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Abstract

Two different synthesis methods of free-standing nanostructured iron oxide electrodes
as anode material in lithium-ion microbatteries were applied and the battery perfor-
mance was investigated.

Synthesis conditions for the direct growth of nanotubular structures on iron foil
of relatively low purity (99.5 %) were optimised regarding morphology. The nanotube
formation was implemented by anodization with the use of a fluorine-containing elec-
trolyte. Nanotube arrays were grown with lengths ranging from 0.5 - 4.5 µm, while
having an inner-tube diameter of approximately 40 nm. A substantial improvement
of the post-anodization washing process is presented, which strongly affected the me-
chanical stability of the iron oxide nanotube array. The as-anodized and annealed iron
oxide electrodes were characterised by X-ray diffraction (XRD), Raman spectroscopy
and X-ray photoelectron spectroscopy (XPS). The fabricated iron oxide electrodes were
assembled in lithium half cells. Galvanostatic cycling stability tests were performed and
the electrochemical response was studied by cyclic voltammetry (CV) and impedance
spectroscopy (EIS). The battery performance tests showed best long-term cycling sta-
bility and adequate rate capability for 2.9 µm thick as-anodized nanotube electrodes.
At a cycling rate of C/5 the areal charge capacity of 248 µA h cm−2 could be preserved
over 100 cycles. These promising results could be ascribed to the unique nanotubular
structure, which was maintained even after 200 cycles. With a 2C cycling rate, the ca-
pacity was still about 110 µA h cm−2. By annealing, the capacity of the electrodes could
be increased up to almost 4 times, which was attributed to the enhanced crystallinity
of the iron oxide. To the best of my knowledge, this is the first study in which the mod-
erate cycling stability of annealed iron oxide nanotube electrodes could be improved
by addition of fluoroethylene carbonate to the electrolyte. Thus the capacity retention
after 100 cycles at C/5 rate could be increased from 7 % to 46 %. In post-mortem
studies, the structural change and the solid electrolyte interface layer composition was
investigated.

A facile synthesis procedure based on ultrasound-assisted oxidation in degassed
de-ionized water was discovered, which formed differently shaped nanostructured iron
oxides. The conditions during the synthesis such as different gases and experimental
times were investigated, and best oxide coverage was achieved for degassing with argon
and 6 h oxidation. The morphology and crystal structure was studied by scanning
electron microscopy (SEM), XRD and Raman spectroscopy. Crystalline iron oxide
structures were detected and assigned to magnetite and hematite species. The battery
performance was studied by galvanostatic cycling. The best results were found for a
6 h oxidised electrode with charge capacity of 127 µA h cm−2.
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1 Popular Summary

For miniature electronics, such as implantable medical devices, intelligent labels, and
micro-electromechanical devices, batteries of the order of micrometres are required (one
micro meter is thousand times smaller than a millimetre). Besides the restriction in
size, these batteries have to supply sufficient energy and power. This implies that a
micrometre-sized battery, which is termed microbattery, needs an extraordinary con-
figuration. Furthermore, there are general requirements for new battery technologies,
such as being efficient, durable, inexpensive, safe, environmentally friendly and being
producible in large-scale fabrication processes. Especially, for application as energy
supply of implantable medical devices, a leakage of the battery or even explosions have
to be prevented under all circumstances to avoid injuries.
Per definition, a battery is an arrangement of many electrochemical cells, which can

be connected in series or in parallel. Each electrochemical cell has a positive and a
negative electrode, which are well-known as poles. In commercial lithium-ion batteries
two planar electrodes are implemented, consisting of graphite as negative electrode
and a transition metal oxide as positive electrode. Between the two electrodes is a
spacer which separates the electrodes to prevent short-circuit. In the battery is also
a component which facilitates transfer of ions, which is termed electrolyte. When
the electrochemical cell is connected to an external load, oxidation reactions occur at
the negative electrode and reduction reactions occur on the positive electrode. As a
consequence, the discharge of the cell occurs as electrons flow from the negative to the
positive electrode via an external load and lithium ions move inside the battery in the
opposite direction to compensate charge imbalance. For rechargeable batteries, the
electrochemical processes in the cells can be reversed when an external power source
is appropriately connected. A schematic construction of a commercial Li-ion battery
is shown in Figure 1.1, indicating the operation processes.
The energy, E, a battery can deliver, is the product of cell voltage, U , current, I, and

time of discharge, t, (E = U ·I · t). The energy which can be delivered in a certain time
equals the power, P , with P = E/t. The most promising strategy for development
of microbatteries is the construction, in which the electrodes and the electrolyte are
incorporated in a 3D nanoarchitecture. Illustrations of proposed architectures with
nanometre-sized components, are shown in Figure 1.2 (one nanometre is a thousandth
of one micrometre). The interpenetrating and interdigitating electrodes enable high
power supply due to short path lengths for ions between the electrodes. High energy
is provided by the special geometry of electrodes, which enable employment of high
amount of reactive material. The current research focuses on the development of 3D
nanostructured electrodes for microbatteries. The charge and discharge should be
possible with high rates and the life-time should be long.
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1 Popular Summary

Figure 1.1: Schematic construction of a common commercial Li-ion battery indicating its operating
processes (Adapted with kind permission of Adam Sobkowiak). [1]

The work of this thesis comprises the synthesis of free-standing nanostructured
iron oxide electrodes, thermal treatment, material characterisation and electrochemical
evaluation of the battery performance. Anodic nanotubular iron oxide electrodes were
fabricated by electrochemical anodization of iron foil in an etching organic electrolyte
with small amounts of water. For anodization a voltage is applied which induces an
oxidation of the iron foil, while the etching electrolyte partly dissolves iron oxide. Suit-
able conditions for anodization were applied in this thesis which led to nanotubular
iron oxide formation. The time of the anodization was changed which affected the
length of the formed iron oxide nanotubes. Several techniques for analysis were used
to characterise the morphology, crystallinity and composition of the as-formed and
thermally treated iron oxide electrodes. As indicated by the change in colour of the
electrodes, it could be proven that the properties of the iron oxide electrode changes
by thermal treatment.

In a side experiment, iron oxide foil was placed in deionised water, which was prior
degassed with inert gas, and simply oxidised with the assistance of ultrasound. A big
variety of different iron oxide nanostructures such as cubes, rods, flakes and chunks
could be formed. Such nanostructures can be observed with an electron microscope.

The electrodes were assembled in pouch-cells utilising an metallic lithium counter
electrode and organic electrolyte. Battery performance tests were conducted, in which
the suitability of the electrodes was investigated. Further electrochemical measure-
ments were performed to find out electrochemical characteristics of the cells. The best
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Figure 1.2: Examples of suggested 3D architectures for microbatteries. Adapted with permission from
Long et al. [2]. Copyright 2004 American Chemical Society.

stability of the electrodes was shown for anodic nanotube iron oxide electrodes with
a thickness of 2.9 µm, which lost only 15 % capacity during a series of 100 alternating
charges and discharges. Thermal treatment of the nanotube electrodes could increase
the capacity of the electrodes up to 4 times. The increment of capacity, however, was
achieved at the expense of the battery life time. An additive (fluoroethylene carbon-
ate) was added to the electrolyte of batteries comprising thermally treated nanotube
electrodes. As a result, the life time of the batteries was extended.
After battery performance tests, some batteries were dissembled and the iron ox-

ide electrodes were inspected with an electron microscope. It could be observed that
the structure of as-anodized nanotube electrodes was quite well maintained after 200
charges and discharges whereas the structure of thermally treated nanotube electrodes
changed already after 6 charges and discharges. The shorter battery life time of
thermally-treated nanotube electrodes was ascribed to the structural change.
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2 Introduction

The physical dimensions of implantable medical devices and other microelectronics are
decreasing continually while their power requirements are increasing simultaneously. [3]
Along with this, rechargeable batteries have to be developed which meet the require-
ments of enhanced energy and power density while their size is strictly limited. The
entire battery including packing needs to feature a thickness less than 100 µm and a
volume in the range of a few mm3. [3,4] Preferably, lithium ion based batteries should
be used because those provide the highest energy density.
Upcoming requirements, however, can not be met by use of either thin-film or thick-

film electrodes, as illustrated in the Ragone plot in Figure 2.1. Admittedly, thin-film
batteries are able to supply high power based on short current path and ion diffu-
sion lengths, but suffer from low energy density as the loading of active material is
little. The presumption that winding-up of thin-film electrodes would increase the
specific capacity by enclosing a large electrode area in a tiny volume is correct but
often not applicable. This originates from the fact that most electrode materials have
a disposition to feature mechanical instability whereby winding would cause crack ini-
tiation and subsequently destruction. [5] The other way round regarding micro-sized
applications, thick-film electrodes are not functional since slow solid-state diffusion for
electron and lithium results in small power densities while the energy density can be
sufficiently large. [3] Benefits of both designs are needed which led to research on nano-
architectured electrodes for use in 3D-battery constructions. Different suggestions of
3D architectures for microbatteries are shown in Figure 1.2. In present research the ca-
pacity per footprint area of an electrode is the crucial benchmark rather than typically
used gravimetric or volumetric capacity. [3,5] A great number of nano-structured elec-
trode materials of different designs with high aspect ratios have been proposed, which
have a large reactive electrode/electrolyte interface when assembled as a battery. This
enables high energy and power density since high loading of active material is possible
whereby diffusion paths of lithium ions are still short. [3] By downscaling to nano-size,
the thermodynamic properties of electrode materials can be changed. Compounds such
as Li2O and LiF, which can be formed in lithium-ion cells by reaction with transition
metals and fluorides, show rather poor electronic and ionic conductivity as bulk mate-
rial but at nano-scale the reactivity increases. [6] By convention, battery constructions
using powder- and binder-free micro/nano-structured electrodes with active surfaces
approachable in three dimensions are designated as 3D batteries. [3,5] The development
of free-standing electrodes which are able to show both high areal capacity, long-term
stability and rate capability is still in its infancy and fraught with problems, though.
For that reason research is mainly focused on semi-3D battery assembly in which a 3D
electrode is attached to a planar separator and combined with another conventional
electrode. [3,5] Further obstacles which have to be overcome are the high fabrication
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Figure 2.1: Ragone chart contrasting the performance of thin film and thick film electrodes with 3D
microbatteries.

costs and bad scalability for 3D electrodes when template-assisted electrodeposition,
sol-gel, spray coating or atomic layer deposition are employed. [7] For the concept of
full inter-crossing 3D microbatteries, both electrodes should be micro/nano-structured
and interdigitated together with a separator. Hence short diffusion distances, about
the same length between the positive and negative electrode are present on all sides,
which leads to reduced resistance, faster mass transport and therefore better rate ca-
pability. [3,5] In contrast, side decomposition reactions are increased as well due to large
electrode/electrolyte interface areas. [6]

Transition metal oxides such as iron oxide are expected to replace graphite based
anode materials of lithium-ion batteries promising a significant increase in capacity.
Based on the intercalation mechanism, the theoretical gravimetric capacity of graphite
is only about 372 mA h g−1 whereas materials which undergo a conversion reaction
like the high abundant Fe2O3 and Fe3O4 could provide theoretical capacities about
1007 mA h g−1 and 926 mA h g−1, respectively, featuring non-toxicity and low material
costs. [8–11] Safety aspects are ensured by the non-existing flammability and the average
working potential of about 0.85 - 1.05 V vs Li+/Li, but drawbacks emerge from poor
electric conductivity and stability. [10,12] A drawback of the the working potential of
iron oxide electrodes is, that it is more positive than for a graphite anode, which has
negative impact on the energy and power density of a Li-ion battery.

14



2.1 Scope of the Degree Project

2.1 Scope of the Degree Project

In this work the synthesis of nanotubular iron oxides as anode material in lithium-ion
batteries is optimised and different layer thicknesses are obtained. [8,13–18] These are
fabricated by a simple and cost-efficient electrochemical synthesis approach, which is
termed anodization. The grown iron oxide films are characterised and the morphol-
ogy change for variations of the synthesis and post-synthesis conditions is compared.
High areal capacity, rate capability and long-term cycling stability are targeted when
assembled in lithium-half cells. The electrochemical properties are investigated and,
furthermore, both the effect on crystallinity, crystal structure and on electrochemical
performance is evaluated when electrodes are annealed at high temperatures. The im-
pact of fluoroethylene carbonate as an electrolyte additive is determined. The solid
electrolyte interface (SEI) composition and electrode morphology as well as crystallinity
change upon galvanostatic cycling is studied on post-mortem electrodes.
In a side experiment iron oxide nanostructures are created by ultrasound-assisted

oxidation of iron foil in degassed deionised (DI) water. The structures are analysed
regarding morphology, crystal structure, crystallinity and electrochemical performance.

15





3 Background

3.1 Batteries

The experiments of Luigi Galvani on the response of a frog’s muscle when touched
with two different metals, carried out in 1781 at the University of Bologna, were the
beginning of electrochemical research. [19] This finding motivated Alessandro Volta to
build the forerunner of today’s batteries in 1800. By stacking an alternating series of
two metals separated by linen soaked in salt solution, he created the so-called ’voltaic
pile’. [19]
With the development of portable electronic devices and electrification of transport,

requirements for batteries regarding capacity, power, rate capability and life time are
increasing continually. This results in an ongoing demand for steadily improvement of
known battery concepts and the invention of new battery systems, which is not that
straightforward as for other electronic devices. [20] In the last 100 years, the development
of electric cars and wireless communication was mainly restricted by absence of suitable
batteries. [20] Besides, novel battery types should be environmentally friendly, non-toxic
and as cheap as possible. [20]
The most important batteries until today are beside the well-known Li-ion battery,

the zinc-manganese oxide nonchargeable battery (invented in 1866) and the lead-acid
(invented in 1859) and nickel-cadmium (invented in 1901) rechargeable batteries. [19,20]
Nowadays it is hard to imagine the non-existence of batteries, as they penetrate our
everyday life, for instance in devices like alarm clocks, toothbrushes, cell phones, mi-
crochips, laptops, assist-starting in cars, or even full electric cars, to name but a few.
Per definition a battery is consisting of several electrochemical cells, but today the

terms "cell" and "battery" are used interchangeably. [21] In an electrochemical cell,
chemical energy is converted into electrical energy by redox reactions at both the anode
and cathode. [19,22] Basically, a galvanostatic cell, which converts chemical to electrical
energy, consists of two electrodes in an electronically insulating but ionically conduc-
tive electrolyte. To avoid direct contact of the electrodes, an electronically insulating
physical barrier is used in between. It is termed separator and allows the migration of
ions, when its pores are filled with electrolyte. [19,22] During discharge of an electrochem-
ical cell, the anode is the more negative electrode, as the electrode potentials of the
occurring reactions are lower than those at the cathode. [22] The negative polarity orig-
inates from oxidation reactions which release electrons. At the cathode site, reduction
is taking place which consumes electrons. In primary batteries only discharge processes
occur which produce electrical energy for an external connected load. The amount of
released electrical energy is a product of discharge capacity and the average voltage of
a cell. In so-called secondary batteries, which are usually known as rechargeable bat-
teries, the chemical processes can be reversed. While charging, electrical current from
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3 Background

an external power supply is used to enforce reactions at both electrodes to store energy
in form of chemical energy. [19] In contrast to primary batteries, secondary batteries are
usually mounted in a discharged state. [22] The state-of-the-art technology is the Li-
ion secondary battery, which provides the highest energy density among rechargeable
batteries.

