective layer is damaged. The bulk material is exposed
to the solution. Chloride ions can be starters for pitting corrosion by di�using to local
anodes. There, the area is charged positive (anodes). Chloride reacts with H+�ions,
resulting in the formation of HCl. The pH is getting more acid. This normally leads to
a faster corrosion process and to the formation of holes in the metal.

In this experiment a NaCl solution (0.1 M or 1 M) was used. The sweep rate was
always 20 mV/s in a range of -1 to 1.3 V. The given potentials are against Hg/HgSO4,
while the results are given against the normal hydrogen electrode. The experiments were
performed at room temperature.

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.9.: Exemplary plot of 0.1 M NaCl�solution treated with oxygen. The two groups
of the points of intersection are clearly visible.

Tables 3.6 and 3.7 show the results of the evaluation of the data with the NaCl�
concentration of 0.1 M. The corresponding plots are shown in Figure 3.9, Figure 3.10,
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.10.: 0.1 M NaCl solution treated with oxygen. The corresponding numerical
results are listed in Table 3.6 Experiment 2.

Figure 3.11 and Figure3.12. Again the solution was also tested with oxygen as well as
with nitrogen.

If the results of Table 3.6 are combined with the form of the curve in Figure 3.9 it can
be assumed that chemical reactions occurred while rising the potential. The curve in the
left plot in Figure 3.9 shows a curvy line between 0.1 and 1.5 V, which is expected for a
di�usion controlled process. The corrosion potential is shifted to a smaller value leading
to the assumption that a protective layer is formed during the experiment.

The di�erence between the oxygen and nitrogen treated solutions can be seen by com-
paring the Figures 3.9 and 3.11. In both cases, anodic and cathodic measured data forms
groups. However, the di�erence between the two groups is bigger in case of the oxygen
treated solution. The anodic measured corrosion current for the oxygen�treated solution
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3. Results and Discussion

Table 3.4.: Mean values for xPOI and yPOI for oxygen treated 0.1 M NaCl�solution.

Total mean value

xPOI yPOI
0.214V ± 0.069V −5.637± 0.914
Mean for anodic measured values

xPOI yPOI
0.152V ± 0.017V −4.966± 0.389
Mean for anodic measured values

xPOI yPOI
0.276V ± 0.028V −6.308± 0.779

Table 3.5.: Mean values for xPOI and yPOI for nitrogen treated 0.1 M NaCl�solution.

Total mean value

xPOI yPOI
0.245V ± 0.091V −4.780± 0.271

Mean for anodic measured values

xPOI yPOI
0.150V ± 0.005V −4.585± 0.275

Mean for anodic measured values

xPOI yPOI
0.324V ± 0.009V −4.942± 0.130
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.11.: Examplary plot of 0.1 M NaCl�solution treated with nitrogen. The raw
data of two curves is curvy on the right (anodic) branch.

is lower than the average corrosion current. This leads to the assumption that a protec-
tive layer is built.

The quality of the �t is not as good as for the data for the tap water. Most of the �ts
show a coe�cient of determination of around 0.90.
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.12.: 0.1 M NaCl solution treated with nitrogen. The corresponding numerical
results are listed in Table 3.7 Experiment 3.
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3. Results and Discussion
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.13.: Exemplary plot for 1 M NaCl solution treated with oxygen.

The same experiments were done using a 1M NaCl solution. By increasing the con-
centration of the NaCl solution, two trends are expected:

• The corrosion current rises.

• The corrosion potential decreases.

The noise of the raw data on the anodic side is big. Especially in Figure 3.14, the
curves are noisy. In Figure 3.11 the noise exists, but is smaller . This behaviour was
also observed in Figure 3.15, the 1M NaCl solution with oxygen. It can be seen, that the
current per area is rising very fast when the potential is increased only a little. Therefore
it is assumed, that this is a sign of pitting corrosion.
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.14.: 1 M NaCl solution treated with oxygen. The corresponding numerical re-
sults are given in Table 3.6.
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3. Results and Discussion

Table 3.8.: Mean values for xPOI and yPOI for oxygen treated 1 M NaCl�solution.

Total mean value

xPOI yPOI
0.190V ± 0.108V −3.973± 0.442

Mean for anodic measured values

xPOI yPOI
0.077V ± 0.004V −3.759± 0.266

Mean for anodic measured values

xPOI yPOI
0.284V ± 0.016V −4.148± 0.501

Table 3.9.: Mean values for xPOI and yPOI for nitrogen treated 1 M NaCl�solution.

Total mean value

xPOI yPOI
0.200V ± 0.108V −4.155± 0.501

Mean for anodic measured values

xPOI yPOI
0.090V ± 0.019V −3.787± 0.421

Mean for anodic measured values

xPOI yPOI
0.292V ± 0.030V −4.461± 0.335
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.15.: Exemplary plot for 1 M NaCl solution treated with nitrogen.

Figure 3.16.: 1 M NaCl solution treated with nitrogen. The corresponding numerical
results are given in Table 3.6.
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3. Results and Discussion
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3. Results and Discussion
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3. Results and Discussion

3.2.3. Ascorbic Acid

Ascorbic acid, i.e. vitamin C, is an organic acid with a pKs�value of 4.25. This acid
is easily oxidised and often used as antioxidant. Furthermore, ascorbic acid has a good
solubility in water.

All measurements were done with a sweep rate of 20 mV/s in the range from -1 to 1.3
V against the Hg/HgSO4 reference electrode at room temperature.

The di�erence in the measured average potential is not as big as observed with the
NaCl�solutions. The form of the curve is smooth and has a logarithmic form. Therefore,
a di�usion controlled process is expected (see Figure 3.17).

When comparing the results of the two measurement series with oxygen and with ni-
trogen, no signi�cant di�erence can be observed. The average corrosion current is also
small compared comparable to the corrosion current measured in tap water. Here, an
in�uence of oxygen or nitrogen on the corrosion process of copper is negligible.
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.17.: Exemplary plot for 0.1 M ascorbic acid treated with oxygen.

Table 3.12.: Mean values for xPOI and yPOI for oxygen treated 0.1 M ascorbic acid
solution.

Total mean value

xPOI yPOI
0.298V ± 0.020V −6.986± 0.476

Mean for anodic measured values

xPOI yPOI
0.280V ± 0.008V −7.429± 0.139

Mean for anodic measured values

xPOI yPOI
0.316V ± 0.005V −6.543± 0.098

48



3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.18.: 0.1 M ascorbic acid treated with oxygen. The corresponding numerical
results are given in Table 3.14.
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3. Results and Discussion

Table 3.13.: Mean values for xPOI and yPOI for nitrogen treated 0.1 M ascorbic acid
solution.

Total mean value

xPOI yPOI
0.293V ± 0.150V −7.005± 0.540

Mean for anodic measured values

xPOI yPOI
0.286V ± 0.009V −7.312± 0.517

Mean for anodic measured values

xPOI yPOI
0.303V ± 0.016V −6.596± 0.181

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.19.: Exemplary plot for 0.1 M ascorbic acid treated with nitrogen.
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.20.: 0.1 M ascorbic acid treated with nitrogen. The corresponding numerical
results are given in Table 3.15.
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3. Results and Discussion
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3. Results and Discussion
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3. Results and Discussion

3.3. ZnO and 4�Methylimidazole as Corrosion Inhibitors for
Copper

As inhibitors two substances, namely ZnO and 4�Methylimidazole, were used. ZnO is an
inorganic inhibitor found in protective coatings. ZnO is well�known for forming bulky
layers and therefore hindering the di�usion of aggressive ions [4].
The group of imidazoles is used as corrosion inhibitors for cooling or heating water

circulation systems [19][20].

