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1 Introduction

After much development in the past years, energy conversion devices, e.g. batteries,
are showing high performance by using materials with sophisticated structures.
Because of their intensive use, lithium batteries are the subject of many studies
all over the world, from both a technological and a fundamental research point of
view. In this field, the preparation method, the structure and the particle size of
the electrode materials, as well as their physical properties play a very important
role to steadily improve the performance of energy storage devices.

Most of the current lithium batteries are based on transition metal oxides. For
example, one can find layered rock-salt LiCoO2, LiMn2O4 and Li(Ni,Mn,Co)O2

as cathode materials. This family of materials has been investigated in order to,
e.g. establish the intercalation process and Li diffusion mechanism, that limits the
performance of these materials for applications [1–4]. From a fundamental research
point of view, electrochemistry, i.e. the chemistry that governs the reactions in
a battery, offers the possibility to adjust the charge carrier density in a “gentle”
way. Classically, charge carrier density can be optimized by tunning solid state
reactions or oxygen stoichiometry by a thermal treatment in a controlled oxygen
atmosphere. One disadvantage of these techniques is the high temperature necessary
for solid state synthesis. With electrochemical methods, the charge carrier density
can be modified and controlled by the (de)intercalation (extraction or insertion) of
small ions, e.g. lithium, in the structure at room temperature. This intercalation
process has the potential to not severely affect the host structure, and to modify the
oxidation state of the transition metal ion in a transition metal oxide compound.
This process takes place at room temperature, i.e. at low temperature compared to
those used for conventional solid state synthesis. Therefore, metastable oxidation
states which can not be obtained by conventional approaches are reachable with
electrochemical methods.

The main goal of the present work is to take advantage of electrochemistry as a tech-
nique to modify transition metal oxidation states by lithium doping and to study
the effects on their magnetic properties. The physical properties of transition metal

1



1 Introduction

oxides are strongly influenced by the relation between the electronic, magnetic, and
orbital degrees of freedom of the transition metal ion electrons. Therefore, e.g.,
different electronic configurations of the d shell electrons lead to different physical
properties, like e.g. metallic, superconducting or insulating character of the host sys-
tem. Electrochemical methods make it possible to insert and extract electrons and
thereby alter the electronic configuration of the transition metal ion. This gives the
possibility to investigate the electronic phase diagrams of conventionally prepared
compounds, as a function of composition.

The approach of modifying materials with electrochemical methods to prepare novel
materials has been successfully employed in the past. For example, lithium can
be extracted electrochemically from LiVP2O7 to obtain a completely new phase
with a different crystallographic structure, i.e. VP2O7 [5]. The physical properties
of LixCoO2 are strongly influenced by the Co oxidation state and Li-vacancy in-
teractions [6]. This kind of dependence is also found in LixNiO2 [7], LixTiS2 [8],
and LixMn2O4 [9]. The interplay between spin and charge in doped frustrated
spin magnet NaxCoO2 results in a novel ordering phenomena. The Na content in
NaxCoO2·yH2O can be electrochemically modified to 0.3, then, for y = 1.3, the
system shows superconductivity with a transition temperature of Tc=5K [10].

In order to improve the performance of lithium batteries based on transition metal
oxides, the lithium diffusion mechanisms and the process of extraction/insertion
of electrons can be investigated by electrochemical methods. Another way to im-
prove the performance of lithium batteries is downscaling the particle size of the
electrode materials to the nanometer scale. There are many advantages that these
materials provide: shorter Li diffusion lengths, high surface area, and increased
durability of the battery. The shorter path lengths for electronic transport permits
the usage of materials with lower electronic conductivity than bulk materials. Al-
though intensively studied, there are many remaining issues to be resolved such
as e.g. minimizing electrode/electrolyte reactions due to the high surface area and
low volumetric energy densities (amount of electrical energy stored per unit vol-
ume). Many efforts have been concentrated in order to synthesize these new “nano
materials” for high performance energy storage devices. Among these materials, Si-
C nanocomposites, Li4+xTi5O12, and Ti-O2 are few examples of a large family of
materials [11, 12]. MO nanoparticles with M= Co, Ni, Fe or Cu show very good
electrochemical properties [13]. Over the last years materials with olivine structure,
especially LiFePO4 [14, 15] and LiMnPO4 [16, 17] have been intensively developed
as very promising candidates for positive electrode materials in long-life batteries
required to power, for example electric cars. Different forms of manganese oxides [18–
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20], V2O5 [21] or Vanadium oxide nanotubes [22, 23] have been studied as well as
possible cathode materials for lithium batteries.

In this work, the interplay of electrochemical and magnetic methods has been suc-
cessfully accomplished. Electrochemistry has been used instead of solid state chem-
istry to control the valence of the transition metal ion and to study the change in
magnetic properties of different compounds. In the work at hand, electrochemistry
together with magnetometry and solid state spectroscopy (ESR, NMR, µSR ∗) have
been exploited. These different methods have been combined to study compounds
which are valuable for both technological application as cathode materials and ba-
sic research. By applying an electrical voltage, lithium is inserted in the crystal
structure of the transition metal compound and therefore the valence state of the
transition metal ion is modified. In a transition metal compound, as those studied in
this work, doping affects the number of electrons in the 3d shell. As mentioned at the
beginning of this introduction, this number of 3d electrons determines the magnetic
state of the compound. The modification of the magnetic properties of the studied
compounds has been analyzed by the techniques mentioned above. Magnetometry
is sensitive to magnetic phase transitions and changes of the effective magnetic mo-
ments of the transition metal ion. Complementary information can be gained by
employing local probe techniques, like ESR, NMR, and µSR, especially sensitive
to crystal electric field splittings, spin states, magnetic interactions and spin dy-
namics. Particularly, µSR can be used to detect the homogeneity of magnetic and
superconducting phases.