3.2 Lithium-ion Batteries

As the least noble and lightest metal with a standard potential of −3.04 V versus the
standard hydrogen electrode and a density of 0.53 g cm−3, lithium (Li) as electrode in
an electrochemical cell is able to provide high electrochemical capacity (3.86 A h g−1,
and high voltage when combined with a suitable cathode material. [23] Even though
early experiments, were Li was involved as a material to produce electricity, dates back
to 1912, the Li-ion battery by Sony Energitech in 1991 was the world’s first commercial
Li-based secondary battery. [20] Sony Energitech implemented a ’rocking-chair cell’ in
which Li+ ions are exchanged between a graphite anode and a lithium cobalt oxide
cathode. This battery is based on an insertion/extraction mechanism, in which Li ions
are exchanged between two intercalation material electrodes. The operation works
without the utilisation of metallic lithium. [20] After 25 years, however, research is still
on-going to optimise the performance and materials of Li-ion batteries aiming for longer
life time, lower fabrication costs and higher energy and power density.

The use of metallic lithium in rechargeable batteries with liquid electrolyte can lead
to irregular Li re-deposition due to an uneven current distribution which involves a
change of the electrode’s shape. [24,25] Additional problems regarding the Li re-deposition
are induced by a solid layer which is formed on the lithium/electrolyte interface at low
potentials. [26] This layer is termed solid electrolyte interface (SEI) and is described in
detail below. It needs to be mentioned here, that the SEI has not only drawbacks, in
contrast, this feature actually enables the operation of secondary Li-ion batteries. Due
to Li release and re-deposition, the mechanical stress on such an ionic permeable layer
can lead to cracks at which lithium ions get preferably reduced. [25] That leads to the
formation of a multi-branched structure, so called Li dendrites, which can grow during
Li re-deposition from the anode to the cathode and cause short-circuit. [25] In worst
case a short-circuit results in a thermal runaway and subsequent destruction or even
explosion of a cell. [25] Because of the mentioned problems when using a pure metallic
Li anode in batteries, alternatives have to be investigated.

The intercalation material graphite is constructed of networks of planar intercon-
nected carbon hexagons and can act as a host material for cat- and anions, as they
intercalate between the layered structure when sufficient electrochemical potential is
applied. [25] However, regarding Li intercalation, the proportion of Li to C is at its best
1:6, so the maximum theoretical electrochemical capacity is only about 0.372 A h g−1

(experimental capacity 0.330 A h g−1) and thus more than 10 times lower than the
capacity of a metallic Li anode. [6] Benefits of graphite are the safety aspect, abun-
dant availability, high conductivity and Li diffusivity, small volume change during
de-/intercalation of Li, and also low-cost. [27] Besides the low gravimetric capacity and
the even lower volumetric capacity of graphite (330 - 450 µA h cm−3), graphite based
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3.3 Iron Oxide

Li-ion batteries provide sufficiently high power while cycling stability is adequate due
to good reversibility. [27] A schematic construction and the operating processes of a
common commercial Li-ion battery is shown in Figure 1.1, which basically consists of
a graphite anode and a lithium ion phosphate (LiFePO4) cathode.
A strategy to largely enhance the capacity is the use of transition metal oxides

(MxOy), such as oxides of iron, manganese, copper or chromium, as anode material
which undergo solid-state conversion reactions with Li ions to form Li2O and the pure
transition metal during the charging of a Li-ion battery: [20,28,29]

MxOy + 2 ye− + 2 yLi+ −−→←−− xM0 + yLi2O

A conversion material is chemically and structurally converted during battery cy-
cling, resulting in the formation of new compounds with changed properties unlike
that for intercalation materials. Depending on the oxidation number of the transition
metal ion of the oxide, multiple electrons can be transferred per metal atom which
results in much higher capacities than for intercalation materials.
Nevertheless, also conversion materials exhibit drawbacks like the low cycling sta-

bility due to structural, volumetric, and compositional changes during charge and dis-
charge. That could result in loss of active material when the contact to the current
collector is lost. [15,18,27] Furthermore, solid-state conversion reactions often exhibit slow
kinetics which would allow only low charge and discharge rates and additionally high
overpotentials have to be exerted. [27] These issues could be reduced when functional
nano-structured electrodes are utilised. [18] A secondary problem, which is to some ex-
tend also beneficial, is that organic compounds used in the electrolyte are not stable
towards low potentials. [26] The decomposition reaction on the anode surface is forming
a resistive solid electrolyte interface (SEI) by consuming electrolyte until a certain layer
thickness is built up. [26] That ionic permeable layer provides a protection against fur-
ther electrolyte decomposition which would lead to a short life time of the battery. [26]
However, due to the big volume change of the conversion material, the SEI could crack
and subsequently the consumption of electrolyte would continue. One approach to stop
electrolyte consumption is the addition of an electrolyte additive which reacts with the
electrode at a more positive potential before the actual electrolyte decomposition sets
in. [26,30,31] Depending on the additive, the property of the SEI can be changed, such as
thickness, resistance and mechanical stability. [26,30,31]

3.3 Iron Oxide

In this project, nanostructured iron oxide electrodes are fabricated for application in 3D
microbatteries. Apart from application in batteries, iron oxides are employed in a wide
range of various fields of application such as supercapacitors, [32–35] photocatalysis, [36–38]
and biomedical applications. [39] Besides ten other forms of iron oxides, oxyhydroxides
and hydroxides, the most significant forms of iron oxides are hematite (α–Fe2O3),
maghemite (γ–Fe2O3 and magnetite (Fe3O4), in which the oxidation state of iron is
either +2 and/or +3 . [40] The α-form of Fe2O3 is thermodynamically favoured and thus
more stable than the γ-form. However, the most stable iron oxide is Fe3O4. [40]
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Fe2+O2-
Fe3+

a)

b)

c)

Figure 3.1: Crystal structures with an indicated unit cell of (a) hematite, (b) magnetite and, (c)
maghemite. Octahedra are coloured blue and tetrahedra green.

The unit cells of the crystal structures of hematite, magnetite and maghemite are
shown in Figure 3.1. Additionally, the surrounding atoms which form polyhedra with
the iron ions of a unit cell are added. The close-packing of spheres are either hexagonal
(hexagonal close-packed, hcp), as for hematite, or cubic (cubic close-packed, ccp) as
it is for magnetite and maghemite. [40] As well as in ilmenite (FeTiO3) and corundum
(α–Al2O3), in hematite the FeO6 octahedra are piled along the c-axis and are con-
nected by both face- and edge-sharing. Two out of three octahedral interstices have
an Fe3+ ion in their enclosing hollow space. [40] The sharing of the faces is enabled by
distortion of the octahedra and yield a density of 5.26 g cm−3, which is the highest
among the different iron oxides. As common feature of the isostructural magnetite and
maghemite, the ccp has 2/3 of interstices which are coordinated octahedrally and 1/3
which are tetrahedrally coordinated. [40] In magnetite the small Fe3+ (ionic radius of
0.064 nm) ions occupy all tetrahedral positions, whereas all the octahedral positions
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3.3 Iron Oxide

are occupied in equal ratio by Fe3+ and Fe2+ (ionic radius of 0.077 nm). [40] This config-
uration of ions in magnetite adds up to a density of 5.18 g cm−3. [40] The density of the
isostructural maghemite is reduced to 4.87 g cm−3 since 1/6 of the possible interstices
are unoccupied and the others are only filled by Fe3+. [40]
By utilisation as anode material of a lithium-ion battery, the lithiation of iron ox-

ide proceeds according to the following redox conversion mechanism (here for Fe2O3):
FeIII2O3 + 6Li+ + 6 e– ↽−−−⇀ 3 Li2O + 2Fe. [41] Hereby the reduction of one Fe ion in-
volves the transfer of three electrons, causing the high theoretical capacity. The linear
proportionality between the number of transferred electrons and the capacity is given
by Faraday’s law (compare Equation 4.9). The respective redox conversion mechanism
of Fe3O4 proceeds as follows: FeIIFeIII2O4 + 8Li+ + 2 e– ↽−−−⇀ 4 Li2O + 3Fe. It was,
however, proven by Su et al. that the backward reaction of these equilibrium reactions
is not taking place during delithiation. [11] So the actual reformed oxidation state of
iron would rather be Fe2+ than Fe3+ involving a considerable capacity loss and de-
creased crystallinity. [11] It is assumed that the mechanism occurring in the following
lithiation/delithiation processes could be FeIIO+2Li++2 e– −−⇀↽−− Li2O+Fe. [11,42] Ad-
ditional capacity loss during cycling is based on the volume change and the formation
of different compounds featuring another structure. These lead to pulverisation of the
iron oxide which goes along with loss of electrical contact. [11] To prevent the electrode’s
degradation, the development of nanostructures was reported as a beneficial stability
improvement. [12,43] Based on the high surface area of the electrode materials, nano-
structures enhance the kinetics and conductivity due to shortened pathways for Li ions
and electrons, enabling faster cycling rates and less ohmic polarisation. [12] Additionally,
the damage arising by volume expansion is shown to be reduced for nanostructures. [43]
Especially the hollow nanotubular structure can buffer the large volume change of
electrode materials during lithiation and delithiation. [12] Utilising the beneficial perfor-
mance characteristics, a wide range of different iron oxide nanostructures was designed
and studied, such as nanopores [38,44,45], nanoparticles [46], nanosheets [47], nanoshells [48],
nanodiscs [43], nanocubes [17], nanoflakes, nanowires and nanofilms [49], to name but a
few. On the other hand, the number of harming side reactions is increased by the high
surface-to-volume ratio of the nanostructures. [12] Due to this, the coating of the elec-
trode by carbon compounds was utilised to prevent contact loss of the active material
with the electrolyte and diminish the destructive volume change. As a positive side
effect the electric conductivity is also enhanced by the carbon. [12,50]
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4 Methodology

In this chapter the main concepts and techniques, which were utilised for the synthesis,
material characterisation and electrochemical evaluation are described.

4.1 Anodization

Applying a sufficiently high anodic voltage on a metal substrate M (anode) in an
electrical circuit induces its electrochemical oxidation M −−→ Mn+ + n e– which is
termed as anodization. [51] Usually a two-electrode configuration is used consisting of a
metal substrate as working electrode (WE), a counter electrode (CE), an electrolyte,
and a power supply. [51] Substantial influence on the chemical reaction is given by the
composition of the electrolyte. Only if Mn+ is not soluble in the electrolyte and an O2–

source is provided, a dense metal oxide (MxOy) layer can be formed by oxidation of
the metal surface. [51] An illustration of the reactions and the transport of mobile ions
in the electric field is shown in Figure 4.1. Due to the applied voltage, the metal is
oxidised. The formed Mn+ ions move towards the negative electrode and O2– ions move
towards the positive electrode. The reaction of Mn+ and O2– at the metal/electrolyte
interface forms a metal oxide layer. [51] After initiation of the oxide layer, the electric
field facilitates a migration of the mobile ions (Mn+, O2– ) through the oxide. [51] The
formation of new oxide continues either at the metal/oxide or at the oxide/electrolyte
interface, depending on the migration rates of the mobile ions. [51] With increasing oxide
layer thickness, the driving force of ion migration is reduced until the oxide formation
finally stagnates. [51]
If both MO is formed and dissolved, a porous oxide layer emerges. Specific condi-

tions could also give rise to the self-organisation of the MO resulting in the formation
of different nanostructures. In the 1950s, the first porous metal thin films were syn-
thesised by anodization of aluminium in an acidic electrolyte. [52] It was not until 1999
it was reported that the anodic formation of nanoporous/nanotubular transition metal
oxide could be realised by using a fluoride-containing electrolyte. [51] Until today the
anodization of a wide range of metals has been performed creating porous and tubular
MO structures. [51] It could be shown for some metals that the use of an ethylene glycol
based electrolyte leads to ideal hexagonal-oriented nanotubes with high aspect ratios
for the anodization of titanium. [53]
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Figure 4.1: Scheme showing the mechanism of oxide layer formation by field-aided ion transport.

4.1.1 Formation mechanism of iron oxide nanotubes

It is reported that the requirement to establish oxide nanotubes by anodization is
competition of the oxide formation reaction with the chemical dissolution process of
the metal oxide. [37,51,54]. It is assumed that the formation mechanism of iron oxide
nanotubes behaves like the reported mechanism for TiO2 nanotube growth. [37,51] The
following steps occur for anodization in an organic electrolyte containing appropriate
amounts of water and ammonium fluoride: At first, an initial thin passivation layer is
formed at the anode by the reaction of metallic iron with water while cathodic hydrogen
evolution takes place (see Equation 4.1). [36,37]

2 Fe + 3 H2O −−→ Fe2O3 + 3 H2 (4.1)

In absence of fluoride ions, O2– ions migrate through the thermodynamically stable
oxide layer to the metal/metal oxide interface to continue the oxidation process. De-
pending on the applied voltage, a finite oxide thickness is reached at which the driving
force of ion migration in the oxide approaches zero. [51] However, at high potentials the
Fe–O bond is weakened due to polarisation in the electric field and with the use of
fluoride ions, iron oxide can be dissolved by forming soluble hexafluoroferrate com-
plexes, [FeF6]3– . The required protons are provided by the ammonium, NH4+ (see
Equation 4.2). [36,37,51]

Fe2O3 + 12 F− + 6 H+ −−→ 2 [FeF6]
3− + 3 H2O (4.2)

By the competition of oxide formation and dissolution cracks in the oxide layer
emerge educing an ordered nanoporous structure. Ongoing reactions and self-orga-
nization give rise to the steady-state growth of iron oxide nanotubes. [36,37,51] When
reaching an equilibrium of the reactions 4.1 and 4.2, the nanotube formation comes to
a halt. A graphical illustration can be seen in Figure 4.2 showing the different steps
in the nanotube formation. Iron oxide nanotubes produced by anodization have been
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Iron Iron oxide thin film

Porous iron oxide Iron oxide nanotubes 

Figure 4.2: Simplified illustration of the different steps occurring during anodization of iron in an elec-
trochemical set-up for appropriate experimental conditions, such as voltage and electrolyte
composition.

reported for potentials between 30 V and 60 V for appropriate water and ammonium
fluoride concentrations of an ethylene glycol based electrolyte. [7,14,36,44]
With respect to battery application, this bottom-up procedure used herein excludes

the need of inert binders and conductive additives, which are usually added in elec-
trodes to form a porous, electronically conducting electrode coating on a metal foil
substrate as current collector. [7] Thus higher volumetric and gravimetric capacities can
be enabled and rate capabilities enhanced due to short diffusion pathways and absence
of substances in which lithium would diffuse rather slowly.