3.3.1. ZnO

Like mentioned above ZnO forms a protective, bulky white layer on top of the metal
[1][21][4][22]. In contrast to the metal Zn, the ZnO layer is quite noble and used in a
wide range of �elds, e.ag. as a pigment for white colour or for drying wounds in form of
salves or plasters in medicine. ZnO also prevents bacterial attacks [1].

Concerning acidic environment ZnO dissolves into the ions O2− and Zn2+. The Zn�
ions are able to react with chloride, carbonate or sulfate to form a protective layer on top
of the metal which should be protected. The formed protective layer is often a mixture of
di�erent chemical compounds. Strong bases can also dissolve ZnO by forming zincate [1].

For the experiments a suspension of 0.1 M ZnO in deionized water was used. The
measurement were made with a sweep rate of 20 mV/s in an area from -1 to 1.3 V
vs.Hg/HgSO4 reference electrode at room temperature.
Note that a noisy curves were recorded. Nevertheless, the point of intersection could

be determined.
The results of the data obtained from suspension treated with oxygen and nitrogen are

quite similar. This leads to the assumption, that oxygen is not essential in the reaction
for the formation of the protective layer. The strong noise in the raw data can be an
indication for the formation of a bulky layer on top of the electrode. After the experiment
was �nished and the electrode was taken out of the electrolyte a white �lm was observed
on top of the electrode. This �lm was easily rinsed with water.
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.21.: Exemplary plot for 0.1 M ZnO suspension treated with oxygen.

Table 3.16.: Mean values for xPOI and yPOI for oxygen treated ZnO suspension.

Total mean value

xPOI yPOI
0.300V ± 0.021V −10.166± 0.945

Mean for anodic measured values

xPOI yPOI
0.286V ± 0.017V −10.894± 0.513

Mean for anodic measured values

xPOI yPOI
0.314V ± 0.014V −9.437± 0.661
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.22.: 0.1 M ZnO suspension treated with oxygen. The corresponding numerical
results are given in Table 3.18.
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.23.: Exemplary plot for 0.1 M ZnO suspension treated with nitrogen.

Table 3.17.: Mean values for xPOI and yPOI for nitrogen treated ZnO suspension.

Total mean value

xPOI yPOI
0.273V ± 0.071V −9.517± 0.794

Mean for anodic measured values

xPOI yPOI
0.208V ± 0.029V −10.228± 0.380

Mean for anodic measured values

xPOI yPOI
0.338V ± 0.017V −8.806± 0.226
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.24.: 0.1 M ZnO suspension treated with nitrogen. The corresponding numerical
results are given in Table 3.19.
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3. Results and Discussion
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3. Results and Discussion

3.3.2. 4�Methylimidazole

4�Methylimodazole is a heterocyclic substance and precursor for many chemically syn-
thesized drugs. It is a yellow and soluble in water. Because of the heterocycle of the
4�Methylimidazole an acid�base�interaction with metals and is observed. Therefore a
protection layers on top of the metals can be formed.

The experiments were carried out with a 10 mM 4�Methylimidazole�solution at a
sweep rate of 20 mV/s in the range from -1 to 1.3 V vs.Hg/HgSO4 reference electrode
at room temperature.

From the data above it can be concluded, that this inhibitor needs no oxygen to fully
activate its inhibition e�ect. In the Figures ?? and 3.23 the corrosion current is nearly
constant for a large voltage range. This is typical for inhibitors which only have an inhi-
bition e�ect in a certain potential window and are destroyed by exceeding this window.
When the electrode was taken out of the electrolyte, no visible change to the copper elec-
trode could be noticed. A thin monoayer of azole on top of the metal must be formed.
This observations are in accordance with the literature.

It should be noticed that this inhibitor is only used in a concentration of 10 mM
and the experiment still shows changes to better corrosion resistance. Therefore 4�
Methylimidazole is a promising substance for corrosion inhibition.
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3. Results and Discussion

Table 3.20.: Mean values for xPOI and yPOI for oxygen treated 4�Methylimidazole so-
lution.

Total mean value

xPOI yPOI
0.265V ± 0.052V −9.594± 0.602

Mean for anodic measured values

xPOI yPOI
0.270V ± 0.038V −9.791± 0.196

Mean for anodic measured values

xPOI yPOI
0.259V ± 0.067V −9.396± 0.815

Table 3.21.: Mean values for xPOI and yPOI for nitrogen treated 4�Methylimidazole
solution.

Total mean value

xPOI yPOI
0.235V ± 0.053V −9.054± 0.712

Mean for anodic measured values

xPOI yPOI
0.240V ± 0.044V −9.435± 0.730

Mean for anodic measured values

xPOI yPOI
0.230V ± 0.065V −8.672± 0.492
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.25.: Exemplary plot for 10 mM 4�Methylimidazole�solution treated with oxy-
gen.
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.26.: 10 mM 4�Methylimidazole�solution treated with oxygen. The correspond-
ing numerical results are given in Table 3.23 Experiment 1.
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3. Results and Discussion

(a) Exemplary raw data curve and smoothed curve. (b) All area of regression, regression lines and points
of intersections.

Figure 3.27.: Exemplary plot for 10 mM 4�Methylimidazole�solution treated with oxy-
gen.
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3. Results and Discussion

(a) (b)

(c) (d)

Figure 3.28.: 10 mM 4�Methylimidazole�solution treated with nitrogen. The correspond-
ing numerical results are listed in Table 3.23 Experiment 1.
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3. Results and Discussion
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4. Outlook

A program for fast and reproducible data evaluation was developed and tested for cor-
rosive copper/electrolyte systems, like tap water, NaCl�solutions with di�erent concen-
trations (1M and 0.1M), ascorbic acid solution, ZnO suspension and 4�Methylimidazole.
Even systems with much noise in the raw data were able to be processed, like shown in
the case of the ZnO�suspension. All experiments were show also good reproducibility.

In this work a code for MATLAB was implemented for data processing and acquiring
the linear �ts used for the automated calculation of the point of intersection. The re-
ceived plots and their coe�cients of determination of around 0.9 show clearly the quality
of the �ts for the linear regression.

Nevertheless, there were some sets of not fully processed raw data caused by incorrect
operation or by a bug in the program. The next step is to �nd and �x the bug of the
implemented code.
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5. Introduction and Background

5.1. Historical Approach

Modern day lithium secondary batteries have their origins in the 1960s and 1970s when
the main energy source these days, oil, was short due to the �rst energy crises [23]. It was
the �rst time people noticed fossil fuels were limited and so they were looking for ways
to substitute these with new technologies to produce, store and convert energy. The use
of fossil fuels also had big ecological disadvantages since burning oil, coal or gas leads to
the emission of huge amounts of CO2 and other pollutants into the atmosphere which
plays an important role in global warming [24]. In addition to this ecological aspect, the
interest in new mobile applications of energy grew larger and the demand of high power
and energy batteries was born[25].
From theoretical considerations lithium based batteries were the most suitable to meet

the given requirements since Li is the alkali metal that is both, the most electro positive
(−2.04V versus standard hydrogen electrode)and the lightest (M = 6.94g/mol and ρ =
0.534g/cm3) metal. It has also very high thermal and electrical conductivity and the
highest speci�c heat of any solid element which makes it in total very favourable for energy
storage systems [26]. It was used for primary batteries soon but for secondary batteries it
wasn't suited because of safety risks related to dendrite growth during recharging leading
to short circuits and considerable heat[27]. Since the electrolyte used was organic and
�ammable, Li metal as anode material could not be used in secondary batteries.
To overcome this problem the electrode or the anode or both needed to be modi�ed,

leading to researchers looking for new concepts and �nding intercalation materials for
anodes[28]. In the beginning it was believed that only two�dimensional materials (best
would be layered�type materials) would work. Two examples of more or less working
intercalation anodes are TiS2[29] and alloys of Li with Al[30, p.1916]. TiS2 was chosen
for its layered structure and showed good cyclic properties[31], but still had the problem
of dendrite growth while alloys with Al showed no dendrite growth at all but had bad
cyclic properties due to extreme changes in its volume in charged and de-charged state.
The discovery of the three�dimensional intercalation material V6O13[31] which has a
framework structure showed that higher�dimensional intercalation structures also worked
and new materials as electrodes were discovered by using this knowledge.
The concept of the Li�ion or rocking�chair technology was stated in the end of the