This work is structured as follows: Chapters 2 and 3 describe the electrochemical
cell and its components (anode, cathode, electrolyte). The discharge/charge process
of lithium batteries, as well as the electrochemical setup and techniques used in this
work are explained in details. Chapter 4 contains the study of electrochemically
doped Vanadium oxide nanotubes (VOx-NT). After a brief review of different VOx
structure and synthesize methods, the electrochemical performance of VOx-NT is
analyzed. Here, the results of electrochemical doping of LixVOx-NT and its effect
on the magnetic properties will be presented. In chapter 5 the magnetic and super-
conducting properties of electrochemically doped Sr2CuO2Br2 will be discussed. In
chapter 6 the studies of α-MnO2 nanostructures are presented. Its electrochemical
performance and magnetic properties after lithium doping will be discussed. Finally,
the results are summarized in the last chapter.

∗ESR: Electron Spin Resonance, NMR: Nuclear Magnetic Resonance, µSR: Muon Spin Relaxation
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2 Electrochemical aspects in
transition metal oxides compounds

2.1 Lithium ion batteries

The aim of the present work is to study the effects of electrochemical doping on the
physical properties of different transition metal oxide compounds. These compounds
were used as cathode materials in an electrochemical setup that will be described
in detail later in this work. The applied setup is similar to the one used for studies
of materials for lithium-ion batteries. In the work at hand, electrochemistry repre-
sented a synthesis method for obtaining materials which are not easily, or not at all
prepared with classical non-electrochemical methods. Some of the studied materials
could have advantages for being used as electrode materials in lithium-ion battery
technology. However, this is not the subject of this thesis.

In this chapter, basics of an electrochemical cell, like shape or components, as well as
explanations about how discharging and charging of a battery develops are present.
Different battery technologies will be mentioned as well. Electrode materials already
used in lithium batteries are mentioned. The advantages and disadvantages of using
nanoscaled electrode materials in lithium battery technology is debated. In the end
of this chapter, the possibility of inducing novel properties by using electrochemical
methods will be shortly reviewed.

2.1.1 Electrochemical cell

For clarity, a description of lithium batteries basics and the processes they are based
on will follow. A battery can be illustrated as a chemical device used for storing
electricity. The electricity can not be easily stored in a direct way. Therefore, histor-
ically the need appeared to find a way to indirectly store electricity. As an example
of indirect electricity storage is given by pumped-hydro schemes that convert elec-
trical energy into potential energy or night storage heaters that convert electrical
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2 Electrochemical aspects in transition metal oxides compounds

energy into thermal energy [24]. Batteries do not store electricity directly, but rather
transform chemical energy into electric energy. They have the advantage of being
available in a wide range of shape and sizes, as exemplified in Fig. 2.1, they are able
to deliver instantaneous electric power, and they are available as “one-time” use or
multiple-cycle batteries.

Figure 2.1: Different shapes and design components of lithium batteries: a - cylindrical;
b - coin; c - prismatic; d - thin and flat- see bellow text for details. Taken
from [25].

As stated before, the batteries convert chemical energy into electrical energy. This
is performed through redox reactions. A redox reaction is the transfer of electrons
between two species, therefore reduction or oxidation of species involved in the
reaction. A battery consists of one or more electrochemical cells. An example of
a standard electrochemical cell is shown in Fig. 2.2. It contains a positive and a
negative electrode placed in a recipient with electrolyte. In a battery, these cells
may be connected in parallel or in series, depending on the voltage and capacity
that they should provide [25].

Each component of a electrochemical cell will be briefly discussed.

The anode

The anode is also called the negative electrode. It is the electrode that releases
electrons to the external circuit when a voltage is applied between the two electrodes
of the cell. During the electrochemical reaction the oxidation occurs here, thus the
anode material it is oxidized and its valency increases (also called the oxidizing
electrode). When choosing an anode material one has to take into account: material
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2.1 Lithium ion batteries

Figure 2.2: Classical electrochemical cell during discharge, when the positive electrode
is the cathode and the negative electrode is the anode.

efficiency as reducing agent, high coulombic output (Ah/g), stability as well as easy
and cheap fabrication. In commercial lithium-ion batteries, graphite-Li metal is used
as anode material.

The cathode

The cathode, or the positive electrode is the electrode that accepts electrons from
the external circuit. During the electrochemical reaction it is reduced, thus the
valency decreases. The reduction occurs at this electrode and that is why it is also
called the reduction electrode. The cathode has to be an efficient oxidizing agent,
has to be stable when it is in contact with the electrolyte and it should have a high
working voltage. Typical cathode material, commercially used is represented by the
layered oxides LiMO2 where M may be Co or Ni.

Fig. 2.3 illustrates an overview of possible positive and negative electrode materials
that are already, or might be in the future, used in Li-based cells. The variety of the
working potential of several materials versus Li+ can be deduce from this picture
as well.

The electrolyte

Electrolytes are formed when a salt is placed into a solvent. The electrolyte is an
ionic conductor, that means it is able to conduct ions between two electrodes inside
of a cell. The electrolyte itself is an electronic insulator [24]. If the electrolyte would
be an electronic conductor this would cause an internal short circuit in the cell
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2 Electrochemical aspects in transition metal oxides compounds

Figure 2.3: Voltage versus capacity for positive and negative electrode materials, cur-
rently or possibly used in the lithium batteries technologies [25].

and/or self discharge. The electrolyte has to be non-reactive with the electrode
materials, and it should not be dependent on changes in temperature. Low cost it
is another advantage.

Inside the cell the anode and the cathode are immersed in the electrolyte but they
are electronically isolated. In a practical cell the two electrodes are separated by a
separator soaked in electrolyte, in order to maintain the desired ionic conductivity.
The separator is usually poros and insulating. Its role is to completely separate the
two electrodes in order to avoid short circuits. The shape of a battery can vary from
a cylindrical shape to button, flat or prismatic as shown in Fig. 2.1. The cells are
well sealed in order to prevent leakage and drying-out.