4.2 Scanning Electron Microscopy

Digital images of nanoscalar structures can be created by probing specimens with scan-
ning electron microscopy (SEM). The sweep of a surface with a focused electron beam
generates high resolution images with large depth of field giving information of mor-
phology. When electrons with high kinetic energy in the range of 1−40 kV impinge on
atoms in a certain volume under the surface, elastic and inelastic scattering occurs. [55]
Backscattered electrons result by elastic scattering whereas inelastic scattering leads to
secondary electrons. Secondary electrons possess much lower energy than backscattered
electrons and are detected at smaller angles. A mapping is constructed by detection of
both backscattered and secondary electrons emitted at each grid of the probe. [55]
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Figure 4.3: Schematic representation showing the principle of Bragg’s law.

4.3 X-Ray Diffraction

In this work X-Ray Diffraction (XRD) was deployed to study the crystal structure of
the annealed electrodes to determine their composition. In this instrument, which is
named diffractometer, beams of monochromatic X-rays are generated in an X-ray tube
in certain incident angles through collimation slits on the specimen. [56] Electrons of all
atoms in a crystalline specimen scatter the X-rays and contribute to the diffraction
intensity depending on the scattering direction. [56] Based on Bragg’s Law, which is
given in Equation 4.3, constructive interference can only occur if the path difference
of two scattered electromagnetic waves with the wavelength, λ, is an integer multiple,
n, of the wavelength. For this to happen the path difference, which is depending on
the distance between two parallel crystal planes, d, and the incident angle between the
incident beam and the crystallographic plane, θ, has to fulfil following condition:

nλ = 2d sin(θ) (4.3)

The underlying principle behind this law is shown in Figure 4.3. If this condition is
not fulfilled, partial or complete destruction of the electromagnetic waves occur. Usu-
ally, the diffracted x-rays pass a monochromator prior to they enter a detector, in which
a signal of the intensity in the region of the diffraction angle 2θ is measured. [56] For
identification of the crystalline specimen, diffraction spectra of crystalline structures
from a database can be compared with the recorded spectrum.

4.4 Raman Spectroscopy

The interaction of electromagnetic radiation of wavelength in the order of 10−7 m with
matter is studied in Raman spectroscopy, which can provide information about the
identity of molecules and atoms in crystal lattices. [57] The inelastic scattering of light
upon interaction with matter is termed Raman scattering. The vibrationally excited
molecule does not return to its initial state and the scattered photon’s energy changes.
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Raman scattering can be divided into two different cases. When the scattered photon
has lower energy than before, the scattering is termed Stokes scattering. When the
scattered photon’s energy becomes higher, since the final level of molecular vibration is
lower than the initial, it is called anti-Stokes scattering. [57] Rayleigh scattering describes
elastic scattering, at which the photon has zero net energy transfer. In the latter case,
a molecule returns to its original vibrational state after excitation by emission of an
photon with the energy of the incident photon. [57] The inelastic scattered photon has
a certain change in frequency which is named Raman shift. Each band position of a
Raman shift corresponds to a certain molecular vibration. [57]

4.5 X-ray Photoelectron Spectroscopy

Elemental analysis of surface films was accomplished by X-ray photoelectron spec-
troscopy (XPS). If incident X-ray photons have sufficiently high energy (hv), they can
eject inner-shell electrons of the respective atoms, and the electrons obtain a certain
kinetic energy, Ekin, and are termed photoelectrons. The kinetic energy of a pho-
toelectron is directly related to hv and the binding energy, Ebinding, of the electron.
Information about the origin of a photoelectron, can be obtained by calculating its
Ebinding. The formula for calculating Ebinding is derived by the condition to generate
photoelectrons by X-ray irradiation, given in Equation 4.4. [58]

Ebinding = hv − Ekin − Φ (4.4)

The energy which is needed for a photoelectron to leave the surface of the material is
denoted Φ and its value depends both on the sample and the photoelectron detector. [58]
The binding energy of an electron carries the information of the element, the shell or
even subshell, the element’s oxidation number and its chemical environment. Usually,
in XPS spectra, the intensity of the detected electrons is plotted as a function of binding
energies. The surface sensitivity of this technique, which is less than 10 nm, is given
by the fact that photoelectrons have relatively low kinetic energy (20 - 2000 eV) and
thus can only be withdrawn from the uppermost atomic layers. [58]

4.6 Galvanostatic Cycling

During galvanostatic battery cycling, a constant current is applied to a battery. The
resulting potential, E, of the working electrode is recorded as a function of time. Per
definition, a negative current, I, is applied for discharge to a predefined lower cut-off
potential and a positive current is used for charging until the potential at the WE
equals a predefined upper cut-off potential. A discharge between the potential limits
with subsequent charging represents one cycle. The charge or discharge capacity Q of
an electrochemical cell is the amount of electric charge which is needed to charge a
battery or which can be released during discharge (see Equation 4.5) and it is limited
by the electrode with the lower capacity (in this thesis the iron oxide electrode).

Q = I · t (4.5)
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For the description of an electrode’s performance and for comparison between dif-
ferent electrodes the capacity, Q, can be expressed as gravimetric, Qm, the volumetric,
QV or areal capacity per footprint area, QA (see Equations 4.6, 4.7 and 4.8, respec-
tively). It specifies the capacity with respect to the mass, m, volume, V or area, A, of
the active material of an electrode.

Qm =
Q

m
(4.6)

QV =
Q

V
(4.7)

QA =
Q

A
(4.8)

The theoretical gravimetric capacity can be calculated with Equation 4.9, which
involves the molar mass of the active material, M , the number of transferred electrons
in the redox reaction per molecule, z, and the Faraday constant, F . The product of
elementary charge, e, and the Avogadro’s constant, NA, is equal to F .

Qm =
z · F
M

=
z · e ·NA

M
(4.9)

F = 96 485.340Cmol−1; e = 1.602 · 10−19C; NA = 6.022 · 1023mol−1. [59]

The coulombic efficiency of charge and discharge processes in a lithium half-cell is
defined by Equation 4.10 and termed coulombic efficiency, ηEff . It should be close
to unity for a battery with excellent cycling stability, for which the stored energy can
be released entirely. Capacity losses can be explained by side reactions and loss of
electronic contact between the active material and the current collector.

ηEff =
Qcharge

Qdischarge

· 100 % (4.10)

The long-term stability of a battery is tested by plotting the charge/discharge ca-
pacity as a function of cycle number for cycling with constant current. The current
is expressed as cycling rate, which describes the time of a charge or discharge in the
given potential range. For example a cycling rate of 2C indicates that a full charge
or discharge is accomplished in half an hour, whereas it needs 2 h with a C/2 rate. In
rate capability tests, different cycling rates are applied for a certain range of cycles and
the corresponding charge/discharge capacities are examined. The voltage profiles of
charge and discharge processes show at which voltages different redox processes occur
and give information about activation and concentration polarisation as well as ohmic
losses.

4.7 Cyclic Voltammetry

For qualitative investigation of the redox properties of the constructed cells, cyclic
voltammetry (CV) was used. The resulting current, flowing in the electrochemical
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cell, is measured for an applied potential changing with time. The detected current is
usually plotted versus the applied potential. When applying a potential, current flow
is induced when the system is forced to vary the concentration of oxidised and reduced
species according to the Nernst equation. This type of current based on redox reactions
is termed faradaic current. The integrated current with time is proportional to the
amount of converted substance. Additionally, a capacitive current distorts the current
signal, which is generated as a result of the build-up of an electrochemical double layer
at electrode surfaces. In a measurement, the potential is changed with a certain rate
towards the lower potential limit. Then the direction of the scan is changed and the
potential is altered with maintained scan rate of opposite algebraic sign towards the
upper potential limit. These two scans represent one full voltammetric cycle. Peaks
in the current-potential plot are a result of superposition of charge-transfer controlled
currents and limitations by mass-transport to the electrode. The maximum current of
a peak is called the peak current and the respective potential is termed peak potential.

4.8 Electrochemical Impedance Spectroscopy

Information about the resistance in both bulk and the surface layer as well as the
charge-transfer can be obtained by electrochemical impedance spectroscopy (EIS). Gen-
erally, an alternating potential with a small amplitude is superimposed on the present
potential over a certain range of frequencies and the current response is measured. [60]
The AC potential, E, has an amplitude, E0, and changes sinusoidal with time, t, and
frequency, f : [60]

E = E0 · sin(2πft). (4.11)

In studies of electrochemical cells, the responding current, I, has an amplitude, I0,
and a shift of the phase angle, φ: [60]

I = I0 · sin(2πft+ φ). (4.12)

The potential and current in an AC circuit can also be expressed as complex variables
(see Equations 4.13 and 4.14). [61] This notation uses the imaginary number, j =

√
−1.

For clarification, complex variables are tagged with an circumflex accent.

Ê = E0 · ej(2πft) (4.13)

Î = I0 · ej(2πft+φ) (4.14)

The impedance, Ẑ, is the equivalent of the resistance of an DC circuit (R = E · I)
and has a real part, Re(Z), and an imaginary part, Im(Z) (see Equation 4.15). [61]

Ẑ =
Û

Î
= Re(Z) + jIm(Z) =

U0

I0
· ejφ (4.15)
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Resistors in electrical circuits are not dependent on the frequency and do not induce
a phase shift between applied potential and current response (φ = 0). The impedance
of a resistor, ẐR, equals its resistance, R (See Equation 4.16). [61]

ẐR =
U0

I0
· ejφ =

U0

I0
= R (4.16)

In contrast, capacitors in an electrical circuit cause a phase shift of φ = π/2 and have
a reciprocal dependency on the frequency. The correlation between the impedance of
a capacitor, ẐC , and the capacitance, C, is: [61]

ẐC = − 1

j2πfC
. (4.17)

Typically EIS data is illustrated as function of frequency in a Nyquist plot, which
presents the Re(Z) on the x -axis and Im(Z) on the y-axis. For the simple case of an
inert electrode in a redox-active solution, the Nyquist plot shows an semicircle in the
high frequency region which gives information about electron transfer and the double
layer capacitance. [62] The starting point of the semicircle is related to the electrolytic
resistance, RE, and the diameter expresses the charge transfer resistance, RCT . In the
low frequency region, the Warburg diffusion can be seen as a line with a slope of 45◦

due to resistance of diffusion processes. [62] For batteries the curve behaviour is usually
much more complex and the interpretation becomes more complicated. The frequency
dependence of the resistive part of the impedance can be shown by a representation of
Re(Z) as a function of the logarithm of frequency.
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5 Experimental

5.1 Sample Preparation

Iron foil (99.5 % purity, 0.125 mm thick, Advent) was cut in quadratic pieces with an
area about 2.25 cm2 or 1 cm2 depending on its use in electrochemical anodization or
ultrasound-assisted oxidation, respectively. Then the iron substrates were degreased
by sonication in ethanol for 20 min, rinsed with deionized (DI) water and subsequently
dried in a nitrogen flow.

5.2 Electrochemical Anodization

An two-electrode configuration was used for electrochemical anodization to form iron
oxide films (see Figure 5.1). The iron substrates were connected as anode (working
area: 0.9 cm2) and quadratic platinum foil, 6.25 cm2, acted as cathode. Preventing
leakage of the electrolyte, the iron substrate was pressed against an O-ring by a copper
plate attached on a screw. The distance between the two parallel electrodes was set
to approximately 1 cm. Three different electrolytes were used for the the anodization
experiments which were prepared by mixing ethylene glycol (≥ 99.5 % purity, Fluka)
with different amounts of DI water and ammonium fluoride (NH4F, ≥ 99.8 % purity,
Sigma-Aldrich):

#1 Ethylene glycol + 0.14 m NH4F + 1.67 m H2O;
#2 Ethylene glycol + 0.09 m NH4F + 1.67 m H2O;
#3 Ethylene glycol + 0.10 m NH4F + 1.00 m H2O.

The anodization experiments were carried out with a DC power source (ES075-
2, Delta Elektronika) and the current response was measured by a multimeter. The
potential was stepped from 0 to either 40 or 50 V and then this potential was maintained
for 5 min to 90 min. All experiments were carried out at room temperature.
After the anodization, some samples were immersed in DI water, then in ethanol

and dried in a flow of nitrogen. The rest of the samples were immersed in methanol,
then in ethanol and also dried in a flow of nitrogen.
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Figure 5.1: Schematical cross-sectional view of the two electrode construction used for anodization.

5.2.1 Annealing

Some as-anodized iron oxide samples were annealed in argon atmosphere (800 mbar)
using a furnace (T5HT, Adamel). The heating rate was chosen to be 6 ◦C min−1 until a
temperature of 200 ◦C, 300 ◦C and 510 ◦C was reached, respectively. This temperature
was hold for 2.5 h. The samples were left to cool down within the furnace in argon
atmosphere.

5.3 Ultrasound-assisted Oxidation

In each experiment, one piece of iron foil was immersed in a 100 ml Duran R© laboratory
bottle with screw cap and pouring ring, which was filled up with DI water. Prior to
this step, some DI water containing bottles were degassed with oxygen, nitrogen or
argon for more than 60 min. Then the bottle was tightly closed with a screw cap and
placed in a preheated ultrasonic bath with a temperature of ≈60 ◦C and sonicated in
an ultrasonic cleaning bath (VWR USC200TH, 45 kHz, 60 W) for 2, 4 or 6 h while the
temperature of the bath was maintained at around 60 ◦C. After the experiment the
iron substrate was removed from the bottle and dried under ambient conditions.