1980s and early 1990s based on the research of Murphy et. all. and solved the problem
of dendrites[30]. The cause for this was the presence of Li in its ionic rather than its
metallic form. But this was also combined with the disadvantage of higher potentials for
the anode which led to the need for cathode materials with even higher potential, found
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5. Introduction and Background

in layered or three-dimensional-type transition-metal oxides.

The second approach for solving the problems Li secondary batteries posed was to
replace the liquid electrolyte. The �rst step was the use of dry polymer electrolyte,
which led to Li solid polymer electrolyte (Li�SPE)batteries but required high operating
temperatures thus making these batteries interesting only for non-portable devices. For
combining the advantages of both �uid and polymer electrolyte, a Li hybrid polymer
electrolyte was created consisting of a polymer matrix swollen with liquid solvent and a
salt[32].
In 1991, the commercially available Li-ion battery was created by Sony Corporation

which had a high potential as well as high gravimetric energy density[33]. Miniaturisation
was the next step to take for the wider use of Li secondary batteries and this resulted
in thin �lm batteries. Dependant of the company which produced the battery many
di�erent combinations of anode, electrolyte and cathode were available[34]. Lithium
phosphonitroxide glass was developed and became the standard solid electrolyte for thin
�lm batteries. The progress in polymer chemistry made it possible to develop Li�HPE
batteries with many di�erent shapes having the additional advantages of �exibility and
lightness.

Today Li-ion batteries are used in many areas of application because of their high
energy density and high potentials[?]. They are preferred for mobile devices like mobile
phones and portable omputers and other high value electronic devices and have become
a big topic for powering vehicles in form of hybrid or fully electrical engines as well. For
this last application even higher potentials and higher gravimetric and volumetric energy
densities are needed. There is also a necessity of further miniaturization which cannot be
archived by liquid electrolytes. Also, the state of the art polymer�based �lms saturated
with organic solvents state a safety risk because of the organic solvent they are mostly
�ammable and hazardous and they have a voltage limit due to their electrochemical
stability.
The new challenge is to �nd a solid electrolyte with good Li+ mobility and Li-

ion conductivity, no mentionable electric conductivity and chemical inertness toward
outer factors (e.g. humidity and atmospheric gases) and and the electrodes. Especially
the inertness toward Lithium-metal is really important and in addition the electrolyte
shouldn't change is volume due to phase transitions at the operation temperature range
and shouldn't degenerate over time[35].

Only a small group of materials show the desired properties[36]. Garnet structures con-
taining lithium of the formula LixM2M

′
3O12 are one of these few materials and have been

gaining attention in this �eld of application. They show high ionic conductivity values
of around 10−4Scm−1 at room temperature and are insulators for electronic conduction
[37].
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5. Introduction and Background

5.2. Lithium Lanthanum Zirconium Oxide (LLZO)

The garnet-type Li7La3Zr2O12 (LLZO)[37] is used as a solid electrolyte and is known
to occur in a low-conducting tetragonal and a high conducting cubic phase [38], with the
ionic conductivity di�ering by two orders of magnitude. It shows great stability against
Li metal and the as a cathode material commonly used LiCoO2 and the band gap of
about 5 V makes this material a bad electronic conductor. Because of this, LLZO is a
promising material.
The tetragonal LLZO is the theoretically stable structure of pure LLZO while the cubic

structure is attained by stabilisation through doping. This originally happened without
the intention to do so by contamination from the alumina�oxide�crucibles. It was found,
that Al-ions penetrated the LLZO powder at higher temperatures and thus stabilized
the cubic face, leading to a drastic increase in ionic conductivity [39].

For the all solid�state batteries LLZO doped with Ga was used. This doping is known
in Literature [40][41][42][43].
Since the ionic conductivity is in�uenced by the di�usion of Li ions in the structure

di�erent kind of doping can give even higher ionic conduction when the following three
thoughts are considered [44][45][46]:

• If there are ions with large radii in the structure, the lattice parameters get bigger,
leading to Li being able to move easier and faster

• By introducing some elements, vacancies can be introduced to the structure leading
to higher mobility of the Li ions

• A low oxidation state of doping elements leads to an increase of Li in the structure,
forming a Li�stu�ed garnet structure.

5.2.1. Synthesis

There are two by literature commonly known ways to synthesize LLZO, the synthesis
from solid oxides and the synthesis from nitrates and metal�organic precursors.

The �rst way is a typical solid�state synthesis with metal�oxides as precursors. The
advantages are the high availability of the metal�oxides and their generally good stabil-
ity. The synthesis is done by mixing the powders by grinding or ball�milling without or
better with solvent. The calcination temperature is usually higher than with nitrates as
precursors and the resulting powders normally have bigger grain size.

The second method is named after Pechini and has nitrates or metal�organic precursors
which are dissolved in a solvent and often complexing agents, like citric acid, are added.
After stirring the mixture for a while the solvent is evaporated and the resulting powder
is used for calcination, which can usually be done at lower temperatures than with metal�
oxide precursors. This results in smaller grain size. A disadvantage is the availability
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5. Introduction and Background

and the stability of the precursors. Nitrates are often hygroscopic and metal�organic
components can be degenerating because of oxygen and humidity over time. Another
disadvantage is the release of nitrogen oxides while heating.
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6. Methods and Materials

The samples were prepared by a synthesis method developed on base of the Pechini
method. The details are given in the section Work��ow. For characterisation of the
synthesized powders, Powder�X�Ray Di�raction was used and for the measurement of
the ionic conductivity Electrochemical Impedance Spectroscopy was used. Furthermore,
Secondary Electron Microscopy was done on chosen samples to get further information on
the sample while Thermal Gravimetric Analysis was used to get a better understanding
of the calcining process of the LLZO with new dopant.

6.1. Standard Work��ow

Most of the time a standardized Work�Flow was used for the preparation of the samples
for getting reproducible results. Changes in this Work�Flow where made when problems
were encountered and are pointed out at the crucial parts in the result chapter.

6.1.1. Powder Synthesis

For the powder synthesis, a modi�ed Pechini synthesis was used. The reactants were
nitrides or metal�organic precursors. For 0.1 Mol of LLZO the the following synthesis
steps were done:

→ 200 mL deionized water where added and the solution was stirred at 65◦C with a
stirring speed of 400 rounds per minute for 15 minutes.

→ 100 mL ethanol (p.a.) were added and the mixture was stirred for 30 minutes.

→ 150 mL ethanol (p.a.) were added, the solution was heated to 70◦C and stirred for
2 h.