A description of the discharge and charge process in a battery will be presented in
the following part of this chapter. The discharge process is shown in Fig. 2.4. When
applying an external voltage between the two electrodes, as a result of a chemical
reaction, electrons coming from the negative electrode (anode) flow through the
external circuit to the positive electrode (cathode) and they will be accepted in the
cathode material. In this way, during a discharging process the anode is oxidized
and the cathode material is reduced.

Chemically we can write the discharge process as follows: For the negative electrode
where the anodic reaction takes place and where the oxidation occurs a loss of
electrons results:

M → Mn+ + ne−
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2.1 Lithium ion batteries
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Figure 2.4: Operation of a electrochemical cell, here is described the discharge mode.

For the positive electrode, where the cathodic reaction takes place and where the
reduction occurs a gain of electrons results:

nX + ne−→ nX−

The overall reaction for the discharge process can be written as:

M + nX→ Mn+ + nX−

During the discharging process of a battery the negative ions, the anions, move
toward the negative electrode (the anode). The positive ions, the cations, move
toward the positive electrode (the cathode).

The charging process of a battery is shown in Fig. 2.5. During this process the
flow of negative and positive ions is reversed compared to the discharge process.
While an external voltage is applied between the two electrodes during the charging
process, the reaction at the negative electrode is a reduction reaction while an
oxidizing reaction takes place at the positive electrode. During charging (recharging)
a battery the anode becomes the positive electrode and the cathode becomes the
negative electrode. Because this is confusing when thinking in terms of electrolysis,
where the anode is always the negative electrode and the cathode is always the
positive one, for clarity one should refer to these electrodes as negative and positive
electrodes.

Chemically we can describe the charging process as following: he cathodic reaction
at the positive electrode causes a reduction of the metal ions and a consumption of
electrons:
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2 Electrochemical aspects in transition metal oxides compounds
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Figure 2.5: Operation of a electrochemical cell, here is described the charge mode.

Mn+ + ne−→M

The anodic reaction takes place at the positive electrode resulting in an oxidation
and an excess of electrons:

nX−→X + ne−

The overall reaction for the charge process can be written as:

M++ nX−→M + X

In this first part, components of a battery and processes, i.e. discharging and charg-
ing of a commercial battery, were described. The goal of this thesis was not explicitly
to study in detail the electrochemical behavior of different potential electrode mate-
rials, therefore no further aspects and processes that might take place during cycling
an electrochemical cell will be described.

2.1.2 Classification of batteries

Batteries can be divided in two categories: primary, non-rechargeable batteries and
secondary, rechargeable batteries. Once the primary batteries are discharged they
remain discharged and they can not be used anymore. They are typically used in
portable electronics and electric devices. They have the advantage of good shelf
life (period of time that a battery can be used without major deteriorations), high
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2.2 Electrode materials used in lithium ion batteries

energy density (amount of electrical energy stored per unit of volume) and simplicity
of use. They can have different shape but are mostly found in cylindrical and flat
shapes.

Primary lithium cells can have voltages of 3.4V or higher. When comparing the
alkaline cells with lithium cells, the latter have a higher energy density but a lower
rate capability given by lower conductivity of the non aqueous electrolyte. Lithium
primary batteries use both solid and liquid cathodes. From the first group we can
mention CFx, MnO2, FeS2 or CuS. MnO2 and CFx cells. These are used for low-
rate applications. They can offer ≥80% of their theoretical capacity after 10 years
of storage.

Secondary, rechargeable batteries can be divided in two categories: the energy
storage devices and the batteries discharged when used in applications and then
recharged before the next usage.

Alkaline secondary batteries use aqueous solution electrolytes, such as KOH or
NaOH, which give them a big advantage from the electrode material/electrolyte
interaction point of view. These electrolytes are less reactive than the acidic elec-
trolytes. A representative of an alkaline secondary battery worth mentioning is the
NiCd battery available in many shapes and sizes, with very long shelf life, excellent
low-temperature and high-rate capabilities.

A lithium ion battery shows a higher energy density and lighter weight. Portable
electronic devices mostly use this type of battery. A typical commercial lithium ion
battery can be described by a carbon/graphite anode, organic electrolyte and a
LiCoO2 as anode. The lithium ion battery market is growing more and more, with
new cathode and anode materials capable of doubling the current lithium battery
performances in the next years.

A summary of different battery technologies is presented in Fig. 2.6, both for pri-
mary and secondary batteries. The electrical energy per unit of weight, W·h/kg or
per unit of volume, W·h/l delivered by a battery depends on the cell voltage and
capacity (A·h/kg). Both these parameters depends on the material chemistry. From
all battery systems presented above, those with lithium represent a big percentage
of worldwide sales of portable batteries.

2.2 Electrode materials used in lithium ion batteries

High performance of renewable energy technologies is achieved by using devices
with sophisticated structures. Most of the limitations of these technologies result

11



2 Electrochemical aspects in transition metal oxides compounds

Figure 2.6: Comparison of volumetric and gravimetric energy density for main types of
batteries, from Ref [25].

from the properties of the employed materials - for example, photovoltaic cells have
limited energy conversion efficiency due to poor charge carrier mobilities in organic
polymer and semiconductors; poor charge and mass transport properties decrease
the energy and power density (the power density of a battery indicates the electrical
power per unit of volume) of portable electric power sources [26]. The solutions
to these issues are special compounds, tuned by molecular or atomic engineering.
Material properties improved in this way, yielding more efficient energy conversion
and energy storage devices.