5.4 Material Characterisation

Besides the material characterisation of pristine iron oxides electrodes, XRD, XPS and
SEM were also utilised to do post-mortem on the iron oxide electrodes after galvanos-
tatic cycling in lithium half cells. Therefore cells were disassembled in an argon-filled
glove box (MBraun, H2O, O2 < 2 ppm) and the samples were carefully rinsed with
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dimethyl carbonate (DMC, Sigma Aldrich, anhydrous, ≥99 % purity ) to remove the
electrolyte.

5.4.1 XRD

The crystal structures of the iron oxide samples were characterised at room temperature
and ambient air by X-ray diffraction (XRD, 5000D, Siemens) with a grazing angle of
1◦ of graphite monochromatised Cu Kα radiation (wavelength λ = 1.540 56Å).

5.4.2 Raman spectroscopy

The crystal structure was further studied with Raman spectroscopy using a Renishaw
inVia Raman microscope with a laser excitation wavelength of λ = 532 nm generated
by a Renishow solid-state laser diode.

5.4.3 XPS

The chemical composition was investigated by X-ray photoelectron spectroscopy (XPS,
PHI 5500 system with monochromatised 1486.7 eV Al Kα radiation). Pristine samples
were dried in a vacuum oven (Büchi B-585) in a glove box (MBraun, H2O, O2 < 10 ppm)
and washed with DMC to equalise the measuring conditions. Samples for XPS were
transferred from the glove box to the in-house XPS in a special argon filled transport
chamber to prevent the samples from contact with ambient air. XPS spectra were
energy calibrated shifting the hydrocarbon peak to 285 eV.

5.4.4 SEM

High-resolution SEM (Zeiss 1550) was used to characterise the formed and cycled iron
oxide electrodes. The cross-section measurements were carried out on mechanically
scratched samples.

5.4.5 Optical Microscopy

Photomicrographs were recorded with a video recorder (Panasonic F10 CCD) attached
on a optical microscope (Leitz, Laborlux 12 ME S).

5.5 Battery Assembling and Testing

For evaluating the electrochemical performance of the fabricated iron oxide electrodes,
electrochemical half-cells were constructed as polymer-coated aluminium pouch cells,
using metallic lithium as counter and reference electrodes.
Prior to cell assembling, the iron oxide electrodes were dried in a vacuum oven

(Büchi B-585) in an argon-filled glove box (MBraun, H2O, O2 < 10 ppm) at 120 ◦C
for 5 h to remove moisture. As can be seen in Figure 5.2, thin-film electrochemical
cells were structured by stacking high purity lithium foil (Cyprus, 125 µm thickness),
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Figure 5.2: Schematic construction of assembled pouch cell indicating the battery components.

an electrolyte soaked fibreglass separator (Whatman) and a iron oxide thin film elec-
trode (working electrode). Both electrodes were attached to copper tabs, which were
protruding from the pouch cell to facilitate electronic contact from the outside. The
pouch cells were hermetically vacuum-sealed in insulated polymer-coated aluminium
foil. Battery assembling was also carried out in an argon-filled glove box.

In the present studies, the influence of different electrolyte compositions on the
batteries’ electrochemical capability was investigated. In most batteries, an electrolyte
mixture containing 1 m LiPF6 in ethylene carbonate : diethyl carbonate = 1:1 (v:v,
≥ 99.9 % purity, LP40, Solvionic) was used. In a few batteries, fluoroethylene carbonate
(FEC, ≥ 99.9 % purity, Sigma-Aldrich) was added to the electrolyte in ratios of 2 w%,
5 w% or 10 w%.
The cells were initially cycled galvanostatically between 0.3 V and 2.8 V using an

Arbin battery tester and a low cycling rates (≈C/10 - C/20) to determine the capacity
of the electrodes. The cells were then galvanostatically cycled between 0.3 V and 2.8 V
at C/5 rate for cycling stability tests or at different C-rates for rate capability tests.
Most other cells were started with current densities, which were estimated to equal
a C/5 rate. After a few cycles, the current densities were adjusted to C/5. Cyclic
voltammogramms for the test cells were recorded using a MPG2 or VMP2 (Biologic)
potentiostat/galvanostat. The potential was scanned from the open-circuit potential
(OCP, e.g. 2.9 V) to 0.3 V, then to 2.8 V and finally back to the OCP using a scan
rate of 0.1 mV s−1. A combined galvanostatic cycling and impedance spectroscopy ex-
periment was conducted at the VMP2 potentiostat/galvanostat by cycling the battery
galvanostaticly at a C/5 rate (charge/discharge during 5 h). At the end of the charging
(2.8 V), the cell was allowed for a 20 min relaxation time before it was examined by EIS
using an AC amplitude of 10 mV and a frequency range between 200 kHz and 10 mHz.
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6 Results and Discussion

6.1 Iron oxide nanotube electrodes

6.1.1 Material Characterisation

Anodic Formation of Iron Oxide Nanotube Films

It has been demonstrated by several studies that the morphology and structure of
an anodic oxide nanotubular/nanoporous layer are highly dependent on the employed
electrochemical conditions, such as electrolyte, applied voltage, anodization time and
the purity of the employed iron foil. [7,13,14,32,36–38,44,45,54,63–68] In this section the study
will focus on the optimisation of the fabrication process to form highly ordered anodic
iron oxide nanotube electrodes with a high aspect ratio by using an iron foil with the
purity of 99.5 %. The initial studies of the anodic iron oxide fabrication focused on
the morphology of the obtained anodic iron oxide by using three different electrolyte
compositions. The experimental conditions are listed in Table 6.1. The three selected
ethylene glycol (ETG) based fluoride-containing electrolytes were reported by previous
studies [13,15,63] for anodization of an iron foil with purity ≥99.99 %. Thereafter, the
composition, the valence of iron and the crystal structure of the anodic iron oxide layer
will be further analysed by several techniques and the effect of heat-treatment will be
investigated.

Table 6.1: Summary of the employed electrolyte compositions and the experimental conditions for
electrochemical anodization at room temperature using iron foil of 99.5% purity.

# Composition Voltage / V Time / min

#1 ETG + 0.14 m NH4F + 1.67 m H2O [15] 50 10
60

#2 ETG + 0.09 m NH4F + 1.67 m H2O [63] 40 1550

#3 ETG + 0.10 m NH4F + 1.00 m H2O [13] 40

5
10
30
60
90
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Electrolyte Composition #1

The SEM micrographs of iron oxide films, which were grown by anodization at 50 V for
10 min and 60 min, respectively, are shown in Figure 6.1. The morphology obtained is
observed to be nanoporous. For both the studied anodization times, the top views of
the formed iron oxide thin films show nanoporous oxide with average pore diameters
of 50 nm (compare Figures 6.1a1 and b1). The cross-sectional views shown in Fig-
ures 6.1a2 and b2 indicate that the oxide layer thicknesses can hardly be increased by
prolonging anodization time. The anodization for 10 min creates an oxide layer with
the thickness of 1.3 µm whereas the thickness for 60 min anodization is only increased
to 1.8 µm. This indicates that the growth rate of nanoporous oxide is reduced with
time which is probably caused by the extension of migration paths of anions from the
electrolyte along the oxide layer to the metal surface. Here, it is assumed that oxidation
occurs predominantly at the metal-oxide interface rather than at the oxide-electrolyte
interface. [51] Additionally with thickening of the oxide layer, the complexation and dis-
solution rate is increased. Therefore it was assumed that thick anodic iron oxide layers
could be obtained with a lower concentration of ammonium fluoride in the electrolyte.
This was considered for the choice of electrolyte #2 with the target of nanotubular
growth of iron oxide with enlarged layer thickness.
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Figure 6.1: SEM micrographs showing the top and cross-sectional view of the nanoporous iron oxide
thin films formed by anodization in ethylene glycol + 0.14m NH4F + 1.67m H2O at 50V
for (a1, a2) 10min, and for (b1, b2) 60min, respectively.

Electrolyte Composition #2

As can be seen in Figure 6.2a and b, the surface of the oxide layers which were formed
by anodization of iron in electrolyte #2 at 40 V and 50 V for 15 min, respectively,
features nanoporousity with poor homogeneity and a wide pore size distribution up
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Figure 6.2: SEM micrographs showing the top view of the nanoporous iron oxide thin films formed by
anodization in ethylene glycol + 0.09m NH4F + 1.67m H2O for 15min at (a) 40V and
(b) 50V, respectively. A cross-sectional view of the the latter is shown in (c).

to 90 nm. Because of the lack of uniformity of the formed oxide layers, the impact
of the anodization voltage regarding the pore size could could not be evaluated. The
cross-sectional view of the by 50 V anodized sample in Figure 6.2c shows that the
structure is disorganised and nanoporous. Experiments at elevated temperatures were
also conducted with this electrolyte, but the obtained iron oxide films were uneven, too
thin and often not stable on the iron foil. In conclusion, the electrolytes #1 and #2 are
not convenient to form iron oxide nanotubes by anodization of 99.5 % pure iron foil. A
third electrolyte composition with slightly higher NH4F and lower H2O concentration
was introduced.

Electrolyte Composition #3

The respective SEM micrographs for electrolyte #3 are given in Figure 6.3 showing top
and cross-sectional views for all performed anodization times in chronological order.
As seen from the top-views (Figure 6.3a1, b1, c1, d1 and e1), independent of anodiza-
tion time very consimilar morphologies were achieved featuring a nano-sized inner-tube
diameter/pore size of an average of approximately 40 nm. The tube profile/pore shape
is not circular but rather deformed. Shown by the alikeness, it can be concluded that
the morphology can be maintained for extended anodization time. The hollow space
surrounding the nanotubes can be seen in Figure 6.3b1, d1 and e1 since the top-views
of scratched oxide layers were recorded, while a1 and c1 shows the surface. The wall
thickness of the tubes varies between 7.5 - 19 nm. Thus a seeming difference of the
top-view morphology can not be taken as a reliable textural distinction. Looking at
the cross-sectional view is much more suitable to investigate whether the morphology is
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Table 6.2: Comparison of the thickness of the created oxide thin films with the applied time of an-
odization at 40V using ethylene glycol + 0.10m NH4F + 1.00m H2O as electrolyte.

anodization time / min 5 10 30 60 90
oxide layer thickness / µm 0.5 1.0 2.9 4.0 4.5

mainly nanoporous or nanotubular. While a 5 min anodization created a rather form-
less porous layer, the formation of a tubular structure became more distinct when the
anodization time was increased (compare Figure 6.3a2, b2, c2, d2 and e2). After 10 min
anodization, the iron oxide film shows nanotubular structure. Also the thickness of the
layer was influenced by the anodization time. During the first 30 min of anodization,
the growth rate was ≈ 0.1 µm min−1. After this point a decrease in growth rate was
observed. Due to this, the 60 min anodization led to an oxide layer thickness of about
4 µm, and after 90 min the thickness could only be increased to 4.5 µm. Therefore it is
assumed that the thickness approached a maximum thickness which is characteristic for
all used experimental conditions. The driving force at this limit is assumed to be too
small to enable sufficient growth involving the diffusion of anions from the electrolyte
along the oxide layer to the surface of the metal. [51] Table 6.2 compares the thickness
of the created oxide layers with the applied time of anodization at 40 V using ethylene
glycol + 0.10 m NH4F + 1.00 m H2O as electrolyte. The best conditions based on the
three electrolytes for formation of iron oxide nanotubes by anodization were found for
electrolyte #3. Therefore this electrolyte was selected for formation of anodic iron ox-
ide nanotube electrodes with various electrode thicknesses for the battery performance
tests.
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Figure 6.3: SEM micrographs showing the top and cross-sectional view of the nanotubular iron oxide
thin films formed by anodization in ethylene glycol + 0.10m NH4F + 1.00m H2O at 40V
for (a1, a2) 5min, (b1, b2) 10min, (c1, c2) 30min, (d1, d2) 60min, and (e1, e2) 90min,
respectively.
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Impact of post-Anodization Washing Process

3 µ m 20 µ m

a b

2 µ m

c

Figure 6.4: SEM micrographs showing the top views of the nanoporous iron oxide thin films formed
by anodization and post-treated by (a) ethanol, (b) water and (c) methanol, respectively.

Initially, DI water was used to remove ammonium fluoride and ethylene glycol from
the electrodes. At a late stage of the project, the destructive impact of a post-
anodization treatment with DI water was discovered and investigated. Cracks in the
oxide layer of water-treated samples seen in Figure 6.3a1 or d1 were assumed to arise
from insufficient mechanical stability of the as-anodized oxide which could not be pre-
vented. In most previous studies, [7,32,37,38,44,64,67,68] the samples after anodization were
washed with DI water to remove residual electrolyte. It has been observed, however,
that the colour of the formed anodic oxide layer changed from red-brownish to beige
by immersing in DI water for more than 3 min. For that reason some electrodes were
only immersed in ethanol after anodization and the surface was inspected by SEM.
On the corresponding micrograph in Figure 6.4a, a large number of salt crystals could
be observed, wherefore it was concluded that a short immersion in water is needed to
clean the electrode surface and prevent side reactions when utilising the electrodes in
batteries. Not until later, it was deduced that DI water was in fact causing the cracks
in the oxide layer. To prove that, a SEM micrograph of an electrode with faded colour
of the oxide layer (Figure 6.4b) was seen possessing a badly damaged oxide layer full
of cracks. On account of this, a different way of post-anodization treatment had to
be found which cleans the electrode without damaging it. Methanol evinced to be
a reasonable choice, in which ammonium fluoride could be mostly dissolved without
evolving degradation of the nanotubular oxide layer (compare micrograph top-view in
Figure 6.4c).∗

∗Dark shades are not cracks but lower areas due to surface irregularities of the iron foil.
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Figure 6.5: XRD patterns of an as-anodized, and in Ar for 2.5 h annealed (200 ◦C, 300 ◦C or 510 ◦C)
iron oxide thin films formed by anodization in ethylene glycol + 0.10m NH4F + 1.00m
H2O at 40V for 30min.

Annealing Treatment

Since the anodic oxide layers are typically amorphous, [13,14,32,36] an annealing treatment
of the anodic iron oxide thin films are also investigated in this thesis.
Measurements using XRD were conducted for an as-anodized electrode, and sam-

ples which were annealed at 200 ◦C, 300 ◦C and 510 ◦C, respectively, in Ar for 2.5 h.
Different annealing temperatures were applied to evaluate the most suitable condition,
which yields the highest increase in crystallinity (see Figure 6.5). The as-formed an-
odic iron oxide thin film was amorphous in XRD and diffraction signals originate from
the used metallic iron substrate. [69] With increasing temperature the crystallinity was
enhanced and the best improvement was obtained for annealing at 510 ◦C. The signals
could either correspond to crystal planes of magnetite, Fe3O4 (ICDD:04-006-6692), [70]
maghemite, γ–Fe2O3 (ICDD:0-004-0755) [71] or their hydrated forms.