→ 150 mL ethanol (p.a.) were added and the temperature was raised to 95◦C and
the stirrer turned down to 100�200 rounds per minute. Like this the solvent was
evaporated over night.

→ On the next day the powder was grinded and dried for at least six hours on a
heating plate at 95◦C.

→ The raw powder was then �lled into glas �asks and stored under nitrogen.

For the synthesis of undoped LLZO the solution was murky after the addition of water
and became clear when ethanol was �rst added. The colour of the raw powder varied
from white to yellowish.
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6. Methods and Materials

6.1.2. Calcining

The calcining was done in a box furnace (RT-1100◦C). The gas used for �ushing during
the calcination was synthetic air for Al2O3�crucibles and nitrogen for glassy carbon�
crucibles.

For undoped LLZO for up to 1.5 g a temperature of 670◦C for 15 h with ramp rates
of 3 K/min were used to attain the tetragonal phase. For bigger amounts of sample
the Lanthanum Zirconium Oxide (LZO), a precursor of LLZO, was formed. With the
addition of di�erent dopants, the temperature to attain the desired product changed at
unchanged calcination time and the ramp rate. The product was analysed by XRD.

6.1.3. Post�doping with Ga2O3

For post�doping 20 mol% of Ga in the form of Ga2O3 were added to the LLZO and
grinded throughly. Afterwards the powder or the pellets pressed from this powder needed
to be heated to at least 650◦C (dependent on the original LLZO powder used) to obtain
the cubic faced LLZO.

6.1.4. Pressing Pellets

Pellets were pressed in two steps, �rst with an uni�axial press and afterwards with a
hydrostatic press.

For pellets with a diameter of 11 mm around 300 mg powder were used, while for
pellets with a diameter of 13 mm around 500 mg of powder were used. The pellets were
pressed at the uni�axial press at 35 kN for 2�3 minutes and bagged in two layers of
plastic condoms without any air trapped inside. The hydrostatic press was operated at
1000 kN for 4�5 minutes.

6.1.5. Pellet Sintering

Pellets were sintered in Al2O3�crucibles at temperatures ranging from 800 − 1000◦C,
depending on the dopant with a holding time of 8 h and a ramp rate of 3 K/min. As
purging gas normally synthetic air was used. Afterwards the density of the pellet is
measured and an XRD of the cover powder is made.

6.1.6. Pellet Preparation for Impedance Measurements

For impedance measurements the pellets were prepared by the following procedure:

• The pellet is sputtered with platinum at both sides.

• Afterwards, on top of the platinum sputtering, two layers of platinum paste (thinned
with ethanol p.a.) are applied and the pellet is dried at 13 mbar for 30 min at 75◦C.
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• Platinum wires are �xated by a ceramic two component adhesive one on each side
of the pellet and the construction is dried at the same temperature as before for
45 minutes to one hour.

• Both sides of the pellets are again painted with platinum paste dissolved in ethanol,
with focus on the area where the platinum wire touches the pellet. The whole pellet
with the wires is then dried again for around one hour.

6.2. Physical characterisation

6.2.1. X-Ray Di�raction (XRD)

X-rays are used to measure the density of electrons in a crystalline structure by di�rac-
tion. With the help of the di�raction pattern the crystal structure itself and the disorder
can be estimated, but some additional knowledge about the composition of the sample
is needed to fully characterise it.

To get a di�raction pattern, several conditions have to be ful�lled. One is the existence
of some kind of crystalline order in the sample and the other is the use of X-rays with
the right wavelength for analysis. The wavelength has to be in the same order of mag-
nitude (1�100 angstroms) as the spacings in between the atomic layers of the sample. If
these conditions are met it comes to a pattern formed from constructive and destructive
interference, occurring in speci�ed directions described by Bragg's law (also see Figure
6.1):

2 ∗ d ∗ sinθ = n ∗ λ (6.1)

For this work a transmission powder XRD with a copper radiation of 1.54060 Å and
a curved germanium (111) monochromator was used. The generator was operated at 40
kV and 35 mA.

6.2.2. Scanning Electron Microscope (SEM)

The Scanning Electron Microscope is a microscope where the image is produced by
scanning the sample with a focused electron beam and getting information from signals
produced from this e�ect. Common available machines are able to image a sample by
collecting secondary electrons and get elemental information via EDX. Another possibil-
ity would be analysing backscattered electrons or luminescence.

SEM is a very sensitive surface technique with which pictures with a resolution of less
than 1 nm can be made by a raster scan pattern and also has some information on sample
depth.
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Figure 6.1.: Theoretic principle of XRD.

A little drawback of this technique is that only electronically conductive samples can
be measured, because electronically isolating samples would get charged during the mea-
surement process leading to strong repulsive interaction with the electrons of the scanning
beam. Therefore electronically isolating samples have to be metallized before being mea-
sured. Usually this is done with a thin layer of sputtered gold.

6.2.3. Thermal Gravimetric Analysis (TGA)

TGA is a analytical method which measures the mass of a sample as a function of tem-
perature. The parameters are the amount of sample used, the temperature range and the
heating rate. It gives information about physical phenomena like vaporization, sublima-
tion, absorption, adsorption or desorption and chemical phenomena like chemisorption,
desolvation and decomposition and gas releasing reactions (e.g. CO2 release from a car-
boxylic acid). In many cases this analysis is coupled to a infrared spectroscopy cell or to a
mass analyser to get more information about released gases and decomposition products.

The TGA used during this work doesn't have other analytical methods coupled.
Dilatometry curves were recorded with a TA Instruments DIL 806 optical dilatometer at
a constant heating rate of 10 K/min.

6.3. Electrochemical characterisation

6.3.1. Electrochemical Impedance Spectroscopy)

Electrochemical impedance spectroscopy (EIS) is a tool for investigating the electrical
and electrochemical properties of materials by comparing the behaviour of the real system
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to a model system made up of de�ned circuit elements like resistors, capacitors and in-
ductors. The elements in the model system represent physical properties in the observed
sample and the results of the measurement can often be related to complex materials
variables� e.g. mass transport, chemical reactions, corrosion and dielectric properties.
EIS is a standard analysis method in industrial quality control for paints, emulsions,
electroplating, thin��lm technology and more. In scienti�c research it is amongst others
used for battery characterisation.

The measurement itself is simple and automated but the interpretation of the data
is often non�trivial and the requirements for the measured system are high. There are
three types of IS measurement approaches with di�erent electrical stimuli used. The most
used one is to apply a single-frequency voltage or current and measuring the response of
the system by determining the phase shift and amplitude of the resulting current. It is
important to work with small signals, resulting in having linear behaviour, so that the
modelling with ideal circuit elements is acceptable. Since there is normally more than
one model circuit that describes the system it is important to think carefully about the
elements used in the model circuit and what process they stand for. Good results can be
attained by good experiment design combined with varying measuring parameters and
combining the results archived from this method with results from other measurement
methods, e.g. SEM or AFM.