One approach lies in nanoscience. Nanostructured materials lie at the heart of fun-
damental advances in efficient energy storage and conversion, where surface pro-
cesses and transport kinetics play determining roles. Limitations of lithium bat-
teries are caused by the slow solid-state diffusion of Li+ ions within the electrode
material. Nanostructured materials mitigate the problem of slow diffusion because
the distance that Li+ ions must diffuse in the solid state is limited to the ra-
dius of the nanoparticle. Therefore, these kinds of materials improve the interca-
lation/deintercalation kinetics of the electrode material due to the short diffusion
distances and high surface areas that they provide. This field of research is becoming
more important every day. At present, different nanostructures are easily synthe-
sized [27–29]. For example, carbon nanotubes [30], metallic nanowires [31–33] and
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2.2 Electrode materials used in lithium ion batteries

nanotubes based on various transition metal oxides, e.g. TiO2 [34], Co3O4 [35], VOx-
NT [36] are being intensively studied for their ability to host “guest” atoms. This
incorporation or doping with guest atoms can change the materials properties such
as ferroelectricity, ferromagnetism or magnetoresistivity [37]. Nanomaterials have a
wide application range such as logic circuits, magneto-electronic devices, magnetic
data storage devices, medical therapeutics and biotechnological application, lithium
batteries and much more.
In this section, some materials already used as electrode materials in lithium batter-
ies will be described. From a fundamental point of view they represent a big interest,
because they can change their properties when studied under electrochemical con-
ditions. For clarity we can divide these compounds into two categories: compounds
with close-packed lattice and compounds with more open structures, for example
nanostructures.

Figure 2.7: The LiMO2 structure, where M is a transition metal ion, e.g. Co or Ni.
The MO6 octahedra layers are separated by sheets of Li. Lithium occupies
octahedral sites between the oxygen atoms of neighboring cobalt oxide layers.

The first group refers to compounds with alternating anionic (e.g. lithium) and
cationic (e.g. transition metal oxide layers) sheets. Lithium ions can intercalate in

13



2 Electrochemical aspects in transition metal oxides compounds

the remaining empty layers of the structure [38]. In this group compounds such
as LiTiS2, LiCoO2, LiNi1−xCoxO2 or LiNixMnxCo1−2xO2 can be mentioned. An
example of the crystallographic structure of LiMO2 compound is shown in Fig. 2.7.
However, compounds which do not have Li in the structure can be found. These com-
pounds can incorporate the alkaline metal ion into empty layers of their structure
by electrochemical intercalation. An advantage of these materials, from the lithium
battery point of view is that they can provide high energy densities(180Wh/kg for
LiCoO2, or 170Wh/kg for Li(NiCoMn)O2).

Figure 2.8: TEM picture of Vanadium Oxide Nanotubes. More details about the struc-
ture will be described in Chapter 4.

Vanadium oxide nanotubes [39], manganese oxides [19] with their tunneled struc-
ture: α-, β- and γ-MnO2 and transition metal phosphates, e.g. nanoscaled olivine
LiFePO4 [14] can be given as examples of the group of more open structures. Within
these materials the lithium-ion intercalation is easier to achieve due to their nanos-
tructured morphologies. These offer big surface areas, small charge and ion diffusion
distances and the possibility to easily change the structure volume during electro-
chemical treatment. In Fig. 2.8 a TEM picture of a Vanadium oxide nanostructure
with its nanotube shape is shown [28]. Further details will be presented in Chapter
4 which is explicitly dedicated to this compound.
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2.2 Electrode materials used in lithium ion batteries

In present times, layered LiCoO2, LiNiO2 and spinel LiMn2O4 are commonly used in
rechargeable lithium batteries [25]. Removal (deintercalation) and addition (inter-
calation) of atoms (Li for example) can be done without strong structural changes
of the host material [40].

LiCoO2 is intensively used for commercial lithium batteries due to its high poten-
tial exceeding 3.6V vs Li. This potential is three times higher than the working
potential of alkaline systems, and thus offers high gravimetric energy densities of
around 150W·h/kg. The layered structure gives structural stability where the cation
ordering is conserved after several Li intercalation/deintercalation processes [41].
Therefore, good electrochemical stability after a large number of cycles at room
temperature without significant loss of efficiency is another advantage of this mate-
rial.

In 1980 Goodenough and coworkers showed the reversible deintercalation of lithium
in LiCoO2 thus making it a possible cathode material [42]. The system crystallizes
in the rhombohedral system R3m. The structure is an ordered rock salt type with
an ABCABC stacking of O and Co planes, with Li cations ordered in alternated
octahedral sites of (111) planes. Co3+ ions occupy octahedral sites and form strong
bondings with neighboring oxygen atoms producing Co-O-Co sheets. Li+ layers are
in between these CoO2 sheets, forming a sandwich like configuration. The valency
of M in LiMO2compounds (M=transition metal) compensates for the charge on the
intercalated lithium.

In LiCoO2 it is only possible to reversibly cycle 0.5 Li/Co before oxygen is lost from
the oxide layers, or before the electrolyte is oxidized and the Li+ ions are replaced
by H+ ions [43]. Structural changes might be influenced either by low reaction rates
given by phase changes, or by poor stability when having low Li contents. It has
been reported that the conductivity of LixCoO2 changes with composition, behaving
like metal when x = 0.6 and like a typical semiconductor when x = 1.1. The doping
level x = 1.1 represents the typical lithium composition in commercial cells. For
this doping level the conductivity changes by two orders of magnitude [44], and
for x = 1 it changes by four orders of magnitutde [40] at ambient temperatures,
compared to relatively small conductivity of 10−3 S/cm for x = 0 [45].

The intercalation process in the ternary transition metal compounds LiMO2 re-
sults in a non stoichiometric compound. This means that during the process
the average oxidation state of the M ion is changed and causes changes in the
electronic structure. Modification of the lattice structure influences the intercala-
tion/deintercalation of lithium.
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2 Electrochemical aspects in transition metal oxides compounds

Although LixCoO2 is easyly synthesized by solid state or wet chemical methods,
and even though it has good electrochemical properties, the compound is highly
toxic and expensive to produce due to the limited availability of cobalt. Therefore,
the usage of this compound in creating small cells for computers, cell phones or
cameras is limited.