The XRD diffractogram shown in the appendix in Figure 8.1 was recorded after
annealing (2.5 h, 510 ◦C, Ar) of the nanoporous oxide film obtained by anodization
in electrolyte # 1. It implies that the change in concentration of NH4F and H2O
in the electrolyte influences the the morphology of the anodic iron oxide, but not its
crystalline structure.
After annealing during 2.5 h at 510 ◦C in Ar, the morphology of the anodic iron

oxide deviates only slightly from the as-anodized electrodes as shown in Figure 6.6.
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Figure 6.6: SEM micrographs showing the top view of the surface (a), and an intermediate layer (b)
and cross-sectional views (c,d) of an annealed (2.5 h, 510 ◦C, Ar) nanotubular iron oxide
thin film formed by anodization in ethylene glycol + 0.10m NH4F + 1.00m H2O at 40V.

The nanotubular structure is well maintained, but slight fusing can be observed from
the cross-sectional view. The thickness and average inner-tube diameter of this iron
oxide layer formed by 30 min anodization remains almost unchanged. The colour of
the red-brownish as-anodized iron oxide layer also changed to black after annealing for
2.5 h at 510 ◦C in Ar atmosphere oxide, which can be seen on the photos shown in the
appendix in Figure 8.2.

Raman measurements were conducted to further identify the crystal phase of the
formed anodic iron oxide nanotubes. Additionally more detailed information about
the crystal phase of the annealed samples could be obtained. The Raman spectra
of as-anodized and annealed (510 ◦C, Ar, 2.5 h) iron oxide thin films are shown in
Figure 6.7. The Raman modes observed for the as-anodized sample at 370, 510 and
710 cm−1 as well as a broad peak at 1400 cm−1 are in agreement with reported spectrum
of ferrihydrite. [72] Ferrihydrite is estimated to have a structure which is similar to
hematite, but it is not fully investigated. [40] The poor crystallinity of ferrihydrite is
caused by sites in which oxygen is replaced by OH or H2O and vacant sites of Fe. [40].
Different sum formula of ferrihydrite have been suggested, such as 5 Fe2O3 · 9H2O, [40]
Fe5HO8 · 4H2O, [73] Fe6(O4H3)3, [74] or Fe2O3 ± 2FeOOH · 2.6H2O [75].
The Raman spectra of the annealed sample clearly showed the presence of mag-

netite, [72,76] but it could be seen that ferrihydrite was still present, which caused dis-
tinct peaks at a Raman shift of around 370, 710 and 1400 cm−1. This reveals that the
annealed sample has a co-existence of magnetite and ferrihydrite crystal phases. The
combined XRD and Raman results indicate that magnetite is the dominant phase. The
presence of maghemite can be disproved since its Raman shift characteristics are not
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Figure 6.7: Raman spectra of an as-anodized, and a heat-treated (510 ◦C, Ar 2.5 h) iron oxide thin
films formed by anodization in ethylene glycol + 0.10m NH4F + 1.00m H2O at 40V for
30min.

noticeable in the spectrum. [72,76] In future studies, an improvement of the annealing
conditions should be considered to obtain phase-pure magnetite.

Complementary to XRD and Raman spectroscopy, surface-sensitive material charac-
terisation was performed by employing XPS. The XPS survey spectra of an as-anodized
and an annealed (510 ◦C, Ar, 2.5 h) sample are shown in Figure 6.8a. Using the XPS
spectra, the atomic percentage of the elements C, F, O and Fe was calculated to equal
41, 17, 29 ad 13 %, respectively, for the as-anodized sample and 40, 5, 39 ad 16 %,
respectively, for the annealed sample. The quantification of C is not reliable, since the
C1s signal is usually oversized by atmospheric contamination on the electrode surface.
As the intensity of the F1s peak is much higher for the as-anodized sample than for
the annealed sample, the annealing treatment can be seen as an purification treatment,
which reduces surface contamination of precursors and side products of the anodiza-
tion. The intensity of the N1s signal, which can be attributed to the residual NH4F on
the surface, is also reduced after annealing proving a partial removal of surface contam-
ination. From this point of view, the annealing conditions could be further investigated
to remove an even higher amount of surface contamination. The surface composition
has a high impact on the electrochemical performance, since it could cause side reac-
tions and impair the accessibility for Li ions. The Raman-derived conclusion about the
the iron oxide phases can be further confirmed with the Fe2p and Fe3p photoelectron
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a b c

3/2

Figure 6.8: XPS spectra of an as-anodized, and an annealed (510 ◦C, Ar 2.5 h) iron oxide layer thin
film formed by anodization in ethylene glycol + 0.10m NH4F + 1.00m H2O at 40V for
30min showing (a) the survey spectrum, (b) the Fe2p and (c) the Fe3p photoelectron
peaks, respectively.

peaks, which can be seen in the spectra shown in Figure 6.8b and c, respectively. De-
scostes et al. described a presence of shoulders next to Fe2p3/2 for FeIII species, such as
ferrihydrite, which can be observed in the spectrum of the as-anodized sample. [77] For
mixed-valence iron oxides, such as magnetite, the shoulders disappear. [77] An indication
of a shoulder in the spectra of the annealed sample implies a co-existence of magnetite
and ferrihydrite phases. The peak positions of the Fe2p and Fe3p are expected to
be at lower binding energies, the smaller the ratio of O/Fe is in the iron oxide com-
pound. [77] These peaks are observed to be shifted towards lower binding energies for
the annealed samples and confirm the described conversion of ferrihydrite to magnetite.

Evaluation of the Mass of the Anodic Nanotube Iron Oxide Films

It was tried to separate the active material from the iron substrate by sonication to
determine the active mass, but results seemed to be rather inaccurate with a wide
variance of error. Since the oxide layer could not be removed completely, the weigh-
ing results appeared to underestimate the mass loading and were therefore judged as
inadequate.

Based on the observed structure and the determination of the iron oxide composi-
tion, the mass loading per footprint area was estimated for the different oxide layer
thicknesses. A perfect hexagonal arrangement of nanotubes with circular cross-section,
an inner diameter of 38.7 nm and a wall thickness of 12.9 nm were taken as idealised
average values. By using the density of ferrihydrite ρ = 3.96 g cm−3, [40] mass loadings
of 0.23 mg cm−2, 0.67 mg cm−2, 0.92 mg cm−2 and 1.03 mg cm−2 were obtained for layer
thicknesses of 1.0 µm, 2.9 µm, 4.0 µm and 4.5 µm, respectively.
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It should be kept in mind that the theoretically calculated mass loading is to be used
carefully, since rough estimations and simplifications were made. However, it helps to
understand the electrochemical behaviour of the electrodes in lithium containing cells,
since the amount of material which was actually involved in the conversion reaction
with Li+ ions can be considered.

6.1.2 Battery Performance Tests

In the present work all electrochemical studies are based on the use of iron oxide elec-
trodes which were formed by anodization in the electrolyte consisting of ethylene glycol
+ 0.10 m NH4F + 1.00 m H2O (electrolyte composition #3). The battery performance
of electrodes with iron oxide layer thicknesses of 1.0, 2.9, 4.0 and 4.5 µm was studied
with LP40 electrolyte. After the anodization procedure, the desalination and cleaning
of the iron oxide electrodes was carried out by immersing the samples in methanol and
subsequently in ethanol without the use of DI water, if not stated differently.

By assembling the electrodes as lithium half cells, iron oxide is cycled as a cathode
(positive electrode). In consequence the lithiation of the iron oxide is noted as discharge
and delithiation equals the charging of a lithium half cell. For comparison of the
developed electrodes, both areal capacity and gravimetric capacity are compared in
this section. The areal capacity, however, is the more important value for microbattery
application.

As-formed iron oxide electrodes

The cycling stability test started after 5 initiation cycles of galvanostatic cycling in
the potential range between 0.3 - 2.8 V vs. Li+/Li in which the electrode capacity
was evaluated. Later it was seen that the cycling rates in these 5 cycles corresponded
to C/3.8, C/10, C/4.6 and C/4.2, respectively, for the electrodes with thicknesses of
1.0 µm, 2.9 µm, 4.0 µm, and 4.5 µm.
In the subsequent cycles, the current was adjusted to a constant rate of C/5. For

the cells comprising electrodes with oxide layer thicknesses 1.0 µm, 2.9 µm, 4.0 µm, and
4.5 µm the areal capacities and coulombic efficiencies as a function of the cycle number
are shown in Figure 6.9.
In proportion to the increment of the oxide layer thickness, the areal capacity is in-

creased. The initial areal charge capacities of the iron oxide electrodes with a thickness
of 1.0 µm, 2.9 µm, 4.0 µm, and 4.5 µm were approximately 98 µA h cm−2, 288 µA h cm−2,
337 µA h cm−2 and 371 µA h cm−2, respectively. However, the thicker the oxide layer,
the smaller was the ratio of active material which could be accessed and involved in
the conversion reaction. This could be ascribed to some loose contacts of iron oxide
nanotubes to the iron substrate.
The biggest loss of capacity is seen in the first 5 cycles. This could indicate that in

these cycles the highest number of side reactions is occurring. Such reactions might
involve Li trapping in the defect-rich material and reactions with electrode contami-
nations, which were detected with XPS. The electrodes with 1.0 µm, 2.9 µm, 4.0 µm,
and 4.5 µm thickness lost already 7, 15, 9 and 12 % charge capacity, respectively, until
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Figure 6.9: Comparative cycling stability tests and related coulombic efficiencies of lithium half cells
containing as-formed nanotubular iron oxide electrodes of different thicknesses. Cells were
cycled between 0.3 - 2.8V vs. Li+/Li and the cycling rate was adjusted to C/5 at cycle
number 6.

cycle number 6. In reported studies of other authors the initial cycles are not included
in the stability test. [8,13,14]
The following calculated capacity losses during the stability test at C/5 rate are

related to the charge capacity of cycle number 6. The capacity losses in the first 5
cycles should be kept in mind. The cell having an electrode of 2.9 µm thick oxide layer
had the lowest capacity fading during 100 cycles, ranging from cycle number 6 to 105,
of C/5 rate cycling with only 1 %. The capacity loss from cycle 6 to 200 equals 13 %
(the stability curve over 200 cycles is provided in the appendix in Figure 8.3). The
capacity losses of the other electrodes within cycling over 100 cycles with C/5 rate
are much larger. The electrode with a 4.0 µm thick iron oxide film lost 38 % between
cycle 6 and 105. The electrodes with thicknesses of 1.0 µm and 4.5 µm had the worst
performance with capacity losses of 46 % and 47 %, respectively, within 100 cycles
(from cycle number 6 to 105). It demonstrates that the 2.9 µm thick electrode had
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the best cycling stability of the investigated electrodes. The worse stability of thicker
electrodes could be attributed to a higher fragility of the longer nanotubes and the
fact that a fracture of a nanotube leads to a higher amount of active material with
lost electrical contact. Against the trend that longer nanotubes possessed worse cycle
stability, the performance of the cell with the 1.0 µm thick oxide layer was rather poor.
Perhaps the bad stability can be explained since this electrode had the highest surface
to volume ratio of active material and thus more side reactions could have occurred.
The assumption that this electrode had a relatively high amount of contamination,
which induces irreversible side reaction, would also be reasonable.
For all cells, especially the first cycle features especially poor coulombic efficiencies

in the range of 50 - 55 %. It can be attributed to SEI formation and irreversible side re-
actions, such as trapping of Li ions in the defect-rich surface area. The cells comprising
2.9 µm - 4.5 µm thick oxide layer electrodes showed relatively low coulombic efficiencies
of about 95 % at cycle number 6, but showed a large increase in the 10 following cycles.
The cell consisting of an electrode with 1.0 µm long oxide nanotubes exhibited this
behaviour even in the first 20 cycles. The best coulombic efficiencies were obtained
with 2.9 µm and 4.0 µm thick electrodes, which are about 99 % from the 15th cycle
on. The 4.0 µm thick electrode had a slightly lower coulombic efficiency of 98 %. This
signalises excellent reversibility of charge and discharge processes. In this comparison,
the cell with a 1.0 µm thick electrode exhibits the lowest coulombic efficiency of about
97 % from cycle 25.

To evaluate the amount of electrode material which was actively taking part at
the conversion reaction, the capacity of different electrode thicknesses was converted
to gravimetric units. The initial gravimetric charge capacities were calculated to be
425 mA h g−1, 431 mA h g−1, 366 mA h g−1 and 359 mA h g−1, respectively, for the elec-
trode thicknesses of 1.0 µm, 2.9 µm, 4.0 µm, and 4.5 µm (the plot of the gravimetric
capacity as a function of cycle number is provided in the appendix in Figure 8.4). The
values are rather low, compared to the theoretical capacities of iron oxides. This indi-
cates that only a low fraction of the active material was involved in the electrochemical
reaction. That should have preserved the structure of the electrode and therefore it is
accountable for the good cycling stability. Furthermore, it verifies the described assess-
ment above, that the ideal thickness was found to be 2.9 µm. This electrode provided
the best compromise between areal and gravimetric capacity, while having the best
cycling stability.

Figure 6.10 shows the 1st, 2nd, 3rd, 10th and 40th charge/discharge curves of areal
capacity as a function of the cell voltage for a 2.9 µm thick as-formed electrode. The
cell was cycled between 0.3 V and 2.8 V with C/5 cycling rate.
As seen from XPS analysis (compare Figure 6.8), the electrode surface has a high

contamination of fluoride species. These could react with lithium ions to form a ’pre-
passivation’ layer on the electrode surface, which acts as a barrier for Li insertion and
cause an overpotential of the discharge processes in the first cycle. Once the barrier
is overcome, the cell potential is rising again. Additionally, due to lack of order and
numerous defects in the crystal structure of the as-formed iron oxide, the processes
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Figure 6.10: Charge/discharge profiles of the 1st, 2nd, 3rd, 10th and 40th galvanostatic cycle of a
lithium half cell containing an as-formed nanotubular iron oxide electrode of 2.9 µm thick-
ness with C/5 cycling rate between 0.3 - 2.8V vs. Li+/Li.

of the first discharge occur in four voltage regions rather than at a single well-defined
voltage plateau. [13] The two discharge plateaus at 1.6 V and 0.8 V are in agreement with
previously reported data. [15,78] The charge/discharge curves of the following cycles are
very similar to each other.