Common IS measurement systems determine Z as a function of ω over a large frequency
range and the phase di�erence ϕ between the voltage and the current. The impedance
is often plotted in form of the Nyquist Plot where the real and the imaginary part of the
impedance are plotted (Figure 6.2). These parts are calculated through

Re(Z) = |Z| ∗ cos(ϕ) (6.2)

and

Im(Z) = |Z| ∗ sin(ϕ). (6.3)

.
In this work the impedance measurement system Gamry Reference 600 was used in

both potentiostatic and galvanostatic mode. The software for data evaluation and �tting
the equivalent circuits was ZVeiw (Scribner Electronics).
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Figure 6.2.: Nyquist Plot

6.4. Chemicals

• Lithium Nitrate (99,995%)
CAS�No.:7790�69�4
Merk

• Lanthanum(III)nitrate hexahydrate (99,995%-trace metal basis)
CAS�No.:10277�43�7
Acros Organics

• Zirconium 2,4-pentanedionate

CAS�No.:17501�44�9
ABCR GmbH & Co.KG

• Sodium Nitrate (puriss. p.a. ISO ≥99,5%)
CAS�No.:7631�99�4
Sigma Aldrich

• Zirconium(IV)ethoxide (99+%)
CAS�No.:18267�08�8
STREM CHEMICALS

• Zirconium(IV)acetylacetonate (98%)
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CAS�No.:17501�44�9
abcr GmbH

• Gallium(III)oxide (puriss, made out of Ga 99.99%)
CAS�No.:12024�21�4
Fluka Chemie AG

• Calcium nitrate tetrahydrate (99%)
CAS�No.:13477�34�4
abcr GmbH & Co.KG

• Ethanol (pusiss, p.A. ≥ 99.8%)
CAS�No.:64�17�5
Sigma Aldrich GmbH
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7. Results and Discussion

7.1. Sol�Gel Synthesis

Sol�gel synthesis is used in many areas of applications, among other things to produce
solids with small particle size. The synthesis normally used, the Pechini method, is a
deviation of a sol�gel synthesis. To decrease the particle size even further the idea to try
a traditional sol�gel synthesis was executed [47].

Figure 7.1.: XRD of the calcined sol�gel powders and the XRD pattern of the tetragonal
phase of LLZO for comparison. All patterns are normalized in intensity and
the sol�gel powders and are shifted in y�direction by 0.1 a.u. for better
visibility.

LLZO without any dopant should be synthesized with propionic acid being the solvent
and acting as chelating agent. 0.005 mol of product were synthesized. The procedure
was as described below:

• Li(NO3) and La(NO3)3 ∗ 6H2O were dissolved in about 5 mL of propionic acid
and stirred for three hours in a closed glass bottle at 400 rpm at 80◦C.

• Zr(EtO)4 was dissolved in about 20 mL of propionic acid and stirred in a closed
glass bottle for three hours at 400 rpm at 80◦C.
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• Afterwards the two solutions were combined and stirred for another hour in a closed
bottle at 80◦C.

• 40 mL of deionized water were added to the solution and the solvent was evaporated
at 95◦C at the stirring speed of 170 rpm.

A white powder was obtained and calcined at four di�erent temperatures: 500◦C,
670◦C, 750◦C and 800◦C. The XRD of the attained powders are displayed in Figure 7.1.
In Figure 7.1 can be easily seen that the synthesis failed, since none of the patterns of

the calcined powders are similar to the reference pattern. The calcination temperature
was raised from 500◦C to 800◦C because at low temperature the precursor maybe would
not have reacted completely, but when raising the temperature the XRD pattern of the
attained powders did not change to the desired tetragonal LLZO. The only thing seen in
Figure 7.1 is that the re�exes are broad at 500◦C and getting narrower as the tempera-
ture increases. At 800◦C all re�exes are sharp and narrow.

During calcining an abnormal foaming of the powder was observed. This led to �u�y
powder that was looking like a sponge with a network of calcined powder and air in
between. Because of this the amount of powder calcined in one run was very limited.
There could have been impurities in one of the chemicals or the deionized water which
led to this foaming and to not attaining the tetragonal LLZO. Another reason could be
the evaporation of Li during calcining.

7.2. Na doped LLZO

To attain cubic faced LLZO, dopant elements are needed which for example change the
lattice parameter or the number of Li vacancies. To �nd out if the change of lattice pa-
rameter alone can lead to cubic LLZO the Li�side was doped with sodium. If the cubic
phase could be attained by only this doping than the change of the lattice parameter
alone is su�cient, otherwise there has to be an additional condition met or the concen-
tration or the dopant have to be changed.

For this short experiment 0.5 mol Na were doped, resulting in the composition of
Li6.5Na0.5La3Zr2O12. The calcination temperatures were chosen to be 765◦C and
900◦C, since no cubic phase was attained at 765◦C. In Figure 7.2 the result of the
XRD analysis can be seen. The LLZO is still tetragonal and the XRD pattern has ad-
ditional re�exes compared to the tetragonal LLZO which indicate impurities. It was not
possible to �nd out the composition and quantity of the impurities. Since the cubic phase
could not be attained, the change of the lattice parameter only is not su�cient for the
formation of cubic LLZO. Nevertheless, sodium as dopant is not completely useless. If
the cubic face is already stabilized, sodium might be used to enlarge the crystal lattice
and contribute in this way to higher ionic conductivity. This is possible since the ionic
conductivity is caused by di�usion of Li�ions and di�usion is easier if the di�usion paths
are bigger.
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7. Results and Discussion

Figure 7.2.: XRD of the calcined Na doped LLZO powder at two di�erent temperatures
and the XRD pattern of the tetragonal and cubic phase of LLZO for compar-
ison. All patterns are normalized in intensity and are shifted in y�direction
by 0.1 a.u. for better visibility.
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7.3. Calcium�Doped and Calcium/Gallium�Doped LLZO

With the dopant calcium more than one concentration and synthesis way was tried.
Calcium and gallium were both doped to exchange places with lanthanum, resulting in
the chemical formula of LiwGaxCayLazZr2O12 for the product. To test if only calcium is
su�cient to create cubic face LLZO one synthesis was done with only calcium as dopant.
Afterwards the product could also be post�doped with gallium.

7.3.1. Li7.2Ca0.2La2.8Zr2O12

Figure 7.3.: XRD of the calcined Ca doped LLZO powder at 750◦C and the XRD pattern
of the tetragonal and cubic phase of LLZO for comparison. All patterns are
normalized in intensity and are shifted in y�direction by 0.1 a.u. for better
visibility.

0.005 mol of Li7.2Ca0.2La2.8Zr2O12 were synthesized by the normal method described
in the work��ow in the experimental part. Ca(OH)2 was used right from the start of
the synthesis to introduce calcium into the product.
Figure 7.5 shows the XRD pattern of the Ca doped LLZO after calcining at 750◦C. The

XRD shows many impurities and a still tetragonal LLZO. The impurities are most likely
a combination of substances. Re�exes belonging to lanthanum zirconium oxide could be
found, but there are still re�exes which cannot be identi�ed. The impurities are likely
to come from the Ca(NO3)2 which was from an old batch and already changed colour
from pure white to light brown. It can be that the impurities prevent the conversion
into the cubic phase, which was tested by the already known post�doping with Ga2O3.
In Figure 7.6 the XRD of the post�doped (0.5 mol Ga per formula unit) and calcined
Ca�LLZO powder is shown. The phase of the LLZO changed to cubic structure which
is visible especially in the area of 16 − 17◦, where the double re�ex from the tetragonal
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7. Results and Discussion

Figure 7.4.: XRD of the two times at 750◦C calcined Ca doped and Ga postdoped LLZO
powder and the XRD pattern of the tetragonal and cubic phase of LLZO
for comparison. All patterns are normalized in intensity and are shifted in
y�direction by 0.1 a.u. for better visibility.

phase changes to one, and in the area of 25 to 35◦, where the cubic phase has four big,
characteristic re�exes.

Even though there are many impurities the phase transition is still able to take place.
This concludes that calcium alone is not able to change the face of LLZO from tetragonal
to cubic, when applied in the concentration of 0.2 per formula unit.