The LixCoO2 patent [46] did not introduce only this compound, but all layered
transition-metal oxides with similar structures, where the transition metal oxide
can be from vanadium to nickel. Moreover, mixtures of transition metals, e.g.
LiCo1−yNiyO2 are also described.

LixNiO2 is similar to LixCoO2 from a structural point of view. The preparation
of the first compound is a bit more difficult to achieve due to the extra nickel ion
on the lithium sites. Therefore, a deviation from the normal stoichiometry is given
by Li1−yNi1+yO2. The extra nickel reduces the Li diffusion coefficient by pinning
the NiO2 layers together [47]. As a consequence, this compound was not studied as
much as LixCoO2 for use it as an electrode in lithium battery technologies.

Another possible electrode material used in lithium batteries is LiMn2O4 developed
by Bellcore laboratories [48, 49]. It has ≈10% less capacity than LixCoO2, but it
has the advantage of being less toxic and much easier to be synthesized, due to rich
material sources [25]. In LixMn2O4 the intercalation/deintercalation process can
take place for Li values x between 0 and 2. For x between one and two, the compound
has two different phases, cubic in bulk and tetragonal at the surface [26]. These
examples described above were part of possible electrode material with a close-
packed structure. As said before, the second group of materials used as electrodes
for lithium batteries are those with more open structures, i.e. nanotubes or layered
materials with particle sizes in the nm range. A large part of this thesis deals with the
study of Vanadium oxide nanotubes and MnO2 nanostructures. Therefore, details
especially of these two compounds will be described in Chapter 4 for Vanadium
Oxide Nanotubes and Chapter 6 for MnO2 nanostructures.

The following will be a description of nanostructured electrode materials used for
lithium batteries. The advantages and disadvantages of using nanometer size par-
ticles instead of micrometer ones will be discussed. In nanoscale materials where
particles have nanosize length, the process for the intercalation/deintercalation of
Li ions is a surface reaction. In these materials, during the electrochemical process,
the lithium ions are not restricted in their movement within the electrode, or this
restriction is much smaller than in materials with micrometer size particles.

Is it well known that rechargeable lithium batteries represent the dominant power
sources for electronics due to their high energy density. These batteries can store
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2.2 Electrode materials used in lithium ion batteries

two to three times the energy per unit weight and volume compared to conven-
tional rechargeable batteries [12]. Although batteries with micrometer-sized par-
ticle electrodes give a high energy density they might be low-power devices, and
that means they have a slow charge/discharge rate. Lithium diffusivity in the solid
state (≈10−8 cm2s−1) limits the rate of the intercalation/deintercalation process,
and implicitly the charge/discharge rate. Therefore, efforts were made to synthesize
lithium intercalation hosts which would provide higher rates. Materials with small
dimension represent a great help in achieving this goal.

In the following, the advantages and disadvantages of nanomaterials will be pre-
sented [12]. Possible advantages are represented by:

• possibility of new reactions that were not achieved using micrometer sized
materials

Once the idea of “nano” appeared, materials which were considered electrochemi-
cally inactive were synthesized with nanosized particles that improved the electe-
rochemical performance. One example is the nanosized transition metal oxide elec-
trode, MO, where M can be either Co, Ni, Cu, or Fe. These materials have high
recharging current rates, 700mAh/g electrochemical capacity and 100% capacity
preservation for approximately 100 charge/discharge cycles [13]. The high Li stor-
age capacity of these materials has been explained by an interfacial storage mecha-
nism [50, 51].

Another example is represented by the higher capacity and cycling stability for 3 nm
SnO2 particles than for the 4 or 8 nm diameter particles of the same material [52].
The Sn nanoparticles are better isolated in the LiO2 matrix, therefore 3 nm SnO2

particles show less aggregation of Sn particles into large clusters.

• increasing the lithium intercalation/deintercalation rate

Testing the electrochemical properties of the nanomaterials yielded better proper-
ties than compared with their bulk corespondents. The improved electrochemical
properties were higher specific storage capacity, high current for charge/discharge
cycles and cycle stability. These appear due to the short distances for lithium-ion
transport within the particle, and due to the high contact area between the elec-
trode and the electrolyte. When replacing micrometer size particles with nanometer
size particles, the time needed for the intercalation decreases with the square of the
particle size [11].

In bulk materials the Li ion diffusion coefficient is small and therefore the storage
capacities are small as well, especially if high currents rates for cycling at room
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2 Electrochemical aspects in transition metal oxides compounds

temperature are used. For example, TiO2 bulk material can retain a small amount
of lithium ion at room temperature [53, 54]. For nanoscaled TiO2 with particles size
of ≈15 nm a full loading of lithium ion in LixTiO2 with x > 1 was observed [55, 56].

• larger electrode/electrolyte contact area

When the surface area is high, the contact between the electrolyte and the electrode
is high, and therefore, a high lithium-ion flux across the interface is achieved. This
improves the charge/discharge current rates. Large surface areas can reduce the
specific current density of the nanomaterial. This can stabilize the nanoelectrode
and conserve a high capacity at high charging/discharging current densities [57].
For example, CoO could have 85% of its total capacity at C/2 rates. C/2 represents
the current needed to charge or discharge one lithium in two hours [13].

• short path lengths

Nanoelectrodes can provide short path lengths for both lithium and electron trans-
port. Commercial batteries use micrometer size electrodes with high surface area.
This is not practical for lithium ion diffusion, and for high charge/discharge rates
because of the long path for lithium ion transport and low contact area between
the electrode and the electrolyte [58]. Therefore, using nanoelectrodes high power
and high energy density can be obtained, by providing short path length for Li and
electron transport.