To study the electrochemical processes of as-formed iron oxide nanotube electrodes
further, cyclic voltammetry (CV) was performed of a pristine lithium half cell contain-
ing a 2.9 µm thick iron oxide electrode. The results of 5 voltammetric cycles with a
scan rate of 0.1 mV s−1 in a potential window between 0.3 - 2.8 V vs. Li+/Li are shown
in Figure 6.11.

The first cathodic scan showed the largest difference from the others with an appear-
ance of three distinct peaks with peak potentials of approximately 1.75 V, 1.58 V and
0.73 V vs. Li+/Li. The cathodic peaks at 1.75 V and 1.58 V vs. Li+/Li only appear in
the first cycle, which can probably be attributed to the irreversible side reactions due
to contaminations of e.g. fluoride species. [7] These two peaks merged completely for
the subsequent cycles and the peak currents decreased constantly. The cathodic peak
at 0.73 V represents most probably the reduction of iron cations to metallic iron by a
conversion reaction with Li+ ions and simultaneous formation of SEI. [7,13,14]. In the an-
odic scans, one well-defined peak around 1.50 V was observed for each cycle which can
be attributed to the delithiation reaction. The peak positions were maintained from
the second cycle onwards and minor changes indicated a good retention of capacity.
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Figure 6.11: Cyclic voltammograms recorded of a pristine lithium half cell containing an as-formed
2.9µm thick iron oxide electrode using a scan rate of 0.1mV s−1 in a potential window
between 0.3 - 2.8V vs. Li+/Li.

The change of the cell resistance upon cycling of an as-formed iron oxide nanotube
electrode was assessed by EIS measurements. The impedance spectra in the frequency
range of 200 kHz - 10 mHz was measured at the charged state (2.8 V) of a cell comprising
a 2.9 µm thick electrode after cycle number 1,2,3,4 and 5 (cycling in potential range
0.3-2.8 V with C/5 rate).
The Nyquist plot, which is seen in Figure 6.12, shows a depressed semicircle which

can be related to overlapping time constants of different processes. A clear trend of the
semicircles’ diameter, which is attributed to the charge transfer resistance, RCT , and
the surface film resistance, RSEI , can not be seen. The starting point of the semicircle
(high frequency range) is given by the resistance of the electrolyte, RE, which is nearly
constant in all cycles at ≈ 1.5Ω.
Figure 6.13 shows the frequency dependence of the real part of the impedance, Re(Z),

which describes the resistive part of the impedance. In this represenatation the step of
the Re(Z) at about 10 Hz could be used to estimate the electrode resistance, which is
basically the sum of RE, RCT and RSEI . [79] This frequency range of interest is enlarged
in Figure 6.13b, whereas Re(Z) of the whole spectrum is shown in Figure 6.13a. With
every cycle, Re(Z) was slightly increased, which can be fully attributed to an incre-
ment of the sum of RCT and RSEI , since RE remained constant. An increase of RSEI

could be assigned to a thickening of the EC-derived SEI layer, which reduces the ion
conductivity. Thickening of a SEI is especially intensified for an unstable SEI, where
cracks are induced by volume changes of the active material.
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Figure 6.12: Nyquist representations of impedance spectra of a lithium half cell containing an as-
formed nanotubular iron oxide electrode of 2.9 µm thickness after cycle number 1,2,3,4
and 5 (cycling in potential range 0.3-2.8V with C/5 rate).

The cycling performance of an 2.9 µm thick electrode was further evaluated for differ-
ent charge/discharge currents in a rate capability test. In the potential range between
0.3 - 2.8 V vs. Li+/Li the ability of a lithium half cell to be cycled with a cycling rate
ranging stepwise from C/5 to 1C and return was first tested.

The respective areal capacity is plotted in Figure 6.14a. After the three initial cycles
with a rate of C/4.4 in which the cell lost some capacity, it was stable for subsequent
cycling with C/5. The areal charge capacity with an average of 227 µA h cm−2 from
cycle 4 to 13 was only reduced to 214 µA h cm−2 when the cycling rate was increased
to C/2. Even for cycling with a rate of 1C, the capacity was maintained fairly well
and the degradation was small over 20 cycles and amounts to only 14 µA h cm−2. The
average of the areal capacity while cycling at 1C rate was still 194 µA h cm−2. The
degradation at 1C rate was shown to be very small, which could be seen when the
rate was reduced stepwise to C/2 and C/5. Then an average areal charge capacity of
199 µA h cm−2 and 215 µA h cm−2, respectively, was still regained.
Due to this excellent rate performance for a conversion material, a second rate test

procedure was added, in which the rate was stepwise increased to 2C and decreased
back to C/5 (compare Figure 6.14b). It can be clearly seen that the capacity decreases
more at 2C cycling rate, but even for 20 cycles at 2C rate the degradation of the areal
charge capacity was only 21 µA h cm−2. However, when stepwise returned to C/5 rate
the areal charge capacity went back to 201 µA h cm−2 after 153 cycles in total. That
proved that the 2C cycling has also a quite small impact of destruction and shows good
cycling stability at high cycling rates.
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Figure 6.13: Representations of the frequency dependent real part of the impedance of a lithium half
cell containing an as-formed nanotubular iron oxide electrode of 2.9 µm thickness after
cycle number 1,2,3,4 and 5 (cycling in potential range 0.3-2.8V with C/5 rate). (a) shows
the full recorded frequency range, whereas the frequency segment 200Hz-1Hz is shown
in (b).

The good rate performance was enabled by the special nanotubular structure which
has a high surface and thus a huge variety of reaction sites. This large interface of
active material to the electrolyte largely reduces the diffusion pathways of the lithium
ions into the electrode material and attenuates diffusion limitations. Additionally the
vertical alignment of the nanotubes enhances electron transport.
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Figure 6.14: Rate test of a lithium half cell containing an as-formed nanotubular iron oxide electrode
of 2.9 µm thickness which was galvanostatically cycled with C/5, C/2, 1C and 2 C rate
in the potential range of 0.3 - 2.8V vs. Li+/Li. In (a) the first test sequence with a
maximum rate of 1C is shown and (b) shows the subsequent test with 2C as maximum
rate.

Impact of post-Anodization Washing Process

As already discussed, the treatment of the as-formed electrodes with water was suitable
to remove the precursors of anodization, but it led to a large number of cracks in the
oxide layer. The cycling stability of as-anodized iron oxide electrodes with different
layer thicknesses is shown in Figure 6.15, for which all electrodes were cleaned with DI
water after anodization.

The stability test in a potential range of 0.3 - 2.8 V vs. Li+/Li was started with a
cycling rate of ≈ C/6− C/10 for the first five initial cycles in which the capacity was
estimated and then the cycling rate was changed to C/5 for subsequent cycles. The re-
lation between the thickness and the initial areal capacity was much the same as for the
electrodes which were washed with methanol. The fact that the initial charge capaci-
ties for cells with the water-treated electrodes were slightly higher, could be explained
by less surface contamination and thus less irreversible side reactions in the first dis-
charge. Surprisingly the initial charge capacities of the fragile electrodes were not lower
than for the methanol-washed electrodes. However, the cracks should destabilise the
nanotubular structure which would cause loss of active material during cycling. The
degradation of the electrodes was seen to be large compared to the electrodes washed
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Figure 6.15: Comparative galvanostatic cycling performance tests and related coulombic efficiencies
of lithium half cells containing water-treated as-formed nanotubular iron oxide electrodes
of different thicknesses with C/5 cycling rate between 0.3 - 2.8V vs. Li+/Li from cycle
number 6 - 100.

with methanol, which could be seen in the rapid fading of the capacity for ongoing
cycling. The areal capacity loss after 100 cycles was ≈ 90 % for the water-washed elec-
trodes with a thickness between 2.9 and 4.5 µm. The electrodes with the thicknesses
2.9 µm, 4.0 µm and 4.5 µm lost more than half of their initial areal capacities already
after 28, 44 or 32 cycles, respectively, which confirmed the fragility of these electrodes
in comparison to the methanol-washed electrodes. The cycling stability of the electrode
with the thickest oxide layer of 4.5 µm was even so bad, that its areal capacity became
lower than the areal capacity of the 4.0 µm thick electrode after the second cycle, but,
these two stability curves intersect again after 66 cycles. The stability curve of the
1.0 µm differs significantly from the others by loosing 50 % areal capacity up to its 8th
cycle and after which the losses were rather small.
This test confirmed the expectation that water should not be used to clean the

samples after anodization as has been done in many previous studies. [7,32,37,38,44,64,67,68]
It leads to cracking of the oxide layer which results in a reduced cycling stability
compared to the electrodes which were cleaned with methanol. In addition, this series of
measurements highlight the great improvement of cycling stability, which was achieved
in this work when methanol was introduced as main cleaning agent.

Annealed iron oxide electrodes

The cycling stability of three annealed electrodes of different thicknesses (1.0 µm, 2.9 µm
and 4.0 µm) in lithium half cells were studied by galvanostatic cycling with the cut-
off voltages 0.3 and 2.8 V vs. Li+/Li. The cycling rates which were set during the

53



6 Results and Discussion

first three cycles of the different cells were seen to amount to C/9 for the cell with
the 1.0 µm thick electrode and C/6 for the two other cells. From the 4th cycle the
charge/discharge current densities were adjusted to equal cycling rates of C/5. The
comparative areal charge and discharge capacities as well as the coulombic efficiencies
as a function of the cycle number of the lithium half cells comprising an annealed
electrode with a iron oxide layer thickness of 1.0 µm, 2.9 µm or 4.0 µm, respectively, are
presented in Figure 6.16.

As expected the three cells having annealed electrodes featured significantly increased
initial areal capacities compared to the cells with as-anodized iron oxide electrodes
(compare Figure 6.9). The largest capacity enhancement by annealing is reached for
the 1.0 µm thick electrode, for which the initial cell capacity is increased 3.92 times to
288 µA h cm−2 as compared with the equivalent cell containing an as-anodized electrode
of same thickness. Also the two other cells show a sizable initial areal charge capacity
increase about 2.3 times. The initial charge capacities of the annealed electrodes with
thicknesses of 2.9 and 4.0 µm were 678 and 767 µA h cm−2. This reveals that a much
higher amount of the electrode material is involved in the redox reactions upon cycling
due to the better accessibility for lithium ion in crystalline material. The development
of a well-defined crystal structure with low defects or vacancies facilitates the lithium
ion insertion and extraction. Lithium ion migration in the material’s 3D channels is
assumed to be beneficial in a crystalline material which increases the accessibility of the
active material and thus increases the electrode’s capacity. [14]. For thicker electrodes,
however, a smaller fraction of active material could be utilised.

The stability curves show an extraordinary feature which could not be seen for the
as-anodized electrodes: The areal charge capacities of the annealed electrodes were
rising until the 3rd cycle about 3 - 4 % with regard to the first cycle. Especially in
this segment the as-anodized electrodes featured the largest capacity loss which thus
represents an opposite trend. The amount of irreversible side reactions is most probably
reduced due to decreased surface contamination on the annealed electrodes, as could
be proven by XPS. Furthermore the increased crystallinity and the accessibility of the
annealed electrodes influences the shape of the curves. By the conversion reactions of
a high ratio of the active material, smaller particles could be formed which provide
even better access of the material. Such characteristics were also observed for other
conversion materials, such as Cu2O, and was described as an electrochemical milling
mechanism. [80,81] The capacity retention of the annealed electrodes is reduced compared
to the as-anodized samples. Since the reactivity of the material showed a large increase,
the mechanical stress caused by volume changes was much higher. Additionally, a
continuous SEI formation could have contributed to an electrical isolation of particles.

Up to a certain degree, electrochemical milling seem to enhance the electrodes’ perfor-
mance, but it could also cause loss of active material when SEI formation encapsulates
the particles, which are separated from the electrode by volume changes. Especially
after 25 cycles of the 2.9 µm and 4.0 µm thick electrodes, the destruction processes
became intense. The 1.0 µm thick electrode possessed better capacity retention, which
could be ascribed to a good capability to buffer the changes in volume. Nevertheless
the capacity loss of this electrode from cycle 4 to 103, in which it was cycled with C/5
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Figure 6.16: Cycling stability tests and related coulombic efficiencies of lithium half cells containing
annealed nanotubular iron oxide electrodes of different thicknesses. Cells were cycled
between 0.3 - 2.8V vs. Li+/Li and the cycling rate was adjusted to C/5 at cycle
number 4.

rate, was 55 %. This capacity loss is similar to the corresponding as-anodized elec-
trode, while having almost 4 times higher areal capacity. The reversibility of oxidation
and reduction reactions at this electrode was seen to be excellent with a coulombic
efficiency of 99 % from cycle 5. Both other annealed electrodes lost more than 90 %
capacity during 100 charges and discharges with C/5 rate (cycle number 4 to 103).
The capacity loss is reflected in the coulombic efficiency, which drops significantly after
cycle number 30. Segments of lower coulombic efficiencies can be assigned to losses
of electric contact with active material during discharge and are not necessarily an
indication of side reactions. The coulombic efficiencies of the initial cycles, however,
are largely increased in comparison to the as-anodized electrodes. It can mainly be
explained by less contamination on annealed electrodes and less trapping of Li ions,
since the material has less defects.
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Figure 6.17: Charge/discharge profiles of the 1st, 2nd, 3rd, 10th and 40th galvanostatic cycle of a
lithium half cell containing an annealed nanotubular iron oxide electrode of 2.9 µm thick-
ness with between 0.3 - 2.8V vs. Li+/Li. The cycling rate was changed after cycle 3
from C/6 to C/5.

The gravimetric capacity reveals the inaccuracy of the assumptions used in the cal-
culation of the electrode mass. According to that, the 1.0 µm thick electrode would
possess an initial charge capacity of 1667 mA h g−1 which exceeds the theoretical ca-
pacity of iron oxide. However, it indicates that annealing significantly enhances the
activity and accessibility of the electrode material for Li ions. By comparison with
thicker electrodes, it can be seen that the ratio of reacting material is reduced when
the length of the nanotubes is increased. The 2.9 µm thick electrode showed an initial
charge capacity of 1017 mA h g−1, whereas the initial charge capacity of a 4.0 µm thick
electrode was decreased to 835 mA h g−1. The plot of the cycling stability with respect
to gravimetric capacity is given in the appendix in Figure 8.5.