86



7. Results and Discussion

Figure 7.5.: XRD of the calcined Ca doped LLZO powder at 750◦C and the XRD pattern
of the tetragonal and cubic phase of LLZO for comparison. All patterns are
normalized in intensity and are shifted in y�direction by 0.1 a.u. for better
visibility.

Figure 7.6.: XRD of the two times at 750◦C calcined Ca doped and Ga postdoped LLZO
powder and the XRD pattern of the tetragonal and cubic phase of LLZO
for comparison. All patterns are normalized in intensity and are shifted in
y�direction by 0.1 a.u. for better visibility.
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7.3.2. Li6.9Ga0.2Ca0.5La2.8Zr2O12

Figure 7.7.: XRD of the calcined Li6.9Ga0.2Ca0.5La2.8Zr2O12 powder at 750◦C and the
XRD pattern of the tetragonal and cubic phase of LLZO for comparison.
All patterns are normalized in intensity and are shifted in y�direction by 0.1
a.u. for better visibility

For Li6.9Ga0.2Ca0.5La2.8Zr2O12 the dopant elements were added right from the start
of the synthesis in form of Ca(NO3)2 andGa2O3. Since the same chemical as a Ca�source
was used as in the experiment described above, impurities are found in the product too.

The resulting product is a LLZO with cubic phase, as can be seen in Figure 7.7. The
re�exes are sharp which indicates big crystallites.
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Figure 7.8.: Dilatometry data of a pellet of Li6.9Ga0.2Ca0.5La2.8Zr2O12. The powder for
the dilatormatry was pressed from powder calcined at 650◦C.

In Figure 7.8 the data from the dilatometry of a pellet made with powder calcined
at 750◦C is shown. The sintering process, where the pellet is getting smaller, starts at
around 700◦C. The peak near 900◦C can indicate a phase transition which is combined
with a volume expansion. After this peak the length of the pellet decreases steadily and
the pellet is sintering. In further studies there should be more attention paid to the phase
transition. In literature it is known that cubic LLZO can exist in two slightly di�erent
forms, a low�temperature and a high�temperature one. The result of the dilatometry is
indicating that there is this kind of transition at around 900◦C.

7.3.3. Li6Ga0.5Ca0.5La2.5Zr2O12

Li6Ga0.5Ca0.5La2.5Zr2O12 was synthesised similar to Li6.9Ga0.2Ca0.5La2.8Zr2O12 in one
step using Ca(OH)2 as a precursor to induce Ca to the structure. Therefore the end
product also is not fully pure phase. The calcination was done at 765◦C and leads to
a cubic phase with sharp re�exes. The XRD pattern does not change even after the
sintering process at 925◦C. The XRD pattern in Figure 7.9 shows the pattern of the
cover powder near the pellet after sintering at 925◦C.

To �nd out if the Ca and the Ga are distributed evenly in the synthesized powder, EDX
was performed on the calcined powder. In Figure 7.10 the result of the measurement
is shown. The left and the middle image show the distribution of Ca and Ga respec-
tively while the right picture shows the EDX where the signals of the elements O(blue),
Ca(pink), Ga(yellow), Zr(green) and La(red) are plotted in the same image. From Figure
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Figure 7.9.: XRD of the sintered Li6Ga0.5Ca0.5La2.5Zr2O12 powder at 925◦C and the
XRD pattern of the tetragonal and cubic phase of LLZO for comparison.
All patterns are normalized in intensity and are shifted in y�direction by 0.1
a.u. for better visibility.

Figure 7.10.: EDX of the calcined Li6Ga0.5Ca0.5La2.5Zr2O12 powder.

7.10it becomes evident, that the elements Ga and Ca are evenly distributed.

In Figure 7.11 the powder after calcining at 765◦C is shown. The crystallite size is
in the order of micrometers which explains the sharp peaks in the XRD pattern. The
surface of the grains are normally smooth but on some grains there are impurities visible
on top of the grains. These impurities are most likely the ones seen in the XRD pattern.

Figure 7.12 shows the result of the dilatometry measurement of a pellet made out of
Li6.9Ga0.2Ca0.5La2.8Zr2O12. Up to around 900◦C the sample shows regular heat expan-
sion. Afterwards, up to 1050◦C, the sintering process is taking place. Then the length is
getting bigger again, indicating a phase transition or change in the sample, and settles
down at -8% of length change. The decrease in length happening afterwards is the nor-
mal process of thermal contraction when the sample is cooling down. It is possible that
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Figure 7.11.: SEM of the calcined Li6Ga0.5Ca0.5La2.5Zr2O12 powder.

the observed phase transition is caused by the impurities in the powder. Through the
information gained by the dilatometry, a temperature above 900◦C but less than 1050◦C
should be chosen for sintering.

A pellet made out of Li6Ga0.5Ca0.5La2.5Zr2O12 was sintered at 925◦C for 8 h. The
theoretical density was 79,98 %, which is not as high as desired. The impurities are
probably the cause for the pellet being not dense. It is possible that they prevent the
complete sintering by blocking the process at the grain boundaries.

This pellet was used for determining the activation energy by measuring the impedance
at di�erent temperatures from room temperature up to 250◦C in steps of around 25◦C
or 50◦C. The bulk resistance was determined with the help of an equivalent circuit
and the inverse temperature was plotted against the logarithm of the conductivity times
temperature. In Table 7.1 the raw data used to make the Figure 7.14 is given.
The impedance data was �tted with the circuit in Figure 7.13. The resistance R1 is in

this case equivalent to the bulk resistance. The error for this circuit element after �tting
was normally below 3 %. The �tting of the data recorded while the sample was cooling
down could be �tted better than the data taken when heating the sample. The error was
smaller.
R2, R3,CPE 2 and CPE 3 represent the grain boundaries and di�usion controlled

processes. The error for �tting these elements was generally high, up to 30 %. Since
the semicircles in this sets of data were always overlapped greatly, this amount of error
was expected. The single processes could not be separated su�ciently, therefore they
were not used for elevation. The constant phase element CPE 4 represents the phase
boundary towards the electrode.
The activation energy calculated from this set of data is 0.31 eV for the data measured

while heating the sample and 0.34 eV for the data measured while cooling the sample.
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Table 7.1.: Data of the Arrhenius plot.
Heating Cooling

Temperature(K) Resistance(Ω) Temperature(K) Resistance(Ω)
21,6 1050,0 263,6 9,4
21,6 1015,0 263,2 9,4
21,6 1016,0 263,0 9,5
53,0 521,8 207,5 24,7
53,0 534,7 207,5 24,7
53,0 513,9 207,5 24,6
101,1 153,2 153,9 51,3
101,1 154,9 153,9 51,3
101,1 156,7 153,9 51,3
157,8 52,4 98,9 137,3
157,8 52,5 98,8 137,1
157,8 52,7 98,9 136,5
210,9 23,6 52,8 556,8
210,9 23,6 51,8 578,4
210,9 23,7 50,3 602,5
263,6 9,4 30,5 1172,0
263,2 9,4 30,1 1189,0
263,0 9,5 29,6 1207,0
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Figure 7.12.: Dilatometry data of a pellet of Li6.9Ga0.2Ca0.5La2.8Zr2O12. The powder
for the dilatormatry was pressed from powder calcined at 765◦C.

Figure 7.13.: Circuit used for �tting the impedance data.
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Figure 7.14.: Arrhenius plot from a pellet made out of Li6Ga0.5Ca0.5La2.5Zr2O12. The
bulk resistance R1 was used for calculation.
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7.4. Batteries

For the production of solid state batteries LLZO post�doped with 0.2 Ga per formula
unit was used. For this LLZO without any doping was produced and post�doped after
calcining at 670◦C with Ga2O3 like described in the experimental part in the work��ow.
The powder was then pressed into a pellet with a diameter of 13 mm.