In order to obtain a short path length for electron transport, efforts were made
to synthesis active electrode materials, such as V2O5 [59], TiO2 [60] or MnO2 [61]
directly on acetylene carbon black. Carbon black is usually mixed with the electrode
material in order to obtain better conductivity, and hence, as a result, higher rate
performances.

• stable cycle performance

Besides the advantages presented before, nanoelectrodes also have good cycle stabil-
ity [55, 57]. Expanding or contracting the volume structure during cycling, together
with lithium insertion/extraction or lithium alloying/de-alloying decreases battery
capacity. For example, Si is not suitable for lithium batteries despite having a big
theoretical capacity of ≈4200 mAh/g due to the drastic volume change during
cycling in Li4.4Si [62]. Nanoelectrodes can solve this problem by maintaining the
electrode integrity during cycling, and thus obtaining a stable cycle performance.

Besides the advantages of using nanoelectrodes, these materials present disadvan-
tages as well, when using them as electrode materials in lithium batteries.
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• Synthesis of these nano sized materials can be more complicated than that of
the bulk materials. The nano size is not easily controlable during preparation.

• The advantage mentioned earlier of high electrolyte/electrode surface area in
the nanoelectrodes has the disadvantage of giving more possibility to have
side reactions with the electrolyte, thus the internal particle contact is more
difficult to achieve.

• Nanopowders have less density than the same material in micrometer size,
and the volumetric energy density decreases.

As a conclusion of this subsection it should be stated that, synthesizing and study-
ing nanometer size materials represents a big hope in improving lithium battery
technology although present batteries are mostly working with micrometer sized
electrode materials. The next generation of lithium batteries will probably have
higher energy and higher power than the current batteries due to functionality
based on nanostructured materials as electrodes and electrolytes.

2.3 Effects of electrochemical treatment on physical
properties

This thesis focuses on the idea of studying magnetic properties of electrochemically
doped transition metal oxides. Nanostructured vanadium oxides and manganese
oxides, as well as other layered compounds were studied after lithium insertion
using electrochemical methods.

The goal using electrochemistry as a technique to synthesize materials was to obtain
materials with transition metal ions in high or mixed oxidation states, which were
not easy to prepare using conventional solid state chemistry. The physical properties
of transition metal oxides depends on the relation between the electronic, magnetic
and orbital degrees of freedom of the electrons coming from the transition metal
ion. Therefore, the electronic configuration of the d shell gives the metallic, super-
conducting or insulating character of the system. The interplay of local magnetic
moments and charge carriers plays an important role in the variety of properties
that systems with transition metal ions can present. In this way, it is very important
to control the charge carrier concentration by powering the oxidation state of the
transition metal ion. By applying an electrical voltage as it was described in section
2.1, Li can be inserted or extracted resulting in a decreased or increased valency of
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2 Electrochemical aspects in transition metal oxides compounds

the transition metal ion from the system under study. Using this technique we can
synthesize mixed valency compounds, a non-integer valency value for the transition
metal ion, or a high valency.

Modifying the oxidation state by electrochemical doping gives the possibility to
investigate phase diagrams of already chemically doped compounds. Compounds
with unusual oxidation states or structural conditions, which were not chemically
obtained can be investigated as well.

To underline the importance of using this technique an overview of compounds
which were synthesized by electrochemistry for the first time and showed interesting
physical properties is given below. Different properties that a compound may exhibit
once Li is inserted or extracted from the structure will be also presented.

For example, in the case of LiVP2O7, V3+ can be oxidized in V4+ by electrochemical
extraction of lithium at 4.2V versus Li+/Li. The compound is part of the AMP2O7
family with A being a monovalent cation and M a transition metal [63]. The com-
pound has high ionic conductivity which made it an possible positive electrode in
lithium batteries [64].

Figure 2.9: The LiVP2O7 structure. The [P2O7] groups are shown in white, the VO6
octahedra in gray and the lithium is drawn in black [5].

LiVP2O7 is isostructural to LiFeP2O7 [65] and both materials crystallize in the P21

group [66]. In Fig. 2.9 the crystal structure of LiVP2O7, formed by [P2O7] groups
and VO6 octahedra is presented. The [P2O7] groups and the VO6 octahedra define
tunnels (see Fig. 2.10) from/into which Li can be reversibly extracted/reinserted.

One electron can be electrochemically extracted from LiVP2O7 by a two-phase
process. At the end of the oxidation, Li is completely extracted and the resulting
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compound VP2O7 has a different structure than the starting compound, upon Li
deintercalation [5]. The structure is similar to the starting compound but with
small differences due to the oxidation of vanadium from V3+ to V4+ and absence of
lithium from the structure. In this structure each VO6 octahedra is connected with
five [P2O7] groups.

Figure 2.10: Tunnels in LiVP2O7 and VP2O7. In both figures the dashed lines represent
the tunnel shape of the other structure in order to observe the structure
distortion [5].

The lithium ions are small. In the case of LiVP2O7 is located at the tunnel borders
with an asymmetrical coordination of 6 oxygen atoms. After lithium removal these
tunnels are enlarged due to electrostatical repulsion between neighboring oxygen
atoms as can be seen from Fig. 2.10. This together with the vanadium oxidation
(which shortens the V-O distances) explains the distorted cell of VP2O7 compared
to that from the starting compound LiVP2O7.

In this way, a new transition metal oxide, the vanadium diphosphate was elec-
trochemically obtained after oxidation of LiVP2O7. The insertion/deinsertion is
reversible. After the oxidation of LiVP2O7 the new VP2O7 is obtained and after
recharging, with lithium reinsertion, the initial compound is re obtained.