The charge/discharge profiles of the 1st, 2nd, 3rd, 10th and 40th cycle of a 2.9 µm
thick annealed electrode are shown in Figure 6.17. The cell was cycled between the
cut-off voltages 0.3 V and 2.8 V with C/6 cycling rate in the first 3 cycles and C/5 rate
in subsequent cycles. The first discharge curve exhibits a well defined voltage plateau
at 0.8 V, which can be assigned to an overlap of conversion of the crystalline iron ox-
ide and SEI formation. The discharge plateaus shifted towards 1.05 V for subsequent
cycles and were still well defined. The difference in discharge capacity between the
first and the following cycles can be attributed to amorphisation of iron oxide and SEI
formation. Charge processes show a single plateau at about 1.85 V. The polarisation
of charge processes also increased faster than for the discharge processes.
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Figure 6.18: Cyclic voltammograms recorded of a pristine lithium half cell containing an annealed
2.9µm thick iron oxide electrode using a scan rate of 0.1mV s−1 in a potential window
between 0.3 - 2.8V vs. Li+/Li.

As for the as-formed electrode, cyclic voltammetry of a lithium half cell incorporating
an annealed 2.9 µm thick iron oxide was performed with a scan rate of 0.1 mV s−1. At
first, the cathodic scan was conducted till the cut-off potential of 0.3 V vs. Li+/Li,
followed by the anodic scan till 2.8 V vs. Li+/Li. The results of this and four additional
cycles are shown in Figure 6.18.
In the first cathodic scan, a single sharp peak at a potential of 0.60 V reveals the re-

duction of iron oxide and simultaneous formation of SEI. For subsequent cathodic scans
the potential range of current flow shifted to higher potentials and became broader. It
shows two current peaks in the range of 0.81 V and 0.93 V. This could be an effect of
reduced crystallinity and a wide distribution of particle sizes, which is in accordance
with the described electrochemical milling. The oxidation peak of the first cycle is at a
peak potential of 1.65 V. In following cycles, the peak broadening and potential shifts
are also observed for anodic currents. The behaviour of each cycle was visibly changed,
but the areal capacity was maintained.

Performance of electrodes with FEC electrolyte additive

In order to improve the moderate cycling stability of annealed iron oxide nanotube elec-
trodes, the impact of FEC electrolyte additive to the LP40 electrolyte was studied. In
previous studies on other anode materials, FEC was shown to form a thin, electrochem-
ically stable and flexible SEI with lower electric and charge-transfer resistance. [30,31,82]
Identical nanotube electrodes (2.9 µm thickness) were annealed and FEC was added in
mass fractions of 2, 5 and 10 w%. The battery stability tests are shown in Figure 6.19a.
The reversibility of the electrode redox processes is expressed as coulombic efficiency
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and is shown in Figure 6.19b. In the first 3 cycles, the cells with 2 and 5 w% FEC
additive were cycled at C/4.1 rate and the cell with 10 w% FEC was cycled at C/6
rate. From the 4th cycle, the cycling rate was adjusted to C/5. At the first cycle it can
be seen that the electrode’s capacity is reduced with addition of FEC, especially in the
case of a content of 10 w%. For the cells with 2 and 10 w% FEC additive the capacity
is rising over 6 and 10 cycles, respectively, while a capacity increase upon cycling can
only be seen in the first 3 cycles for a pure LP40 electrolyte and for the 5 w% addition.
The coulombic efficiency is increased for all the cells with FEC additive, but the signif-
icant drop was still occurring. It indicates that the reversibility of the redox reactions
is enhanced for all cells with FEC additive in the electrolyte. This is reflected by the
improved cycling stability. The capacity retention after 100 cycles at C/5 cycling rate
(cycle number 4 to 103) could be improved for all cells. The smallest fading could be
observed for a 10 w% FEC addition, for which the retention was 46 % whereas it was
only 7 % for pure LP40.
The charge/discharge profile of the first galvanostatic cycle does not show a sig-

nificant range of FEC decomposition (see appended Figure 8.6). The formation of a
FEC-co-derived SEI is probably overlapping with other processes.

In order to evaluate how the addition of FEC changes the characteristics of the SEI
and therefore the overall cell resistance, EIS was performed. Based on impedance data
in the frequency range of 200 kHz - 10 mHz, Figure 6.20 shows the Nyquist plot of three
cells comprising an as-formed, an annealed, and an annealed electrode with 10 w% FEC
addition, respectively, after 5 galvanostatic cycles with C/5 rate.

The diameter of the semicircle is drastically reduced for the two annealed electrodes
compared with as-formed electrode. It indicates that the crystallised structure improves
the Li ion mobility and thus lowers RCT and consequently the cell resistance. With
FEC addition, the diameter of the semicircle became even smaller than the semicircle
of the annealed electrode. This reveals that the FEC/LP40-derived SEI has a lower
RSEI or/and RCT than the pure LP40-derived SEI, which can improve the battery
performance by enabling faster charge transfer processes. [7,14,30] A smaller RSEI can be
attributed to a thinner and more stable and flexible SEI. [31] A stable and relatively
thin SEI layer is assumed to be the reason for the improved cycling stability for FEC
addition to the electrolyte.
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Figure 6.19: Stability tests (a) and related coulombic efficiencies (b) of lithium half-cells containing
annealed nanotubular iron oxide electrodes of 2.9 µm thickness and electrolyte, which was
either pure LP40 or with an addition of 2, 5 and 10w% FEC. Cells were cycled between
0.3 - 2.8V vs. Li+/Li with C/5 rate ongoing from the fourth cycle.
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Figure 6.20: Nyquist representations of impedance spectra in the frequency range of 200 kHz - 10mHz
of three lithium half cells comprising an as-formed, an annealed and an annealed electrode
with 10w% FEC addition, respectively, after 5 galvanostatic cycles (cycling in potential
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6.1.3 Post-mortem Material Analysis

Changes of the electrodes’ morphology, composition and crystallinity after galvanos-
tatic cycling were examined with XPS, XRD and SEM. The electrode/electrolyte inter-
face after 5 galvanostatic cycles of as-anodized and annealed electrodes and the impact
of FEC additive (10 w%) on an annealed electrode was investigated with XPS. The
respective SEI layers of nanotubular electrodes derived by LP40 [1 m LiPF6 in ethylene
carbonate : diethyl carbonate = 1:1 (v:v)] are compared with the interface which was
formed with the addition of FEC. The XPS survey spectra of the post-mortem elec-
trodes are presented in Figure 6.21 showing the expected elements from precursors and
electrolyte. It can be observed, that the intensity of the Fe3s peak is much lower upon
addition of FEC. It indicates that the SEI derived by FEC has less cracks than an
interface primarily formed by EC/DMC (ethylene carbonate, diethyl carbonate). The
survey spectrum of the FEC-derived interface shows also higher intensity of F1s, which
can be attributed to the presence of reported possible FEC decomposition products
like LiF and –CHF–OCO2 – type compounds. [31] The intensities of the P2s and P2p
peaks are partly attributed to the electrolyte salt, which could not be washed away
sufficiently due to the brittleness of the active material. The atomic percentage of
the examined elements C, F, O, P, Fe and Li were quantified and are summarised in
Table 6.3. Also the amount of fluorine species can not be fully assigned to composition
of the SEI, since the electrolyte salt is present on the surface. As mentioned in the ma-
terial characterisation studies, the quantification of carbon species is not reliable due
to commonly observed surface contamination of hydrocarbons (C–C and C–O). [83]
In Figure 6.22 the photoelectron peaks of C1s, F1s and Li1s/Fe3p of the investigated

post-mortem electrodes are shown. A typical decomposition pattern of LP40 can be
observed in the C1s spectra of the 2 electrodes which were cycled with pure LP40. [83]
The peaks at a binding energy of 285 eV can be attributed hydrocarbons, whereas the
peaks at around 287, 288 and 290 eV correspond to alkoxy (–CO), carboxylate –CO2

and carbonate –CO3 compounds, respectively. [83] Upon addition of FEC to the elec-
trolyte, it can be observed that the composition of the SEI was changed as previously
reported by Xu et al. [31] In the the C1s spectrum of the LP40/FEC co-derived SEI both
the LP40 and FEC decomposition products can be found. A ring-opening of FEC is
expected to form compounds with carbon fluoride groups (–CHF) with neighbouring

Table 6.3: Quantification of the examined elements in the XPS study of an as-anodized (’AS 5C’) and
an annealed (510 ◦C, Ar 2.5 h) iron oxide layer sample (’ANN 5C’) cycled for 5 cycles in a
voltage window of 0.3 - 2.8V vs. Li+/Li with LP40 electrolyte and an annealed (510 ◦C,
Ar 2.5 h) iron oxide layer sample cycled for 5 cycles in a voltage window of 0.3 - 2.8V vs.
Li+/Li with LP40 electrolyte and 10w% FEC additive (’ANN 5C FEC’).

Sample % C % F % O % P % Fe(3p) % Li

AS 5C 34.03 10.00 31.33 1.84 1.14 21.55
ANN 5C 41.08 7.21 33.51 1.52 2.67 14.01
ANN 5C FEC 49.58 20.15 13.13 3.05 0.44 13.55
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Figure 6.21: XPS survey spectra of an as-anodized and an annealed (510 ◦C, Ar 2.5 h) iron oxide thin
film electrode cycled for 5 cycles in a voltage window of 0.3 - 2.8V vs. Li+/Li with LP40
electrolyte and an annealed (510 ◦C, Ar 2.5 h) iron oxide layer sample cycled for 5 cycles
in a voltage window of 0.3 - 2.8V vs. Li+/Li with LP40 electrolyte and 10w% FEC
additive.

carbonates –CHF–OCO2 – . [31] The presence of these compounds was detected in the
measured spectrum at binding energies of 288 and 291 eV, respectively, which is in
accordance with reported values. [31]
A side product of the ring-opening of FEC is reported to be LiF, which is formed

by degradation of the electrolyte salt, FEC, EC and also DMC . [31,84] Peaks in the F1s
spectra at a binding energy of 685 eV can be assigned to LiF, but the impact of FEC
can not be evaluated. The close-by peaks at 687 eV are attributed to the presence of
the electrolyte salt LiPF6 and its decomposition product LiPF5. [31,84]. The FEC co-
derived interface possesses a third peak in the F1s spectra at around 689 eV, which is
non-existent in the spectra of the two other samples. It is, hence, attributed to organic
fluorides, such as OC–F originated from FEC decomposition. [84]

The photoelectron spectrum of the Li1s is overlapping with the Fe3p, which leads to
constructive interference of the signals. It was shown, however, by Philippe et al. [83]
that the Li1s forms a relatively narrow symmetric peak, whereas the Fe3p gives a
relatively broad and asymmetric peak. For curve fitting, the Fe3p peak shape of the
pristine samples was taken as a template to fit the Li1s/Fe3p signal of the cycled sam-
ples. The Fe3p peak of the annealed sample cycled with FEC additive was seen to
have the lowest intensity which indicates that the electrolyte is covered by SEI to a
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Figure 6.22: C1s, F1s and Li1s/Fe3p XPS spectra of of an as-anodized and an annealed (510 ◦C, Ar
2.5 h) iron oxide layer sample cycled for 5 cycles in a voltage window of 0.3 - 2.8V vs.
Li+/Li with LP40 electrolyte and an annealed (510 ◦C, Ar 2.5 h) iron oxide thin film
cycled for 5 cycles in a voltage window of 0.3 - 2.8V vs. Li+/Li with LP40 electrolyte
and 10w% FEC additive.

higher extent. The coverage of the annealed sample cycled without FEC additive is
seen to be smallest in this comparison. Therefore the Fe3p peak in this spectrum is
much more pronounced compared to the other samples. Unfortunately, information
about the valency of iron oxide after cycling can not be obtained, since the Fe2p peak
is distorted by fluorine species and has weak intensity.

An XRD diffractogram of an annealed electrode, which was recorded after 5 galvano-
static cycles, is shown in the appendix in Figure 8.7. It reveals that the crystalline
species were converted to amorphous material. Thus the iron oxide crystal phase could
not be examined by XRD.

The change of morphology and the formation of SEI on the electrode/electrolyte
interface were investigated by SEM. Therefore the 2.9 µm thick iron oxide electrodes
were used after galvanostatic cycling. In Figure 6.23 SEM micrographs with top and
cross-sectional views of an as-anodized iron oxide electrode after 6 and 200 galvanostatic
cycles, respectively, are shown. Within 6 cycles the nanotube walls fuse together, which
can be seen from the top-view. The cross-sectional view confirms this and illustrates
that the pristine nanotubular structure has not changed significantly. It seems that the
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Figure 6.23: SEM micrographs showing the top and cross-sectional view of an as-anodized nanotubular
iron oxide thin film after 6 (a1, a2) and 200 cycles (b1, b2), respectively.

entire nanotube surface is covered with a thin SEI layer. After 200 cycles the electrode
is covered with a thick layer of decomposition products, which blocks the top-view on
the iron oxide morphology. Even after 200 cycles the cross-sectional view shows that the
nanotubular structure is well-preserved. In particular, the thick cover of the top layer
can be seen from the cross-sectional view. The thickness of the electrode has changed
from initial 2.9 µm to 3.2 µm due to a slight structural change. The maintenance of the
structure is accountable for the good cycling stability.

The corresponding SEM micrographs of an annealed iron oxide electrode are shown
in Figure 6.24. From the top-view it can be seen that a considerable structural change
occurred already after 6 cycles. The improved accessibility of the electrode for Li+

ions is explained by that the entire structure was converted already after 6 cycles
from nanotubes to coherent chunks. After 200 cycles the chunks of active material
are increased and seem to have bad or no electrical contact, which is in accordance
with the drastic capacity fading of annealed electrodes. The structural change and
SEI formation on electrode/electrolyte interface involves a volume expansion which
increased the thickness to 4.5 µm.

SEM micrographs of an annealed nanotube electrode after 110 cycles with FEC-
containing (10 w%) electrolyte are illustrated in the appendix in Figure 8.8. The mor-
phology of the electrode is in accordance with the annealed electrode cycled in pure
LP40. A substantial impact by FEC additive can not be seen, since the SEI layer
thickness on active material could not be measured on the basis of the obtained SEM
micrographs and the cycle numbers differed.
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Figure 6.24: SEM micrographs depicting the top and cross-sectional view of an annealed nanotubular
iron oxide thin film after 6 (a1, a2) and 200 cycles (b1, b2), respectively.