The temperature for sintering the pellets was varied and is given for the pellets indi-
vidually later on. None of the pellets was getting dense, the density was always much
less than 80 %. After sintering, an XRD of the powder scratched from the surface of
the pellet was made to ensure the quality of the pellet. The pellets always showed pure
cubic phase like in Figure 7.15.

Figure 7.15.: Examplary XRD of the sintered powder.

The density was calculated by measuring the thickness, the diameter and the mass of
the pellet and using the formula:

Density = Mass/((Diameter/2)2 ∗ π ∗ Thickness) (7.1)

Diameter and thickness of the pellet were given in cm, the mass was given in g.

Afterwards the pellet was thinned with the use of sandpaper(P1800) from both sides
till the remaining thickness was around 0,5 mm. Before treating it further, the pellet
was dried for at least one hour at 50◦C and 13 mbar and the weight was measured once
more after cooling down to room temperature.
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For the electrode of the solid state battery a slurry made out of electrode material,
post�doped LLZO(same material as the pellet), PVDF (polyvinylidene �uoride) and
SuperCarb (activated carbon) was used. The following procedure was used to produce
the composite slurry:

→ 50 mg electrode material, 50 mg post�doped LLZO, 10 mg PVDF and 10 mg
SuperCarb were mixed thoroughly in a mortar. The exact weight used of every
component was written down and the composite was given into a glass �ask.

→ Around 1 mL of a solvent(normally a mixture of THF and toluene(4:1)) was added
to the composite and the slurry was stirred with the tip of the glass pipette.

→ The gas area in the glass �ask was �lled with nitrogen and the �ask was closed
air�tight.

→ The sealed �ask was put in an ultrasonic bath at room temperature for 45�60 min.

To produce the solid state batteries the slurry was given on top of the thinned and
dried pellet and after around 30 seconds the slurry on top of the pellet was pressed to the
pellet with the thumb through a layer of weighting paper. Afterwards, the pellet with
the slurry on top was dried at 50◦C and 13 mbar for at least one hour. The weight of the
pellet was than measured after the pellet cooled down to room temperature. From the
di�erence in mass here and from the weighing before the slurry was applied, the mass
of the slurry on the pellet was determined. Also, the active mass(electrode material) on
the pellet could be calculated.

The assembling of the battery happened in the glove box in an oxygen� and water�free
argon atmosphere. In Figure 7.16 the cell used for the battery assembly is shown. The
red contact at the bottom is the cathodic contact, the green one on top is the anodic
contact. The steps for assembling the battery are listed below:

→ With a cutter(Nr.6) a disk was cut out of a Li�foil

→ The Li�disk was then �attened by pressing it with the help of a knife and then
cleaned by scratching the surface on both sides of the Li�disk till the Li was shiny
and not dull any more.

→ The Li�disk was put centric on the anodic stamp and pressed to the stamp till it
would not fall o� any more. The Li�foil on the stamp needed to be �at.

→ The pellet was placed on top of the Li�disk on the stamp with the side toward the
Li�foil where no slurry was placed.

→ The current collector for the cathodic side was placed on one end of a plastic
cylinder and this construction was put over the stamp. The current collector was
touching the slurry.
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Figure 7.16.: Cell used for assembly of the battery.

→ The stamp was put in the cell up�side�down. The current collector was now on
the bottom and the stamp was on top.

→ A spring was attached on top of the stamp and a plastic isolation was put on top
of the bottom part of the cell. Afterwards, the cell was closed tightly.

After assembling, the cell was measured with the help of the program Battery Cycler.
First, cycling at room temperature was tried. If this was not possible, the battery was
heated to 95◦C and measured at this temperature.

7.4.1. LiCoO2 as cathode material

The well-known cathode material LiCoO2 has a theoretical energy density of 140 mAh/g[36].
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Battery 1(SRSA07)

The pellet for this battery was sintered at 1010◦C for 15 hours. From the mass loss of
the pellet, loss of Li is expected. The density after sintering was only 2.74g/cm3, which
is around 54 % of the theoretical density of 5.1g/cm3.
The pellet and the slurry were completely compared outside of the glove box. The sol-

vent was evaporating fast and �ne cracks could be seen on the surface of the half�dried
slurry. After pressing the slurry with the weighting paper and the thumb, the cracks
were not visible any more. After drying, the total amount of slurry on the pellet was 3
mg, 1.25 mg of this being the active material LiCoO2.

The OCV(open circuit voltage) at room temperature was �uctuating strongly and
charging the battery was not possible. Since this e�ect was most likely caused by the
high resistance of the battery, the whole battery was heated up to 95◦C to lessen the
resistance. At 95◦C charging and discharging the battery was possible.

Figure 7.17.: First cycle of the battery at 95◦C.

Figure 7.17 shows the �rst cycle of the battery at 95◦C. The battery was cycled in the
range of 2.0 V to 4.8 V against Li/Li+ with 3.125 µAand−3.125µArespectively.Afullchargeneeded10hours.Thereforethisbatteryhadaenergydensityof25.0mAh/g(around18%ofthetheoreticalenergydensity).Thisresultislowincomparisontobatterieswithaliquidelectrolyte, andsurelycanbeimprovedbyoptimizingthesystem.

After cycling the battery, impedance measurements were performed at 95◦C. The
measurement was done when the battery was charged and discharged respectively. Fig-
ure 7.18 shows representative measurement data. The black line belongs to the charged
state of the battery, while the red one belongs to the discharged state. The biggest dif-
ference between these two states is visible at the right side of the �gure in the area where
the interface towards the electrode takes e�ect. This measurement was only analysed
qualitatively.

It is possible that on this interface a space�charge is formed. This would explain why
the imaginary resistance is so much higher in case the battery is charged. For a capac-
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Figure 7.18.: Impedance result measured at 95◦C.

itor the imaginary resistance is high, while an ohmic resistor only has a real resistance.
Similar to a capacitor the charges are separated in this space�charge along the boundary
of the electrode and the electrolyte.

In literature, the formation of a high resistance interface of Li2CO3 is mentioned. Af-
ter the cycling of the battery and impedance measurements, the pellet was retrieved from
the battery and analysed in SEM. For this analysis the pellet was broken in two pieces
and the interface was analysed.

In Figure 7.19 one half of the pellet is shown. Marked with the red square is the
composite on top of the pellet. On the right side of the slurry the pellet itself is seen. It
is clearly visible that the structure of composite and pellet are di�erent. The slurry is
one mass without much air trapped while the pellet is porous. This was expected since
the pellet only had a density of around 54 %. Normally dense pellets are preferred but
in this case the porous surface of the pellet could have helped to make the interaction
surface of pellet and composite bigger. Since the composite stayed on top of the pellet
even after cycling, the adhesion between composite and pellet was good.

In case of this battery, no Li2CO3-Layer between composite and pellet could be found.
It would be visible as a layer in a di�erent shade of grey in the SEM picture. This was
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Figure 7.19.: SEM picture of the pellet after cycling in the battery.

not observed.

All in all, the proof of concept that all solid state batteries could be made is done with
this battery. The battery was also able to light a LED after the cycling and impedance
measurements were performed!

Battery 2(SRSA11P4)

The pellet for this battery was sintered at 975◦C for 8 hours. Afterwards the pellet
had a density of 3.63g/cm3, which is round 71 % of the theoretical density.