The LiCoO2 system was introduced earlier in section 2.2. Changes in the initial
compound result in configurational Li-vacancy interactions, variations of the number
of electrons or changes in the stability of the oxygen packing [6].

Upon Li removal through different mechanisms phase transitions are created in
layered LiCoO2. At the beginning Li it is arbitrarily removed and the remaining
Li can experience an ordering transition, if enough vacancies are formed. This kind
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of ordering transition, also called configurational transition, was observed in other
intercalation compounds such as LixNiO2 [7], LixTiS2 [8] or LixMn2O4 [9].

In LixCoO2 (as well as in other compounds), Li is ionized to Li+ and most of its
electron valence is transferred to the O-Co host. Therefore, removing Li electro-
chemically from the host material led to phase transitions through the formation
of electronic holes. LiCoO2 is insulating or semi-conducting, and becomes metallic
when Li is removed. The host material is modified by supporting the crystal field
splitting of one cation coordination over another resulting in a change of the band
filling.When Li is totally removed, LiCoO2 changes from the ionic CdCl2 stacking
to a covalent Co-O arrangement [67].

It has been shown in [68] and [69] that the metallic behavior obtained after the first
Li extraction does not completely vanish upon Li insertion back into the system.
Here it was observed that Li-rich phases have a semiconductor behavior and the
more deintercalated phases are metallic.

In LixCoO2 with 0.9≤ x ≤1 the electronic conductivity increases with Li deinter-
calation [70]. In Fig. 2.11 the variation of the logarithm of the electrical conductiv-
ity versus the reciprocal temperature of LixCoO2 with 0.55≤ x ≤1 is shown [71].
For 0.94≤ x ≤1 the electronic conductivity is thermally activated. This activa-
tion energy decreases with Li deintercalation, and it varies with temperature. For
0.5≤ x ≤0.74 the plots are almost flat indicating metallic or pseudometallic behav-
ior. For x = 0.55 and x = 0.70 true metallic behavior is found between 175K and
300K.

Ménétrier et al. have presented 7Li NMR studies on LixCoO2 with 0.94≤ x ≤1, and
they suggest the existence of Co4+ ions in the Co3+ configuration of the starting
material. Electronic properties and 7Li NMR studies show a localized character of
Co4+ ions down to x = 0.94 upon Li deintercalation. At this x value a second phase
with delocalized-electron type behavior appears. The NMR investigation shows a
drastic change in the electronic interactions of Li depicted by a loss of observability
of Li+ surrounding localized Co4+ and by shifting of the Knight shift for Li in the
metallic phase compound.

Further examples of advantages given by the synthesis using electrochemical meth-
ods include systems containing some other alkali metal ion than Li, for example
NaxCoO2·yH2O. The structure contains CoO2 layers which are separated by a thick
insulating layer of Na+ ions and water molecules. It is very interesting to be able to
control the Na content. Theoretically, for x = 0 the compound is a Mott insulator
on a triangular lattice with S = 1/2. The compound having x = 0.3 and y = 1.3
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2.3 Effects of electrochemical treatment on physical properties

Figure 2.11: Electrical conductivity versus reciprocal temperature for LixCoO2 with
0.55≤ x ≤1, on a logarithmic representation [71].

has been discovered to show superconductivity with a TC of 5K [10]. After the
high-TC cuprates this is the second superconducting material obtained from doping
a Mott insulator.

Chou et al. [72] succeeded in electrochemically synthesizing Na0.3CoO2·1.3H2O by
extracting Na from single crystals NaxCoO2. The single crystals were initially grown
using the floating-zone technique. The susceptibility data recorded on this com-
pound show a superconducting transition around 4K and together with specific
heat measurements, the data show that the system may be viewed as a Fermi liquid
with strong mass enhancement due to correlations. The resistivity measurements
show that the sample is a good metal with large anisotropy between the resistivity
measured in c direction and the one measured in ab direction.

Here, electrochemistry joined the floating-zone technique to produce high quality
single crystal of the hydrated NaxCoO2·yH2O which show superconductivity below
4K, previously obtained only by chemical deintercalation methods [10].

In the end, it is important to consider that spin and charge degrees of freedom or
the orbital degree of freedom can play a very important role in the physics of doped
transition metal oxides. Systems with frustrated orbital lattices are good candidates
for materials with unusual quantum effects, very interesting for both basic research
as well as for possible applications.
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2 Electrochemical aspects in transition metal oxides compounds

2.4 Conclusion

Basics of an electrochemical cell, as well as the role of its three main components
(anode, cathode, electrolyte) have been described in this chapter. The discharging
and charging process in a electrochemical cell used for lithium batteries have been
described. Details about materials already in use for lithium battery, like LixCoO2

were given in this chapter. The importance of downscaling the size of the electrode
material possibly used in lithium battery has been described by advantages and
disadvantages of this process. Among advantages given by nanosized material, in-
creasing of Li intercalation/deintercalation rate due to shorter diffusion distances or
larger electrode/electrolyte contact area improving the charge/discharge rates can
be mentioned.

Electrochemistry is a novel technique, a powerful tool which yields the possibility to
vary the oxidation state of transition metal ions and therefore inducing structural
deformations which change the electronic properties as it has been shown in exam-
ples earlier in this chapter. Of course, all these changes might influence the cation’s
insertion/extraction processes. By studying physical properties of materials doped
with the help of electrochemistry it may result a better understanding of the pro-
cesses of cation exchange in very deep detail. This would improve the functionality
of alkali-ion batteries.
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3 Experimental methods and
techniques

In this chapter, both the electrochemical and magnetic methods used in this the-
sis will be introduced. With the help of electrochemistry, doped materials were
synthesized which afterwards have been studied using magnetic methods in order
to investigate potential changes of their magnetic properties. The setup used for
electrochemical testing will be introduced as well.