6.2 Ultrasound-assisted Oxidation

6.2.1 Material Characterisation

A piece of iron foil which was sonicated for 6 h in a closed bottle filled with pure DI wa-
ter at a sonication bath temperature of 60 ◦C showed only few traces of oxide formation,
as can be seen in Figure 6.25, which shows the photos for all different experimental
conditions. Surprisingly, an enrichment of the DI water with oxygen could not clearly
increase the amount of oxide coating. It was, however, observed that degassing with an
inert gas, such as argon and nitrogen, could increase the amount of oxide significantly.
Even for a shorter experimental time of 4 h, oxide was obviously formed when degassing
with inert gas, but to a lower extent and rather localised in spots. With regard to the
electrochemical evaluation, a 2 h long experiment was conducted in argon-degassed DI
water, which had small, homogeneously distributed oxide spots on the whole substrate.
It seemed that all the oxide films possess a high mechanical stability, but tests con-
cerning this matter were not conducted and may be carried out in future.

The reason that the oxide formation in oxygen-poor DI water was increased and the
impact of ultrasound treatment may be investigated in further studies. A mere surmise
is that an iron oxide film which is formed in untreated DI water acts as a protection
layer which hinders the continuation of rapid oxidation. The properties of an oxide
layer formed in oxygen-poor DI water, however, differ and allow further oxidation. The
ultrasound supplies energy to enhance the oxidation further.
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Figure 6.25: Photos of iron foil substrates which were each immersed in a 100ml laboratory bottle
with screw cap and pouring ring, which was filled to capacity with DI water and sonicated
for 2, 4 or 6 h while a bath temperature of 60 ◦C was maintained. Beforehand all but one
DI water-filled bottles were degassed with either oxygen O2, argon Ar or nitrogen N2.

A closer look on the oxide patterns was done with an optical microscope for the
samples which were prepared by ultrasound-assisted oxidation in Ar/N2-degassed DI
water. The photomicrographs are shown in the appendix in Figure 8.9. It can be seen
that the centre of an oxide spot appears metallic and is surrounded by a grayish partly
brownish zone. The outer surrounding surface area is almost black for the 6 h long
sonicated samples and more brownish for shorter experimental times. This indicates
the formation of different iron oxide crystal phases.

The morphology of the oxide layer on the iron foil substrates created in Ar/N2-
degassed DI water was further investigated by SEM. As can be seen in Figure 6.26, a
variety of differently structured iron oxides were formed at different positions on the
substrate, whose morphology depended on experimental time. In case of Ar-degassing
and 2 h experimental time, both cube-like nano structures, nano rods, and shapeless
chunks with a wide size distribution were observed on the surface. Higher amounts of
such chunks were found on the iron substrate, which was oxidised for 4 h in Ar-degassed
water. After 6 h experimental time the amount of such oxide chunks is highly enhanced
and also nano flakes could be detected. The degassing with nitrogen led to formation
of similar nanostructures as in an inert gas as argon. For further studies, the samples
which were oxidised in Ar-degassed water, were taken since the oxide coverage was the
highest (N2-degassed samples could have been taken as well).
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6.2 Ultrasound-assisted Oxidation

XRD measurements of the samples which were sonicated in Ar-degassed water was
recorded. The diffraction patterns for synthesis times of 2, 4 or 6 h are shown in Fig-
ure 6.27. The oxide layer for synthesis of 2 or 4 h was seen to possess mostly amorphous
character. Whereas for the 6 h sonicated samples, signals were detected, which can be
attributed to the presence of crystalline magnetite or maghemite. The peak, which
was marked with a red 7, was only seen for the sample which was sonicated for 4 h and
could not be assigned.

The Raman spectrum of an iron sample which was oxidised 6 h in Ar-degassed water
is shown in Figure 6.28. The spectrum shows Raman-allowed modes of hematite with
the presence of additional modes at 660 and 690 cm−1. [76,85] These two peaks could be
theoretically Raman-inactive modes of hematite, which appear in the Raman spectrum
due to disorder of the hematite structure, which breaks its symmetry properties. [85]
The presence of hematite seems to be contrary to the XRD signals, but it can be
explained by potentially tiny amounts of nano crystalline hematite. For the used
excitation wavelength, signals of the hematite phase are resonance enhanced and may
mask modes of other iron oxide/oxyhydroxide crystal phases. [86] The high intensity of
the peak around 670 cm−1 could be taken as an evidence of the presence of magnetite,
which was detected by XRD. [86] Combined XRD and Raman studies indicate that the
formed oxide structures are consisting of both magnetite and hematite.
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Figure 6.26: SEM micrographs of iron foil substrates which were each immersed in a 100ml laboratory
bottle with screw cap and pouring ring, which was filled to capacity with DI water and
sonicated for 2, 4 or 6 h while a bath temperature of 60 ◦C was maintained. Prior the DI
water-filled bottles were degassed with either argon Ar or nitrogen N2.
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Figure 6.27: XRD patterns of iron foil substrates which were each immersed in a 100ml laboratory
bottle with screw cap and pouring ring, which was filled with argon-degassed DI water
and sonicated for 2, 4 or 6 h while the temperature of the sonicator bath was 60 ◦C.
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Figure 6.28: Raman spectra of an iron foil substrate which was immersed in a 100ml laboratory bottle
containing argon-degassed DI water, and sonicated for 6 h while the temperature of the
sonicator bath was maintained at 60 ◦C.
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6.2.2 Battery Performance Tests

The iron oxide electrodes fabricated in Ar-degassed DI water with ultrasound assistance
were cycled galvanostatically in a potential window between 0.3 - 2.8 V vs Li+/Li for
50 cycles. The 2 h samples was constantly cycled with a C/5 rate. Whereas the 4 h
and 6 h sample were cycled in the first 3 cycles with a C/11 and C/12 cycling rate,
respectively, which was used to evaluate the electrodes’ capacity. From the fourth
cycle onwards every electrode was cycled with a C/5 rate. The galvanostatic cycling
performance tests and the related coulombic efficiencies are shown in Figure 6.29.

As expected, more iron oxide covered on the current collectors resulted in a higher
areal capacity. The initial charge capacities of the cells comprising 2 h, 4 h, and 6 h
samples were 29, 90, and 127 µA h cm−2, respectively. The capacity drop from cycle 3
to 4 can be ascribed to the increase of cycling rate. The loss of the charge capacity
after 50 cycles was 28, 45, and 44 %, respectively. However, the capacity loss from
cycle 4 to 50 amounts only to 38 and 35 % for the 4 h and 6 h oxidised samples, respec-
tively. This indicates that there is a big advantage for the 6 h sample which has the
highest capacity, but still a stability slightly better than the 4 h sample. The capacity
fading shows almost linear behaviour for all samples. Furthermore, after 5 to 10 cycles
the charge/discharge processes show good reversibility with an coulombic efficiency of
about 104, 101 and 96 %. The performance demonstrate good cycling stability consid-
ering that the fabrication method was introduced in this work and refinements were
not yet conducted.

The charge/discharge profile of first cycle of the three studied electrodes is shown in
Figure 6.30. For all cells, the discharge profile features an initial sloping voltage, which
can be explained by various side reactions. With further discharge, voltage plateaus
emerge at 0.85 V, which seem to be better defined for the cells comprising a 4 h or 6 h
oxidised electrode due to higher discharge capacity. Such voltage plateaus were also
observed for the annealed nanotube electrodes, but not for the as-anodized electrodes.
Later on, concentration polarisation occurs and the voltage declines towards the lower
cut-off voltage of 0.3 V. The charge profiles show a larger slope than the discharge
profiles. Furthermore, a large difference between the charge and discharge capacity
can be seen for each cell, which is explained by SEI formation and other side reactions.
Figure 8.10 in the appendix shows the first, second and third charge/discharge profile
of the cell employing a 6 h oxidised electrode. It can be seen here that the discharge
curves of subsequent cycles do not contain such a well-defined voltage plateau as the
first discharge due to amorphisation.
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Figure 6.29: Galvanostatic cycling performance tests and related coulombic efficiencies of lithium half
cells containing iron oxide electrodes fabricated in Ar-degassed DI water with ultrasound
assistance with C/5 cycling rate (from the forth cycle onwards) between 0.3 - 2.8V vs.
Li+/Li for 50 cycles.
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Figure 6.30: Charge/discharge profile of the first cycle of lithium half cells containing iron oxide elec-
trodes fabricated in Ar-degassed DI water with ultrasound assistance between 0.3 - 2.8V
vs. Li+/Li for 50 cycles.
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7 Conclusion and Outlook

Free-standing nanostructured iron oxide electrodes were synthesised by two different
facile approaches using iron foil of 99.5 % purity and the battery performance was eval-
uated.

Anodic iron oxide films were formed by electrochemical anodization of iron foil.
The morphology of the iron oxide films were observed to be highly dependent on the
synthesis conditions. Nanotubular iron oxide growth was achieved with an electrolyte
consisting of ethylene glycol + 0.10 m NH4F + 1.00 m H2O. By variation of anodization
time the length of the anodic nanotube electrodes could be controlled in a reproducible
way ranging from 0.5 - 4.5 µm. The inner-tube diameter and wall thickness of the
nanotubes were independent of nanotube lengths and approximately about 40 and
13 nm, respectively. The most important result in this work was the change of the
post-anodization washing process, for which DI water was substituted by methanol.
Cracks in the iron oxide electrode could be prevented which had a substantial effect
on the cycling stability. Utilising Raman spectroscopy the as-anodized nanotubes were
determined to consist of ferrihydrite. The crystallinity of the amorphous as-formed
electrodes could be increased by annealing at 510 ◦C in Ar-atmosphere. It was shown
that the nanotube morphology was maintained after annealing. The annealed iron
oxide nanotube electrodes feature a co-existence of ferrihydrite and magnetite crystal
phases, which indicates that the phase change was not complete. A side benefit of
annealing of the nanotube electrodes was the reduction of surface contamination such
as fluoride species.
The best battery cycling stability was found for 2.9 µm thick as-formed nanotube

electrodes, which could be cycled for 200 cycles with small capacity losses. The charge
capacity of about 248 µA h cm−2 was reduced only 1 % over a sequence of 100 cycles
with C/5 rate. For cycling with 2C rate the capacity was still about 110 µA h cm−2. The
good long-term stability and rate capability is probably enabled by the nanotubular
structure of the electrode, which was still maintained after 200 lithiations and delithia-
tions. The morphology allows volume expansion without structural collapse thanks to
hollow space. An initial capacity drop during the cycling is assumed to be caused by
contaminations on the electrode and crystal water. Up to 4 times higher electrode ca-
pacity could be assigned to the improved crystallinity of annealed nanotube electrodes
and thus enhanced accessibility for Li ions. The higher reactivity involves, however,
a structural change of the electrode and associated worse cycling stability. The effect
of different concentrations of FEC electrolyte additive was investigated and improved
the cycling stability of annealed nanotube electrodes. The composition of the FEC-
derived SEI differed from a purely LP40-derived SEI and was seen to have lower cell
resistance. The usage of 10 w% FEC in LP40 electrolyte was shown to increase the
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capacity retention from 7 % to 46 % during 100 cycles at C/5 rate.

A good coverage of differently shaped iron oxide nanostructures could be formed
by ultrasound-assisted oxidation of iron foil in Ar-degassed DI water. The iron oxide
on a sample which was oxidised for 6 h was determined by Raman spectroscopy to be
both magnetite and hematite. The presence of crystalline magnetite was seen, whereas
the hematite phase could not be observed from XRD. In battery performance tests
the cycling stability was seen to be decent. A 6 h oxidised electrode showed an initial
charge capacity of 127 µA h cm−2, which decreased about 44 % during 50 galvanostatic
cycles.

7.1 Research Outlook

In future experiments, strategies could be investigated to increase the cycling stability
of the developed iron oxide electrodes. For this purpose it should be attempted to
remove contamination on nanotube electrodes and lower the amount of crystal water.
Furthermore the battery performance of as-anodized nanotube electrodes with high
thicknesses could be enhanced with FEC or other electrolyte additives. The feasibility
and effect on the battery performance of carbon coating of the electrodes could also be
evaluated.

A widening of the cycling window towards lower cut-off potentials could increase the
capacity of the iron oxide electrodes. It should be studied if the stability is reduced as
a consequence.

Different iron substrates could be used for ultrasound-assisted oxidation in Ar-
degassed water. The suitability for use as anodes in bendable batteries can be studied
with oxidised ultra-thin iron foils. Moreover iron nanoparticles could be oxidised and
included in composite electrodes. The formation mechanism should be studied and
experimental parameters should be investigated.
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Figure 8.1: XRD pattern of an annealed (2.5 h, 510 ◦C, Ar) iron oxide layer formed by anodization in
ethylene glycol + 0.14m NH4F + 1.67m H2O at 50V for 10min.
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a b

Figure 8.2: Photo of an as-anodized (a) and an in Ar at 510 ◦C annealed sample (b) fabricated by
anodization of iron foil in ethylene glycol + 0.10m NH4F + 1.00m H2O at 40V for 30min,
respectively.
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Figure 8.3: Galvanostatic cycling performance tests and related coulombic efficiency of a lithium half
cell containing an as-formed nanotubular iron oxide electrode of 2.9µm thickness between
0.3 - 2.8V vs. Li+/Li with C/10 rate in the first 5 cycles and C/5 rate for subsequent
cycles.
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Figure 8.4: Comparative galvanostatic cycling performance tests of lithium half cells containing as-
formed nanotubular iron oxide electrodes of different thicknesses between 0.3 - 2.8V vs.
Li+/Li. The cycling rate is adjusted to C/5 in cycle 6 and capacity is expressed gravimet-
rically.
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Figure 8.5: Comparative galvanostatic cycling performance tests of lithium half cells containing an-
nealed nanotubular iron oxide electrodes of different thicknesses between 0.3 - 2.8V vs.
Li+/Li for 100 cycles. The cycling rate is adjusted to C/5 in cycle 4 and capacity is
expressed gravimetrically.
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Figure 8.8: SEM micrographs depicting cross-sectional views of an annealed nanotubular iron oxide
layer after 110 cycles with FEC electrolyte additive with different magnifications.
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Figure 8.9: Photomicrographs of iron foil substrates which were each immersed in a 100ml laboratory
bottle with screw cap and pouring ring, which was filled to capacity with DI water and
sonicated for 2, 4 or 6 h while a bath temperature of 60 ◦C was maintained. Prior DI
water-filled bottles were degassed with either argon Ar or nitrogen N2.
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Figure 8.10: Charge/discharge profile of the first, second and third cycle of lithium half cells containing
an iron oxide electrode fabricated in Ar-degassed DI water with ultrasound assistance with
C/5 cycling rate (from the forth cycle onwards) between 0.3 - 2.8V vs. Li+/Li for 50
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