The pellet was thinned in the glove box. The slurry was done like described above, but
NMP was used as solvent. This solvent was chosen since it evaporates slower than the
mixture of THF and toluene. When the slurry contains the solvents THF and toluene,
the slurry cracks on top of the pellet while drying. To avoid this, a solvent that is evap-
orating slower might help. For this reason, NMP was tested on this pellet. Even though
the drying process was now slower, the cracking was still occurring. There was no visible
improvement in comparison to the mixture of THF and toluene.

Applying the slurry on top of the pellet was done outside of the glove box. After dry-
ing, the total amount of slurry on the pellet was 6 mg, 2.56 mg being the active material
LiCoO2.

The battery showed a �uctuating OCV(open circuit voltage) of around 2.9 V at room
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temperature and a stable open circuit voltage of 2.7870 V at 95◦C. The battery was cy-
cled between 2 V and 4.8 V with 2.560 µAand−1.280µA.Thebatteryneeded4.3hourstofullychargeforthefirstcycle, thereforetheenergydensityis4.3mAh/g.Thisismuchlessthantheotherbatteryhad.
One reason for this could be that the pellet for this battery had a higher density and

was not as porous as the previous one. This could lead to less charge exchange area
between composite and pellet. It could also be that the solvent used for the slurry had
an in�uence on the �nal performance of the battery. This could be done by changing
the composite structure, for example when di�erent components of the composite had
di�erent solubility. Then the components of the composite would be separated and the
idea behind the composite would not be met any more.

Figure 7.20.: Potential(vs. Li/Li+) against speci�c charge.

In Figure 7.20 a typical cycle of the battery is shown.

Heat treatment after applying the slurry

If Li2CO3 was formed and would make the resistance at the boundary electrolyte to
electrode higher, then heating the pellet up to at least 732◦C and no more contact to
CO2 afterwards would increase the performance of the battery.
This idea did not work out as can be seen in Figure 7.21. The side where the composite

was applied is not visible. On the side, where no composite was applied, the pellet was
coloured light blue, a colour cobalt ions can take in the oxidation state of II+.

7.4.2. LiFePO4 as cathode materials

The second material used for the batteries was LiFEPO4, which is also known to liter-
ature and has a theoretical energy density of 170 mAh/g[36].

Battery 3(SRSA08)

The pellet for this battery was sintered at 985◦C for 10 hours. Afterwards the pellet
had a density of 3.79g/cm3, which is round 73 % of the theoretical density.
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Figure 7.21.: Picture of pellet with composite after heating. The composite was applied
to the side not visible in the picture.

The pellet was thinned in the glove box and applying the slurry on top of the pellet
was done in the glove box as well. The surface of the pellet was never exposed to air
during the process of battery making. After drying, the total amount of slurry on the
pellet was 1 mg, 0.4 mg being the active material LiCoO2.

This battery was the �rst battery to work even at room temperature since the OCV
was relatively stable at 2.9394 V at room temperature and charging the battery was
possible. The cycling of the battery at room temperature gave improvable results. The
charge at room temperature was done with 1.25 µAto4.8V andwith− 0.7µAto1.8V.
For getting the speci�c charge, the battery was cycled at 95◦C between 2 V and 4.8 V

with 1 µAand−0.5µA.Incomparisontotheotherbatteries, theproportionofcurrenttoactivematerialisdifferent.Thereasonforthisis, thatwiththerightproportionthecurrentwouldbetoosmalltodetect.Theactivematerialonthisbatteryisonly0.4mgincomparisontothe1−
3mgtheotherbatteriesarehaving.

The battery needed 2 hours to fully charge the �rst time at 95◦C, therefore the energy
density is 5.5 mAh/g. This result is very small. One reason could be the fast charging
because of the in comparison high current.

Battery 4(SRSA11P1)

The pellet for this battery was sintered at 975◦C for 8 hours. Afterwards the pellet
had a density of 3.74g/cm3, which is about 73 % of the theoretical density.

Applying the slurry on top of the pellet was done in the glove box. After drying,
the total amount of slurry on the pellet was 5.8 mg, 2.44 mg being the active material
LiCoO2.
The battery was cycled between 2 V and 4.8 V with 2.4 A and -2.4 A respectively.
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The �rst full charge of the battery needed 11.7 hours, leading to a energy density of 11.7
mAh/g.
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In total, this work gave good results. One kind of new doping was found for LLZO and a
working solid state battery was prepared. Not working were the doping wit Na and the
new synthesis.

The sol�gel synthesis did not work at all. The result was the synthesis of a material
which could not be identi�ed. It could not be found if it was a single compound or more.
Since the Pechini method is a derivation of this method and does work, it is likely that
something in this synthesis went wrong. It is a fact that the chemicals used were old
and standing open for some time. There could be changes in the chemicals which made
them react di�erent than expected. Maybe the synthesis would be a success with newer
chemicals.

The Na�doped LLZO had tetragonal phase which was expected, since one necessary
requirement for changing to the cubic phase is to have Li�vacancies. Sodium would
only increase the lattice parameter. Since there are other ways to increase the lattice
parameter and to introduce Li�vacancies, Sodium as a doping will not be very interesting.

For calcium and gallium doped LLZO, even though the material could not be produced
in a pure phase, it could be seen, that calcium in a concentration of 0.2 mol per formula
unit is not able to change the phase of LLZO to a cubic one. Post�doping with gallium
made the phase change from the tetragonal phase to the cubic phase. The insoluble
precursor Ga2O3 could even be added to the synthesis in the beginning, leading to a
cubic faced product.
The EDX showed an even distribution of dopant gallium and calcium throughout the

sample. This, together with the XRD pattern, which shows a cubic LLZO, indicates
that the synthesis of the bi�doped LLZO was a success. SEM pictures showed rather big
grains with impurities on the surface of the LLZO grains.
The sintering temperature of LLZO doped with gallium and calcium depends strongly

on the concentration of the dopant. Li6.9Ga0.2Ca0.5La2.8Zr2O12 starts sintering at tem-
peratures as low as 700◦C, while Li6Ga0.5Ca0.5La2.5Zr2O12 starts to sinter at 900◦C.
Since the gallium content was the only variation, there must be a connection between
gallium content and starting temperature for the sintering process. To be sure, various
more concentrations of gallium should be tested.
For the material Li6Ga0.5Ca0.5La2.5Zr2O12 an Arrhenius plot was measured. The

impedance was measured at di�erent temperatures from room temperature up to 250◦C
and the data obtained was �tted with the help of an equivalent circuit. Generally the
�tting was di�cult because the semi�circles were not resolved. The activation energy
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obtained from this measurements were 0.31 eV and 0.34 eV respectively.

From the batteries, the �rst battery where the pellet only had 50 % of the theoretical
density was the best in terms of energy density. All the batteries were cycled at 95◦C
and worked would light a LED even after cycling. This is a big achievement, since solid
state batteries in this form were not done before.
The performance is still much behind the performance of batteries with liquid elec-

trolyte. From the impedance data measured from battery 1 it can be seen, that the
interface between electrolyte and electrode has a high resistance. Much research needs to
be done on this interface to understand why it is blocking exactly and how this problem
can be solved. If the problem is the space�charge alone, then there is already an approach
known.
Between the two cathode materials a better one could not be decided on because the

performance in total was not good and the number of experiments(only four batteries)
were too little. Since cobalt tends to di�use at higher temperatures, LiFePO4 will be
better for high temperature applications. In addition, LiFePO4 has a higher energy
density than LiCoO2.
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