3.1 Electrochemical synthesis and methods

To begin with, a description of the electrochemical setup used and the methods ap-
plied to the materials studied in this work will follow. For an initial characterization
of the compound behavior, Cyclic Voltammetry (CV) was performed. Afterwards,
in order to obtain the lithium doped compound, galvanostatic or potentiostatic
techniques were employed. In most of the cases, the materials were mixed with
Carbon Black (supplied by Timcal Ltd, Bodio, Switzerland), an amorphous carbon
which improves the electronic conductivity, therefore improving the electrochemical
performances of the materials.

3.1.1 Electrochemical setup

Before describing the methods, the setup used in the electrochemical experiments
will be introduced. For all the experiments, the materials were placed in a two-
electrode Swagelok type cell consisting of commercially available parts, as shown in
Fig. 3.1.

Mounting of the cell was always done in an argon-filled dry box. In electrochemi-
cal experiments, lithium metal was used as the negative electrode, and the studied
material as the positive one. The electrolyte, provided by Ferro Corporation (Ohio,
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USA) was one molar (1M) solution of LiFP6 salt (Lithium Hexafluorophosphate) in
an ethylene carbonate (EC)/ dimethyl carbonate (DMC) mixture 1:1 in weight. In
order to avoid short circuits between the two electrodes of the cell, they were sepa-
rated by a porous and insulating material. In this case, the separator is represented
by two sheets of Whatman GF/D borosilicate glass fiber, soaked in electrolyte in
order to maintain good ionic conductivity.

Figure 3.1: Sketches of the Swagelok-type cell used for electrochemical testings. Adapted
from [73].

Two sizes of Swagelok cell were available for the experiments. A small one with
approximately 1 cm diameter was used for general testing and synthesis of material
in quantities of about 30 mg. For larger amounts of powder (400 mg), the second
cell with a diameter of approximately 2 cm was used.

Generally speaking, in a three electrode electrochemical experiment, when the goal
is to observe, measure, or control the potential of an electrode (working electrode-
WE) it is necessary to use a reference electrode (RE). This electrode maintains a
potential that remains practically unchanged during the course of the experiment.
The potential of the WE is measured or/and expressed relative to the RE. The RE
has an invariant, well known electrode potential and a very high inner resistance
so that no significant current passes through this electrode. The third electrode
required for electrochemical experiments, is the counter electrode (CE). It is the one
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that represents the source of electrons that will be exchanged in the electrochemical
process.

It was mentioned earlier that the cell used for this work is a two-electrode cell.
In the discharge mode the two electrodes are used as follows: the negative one is
represented by the lithium metal (the counter electrode) and the positive electrode
is represented by the active material (the working electrode). In this work, the RE
is not used, because the main focus is on electrochemical synthesis and therefore,
the exact reproduction of the positive electrode is not necessary. This is a common
practice in studies of electrode materials for lithium ion batteries, see e.g. Ref.
[13, 14, 25]. Once the cell is mounted, the next step is to connect it to a potentiostat.
The potentiostat is attached to a computer, for controlling the experiments, data
acquisition, and evaluation of the results. A schematic view of how the potentiostat
and the cell are connected is presented in Fig. 3.2.

Figure 3.2: Setup of the electrochemical experiment (CE: Counter Electrode, WE:Work-
ing Electrode.

A potentiostat is a power supply containing both a voltmeter and an amperometer.
It controls the voltage over a wide range of currents, as well as controlling the current
over a wide range of potentials. In other words, a potentiostat is a controlling and
measuring device. When a three electrode cell is connected to the potentiostat,
the device keeps the WE at a constant potential with respect to the RE. The
potentiostat contains an electric circuit that controls the voltage across the cell.
This is done by passing a current through a resistor to the CE using a current
follower (operational amplifier) [74].

The potentiostat controlls the potential difference between the WE and RE by
passing a current between WE and CE.
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In this work, a VMP multichannel controller with separate potentiostatic and gal-
vanostatic channels delivered by Princeton Applied Research (Illingen, Germany)
was used. For this potentiostat the current can be varied from 1 nA up to 400 nA with
760 pA resolution, it has a programmable voltage resolution varying from 300µV to
5µV and a 20µs acquisition time. This makes this potentiostat a very powerful
tool for electrochemical experiments. The cell used in these experiments is a two
electrode cell in which the RE is connected to the WE.

3.1.2 Electrochemical techniques

In this section the methods used for electrochemical testings and synthesizing
will be introduced. It was previously mentioned that these methods are repre-
sented by galvanostatic methods i.e. the Galvanostatic Intermittent Titration Tech-
nique(GITT) [76] as well as potentiostatic methods, i.e the Cyclic voltammetry
(CV) and the Potentiostatic Intermittent Titration Technique (PITT) [76]. For the
galvanostatic methods the current is controlled and then potential is monitored. In
the potentiostatic case the voltage is adjusted and the current response is measured.

When studying possible electrode materials the relation between the voltage and
the Li composition plays a crucial role by giving information about the equilibrium
phase diagram of the compound. When looking at a diagram where the voltage is
plotted versus the Li composition in the material, one can learn about mono-phase
or two-phase domains. If the dependence of the voltage versus the composition is
continuous, a solid-solution single phase domain exists. If the dependence presents
a plateau then this indicates a two-phase domain [77]. For an easier view of these
information that can be derived from a galvanostatic measurement, Fig. 3.3 is pre-
sented. The dashed lines highlight the region where the biphasic domain exists due
to the plateau in the voltage versus composition dependence plot. The rest of the
graph, with continuous dependence of the voltage as a function of the composition,
represents mono-phasic domains.

Information regarding electrochemical stability, kinetics and reversible or irre-
versible reactions as well as thermodynamic parameters which can determine the
nature of a discharged cathode are also important, when the appropriateness of a
compound as electrode material is analysed [79].

In order to determine the relation/dependence of the voltage and lithium compo-
sition one can either use techniques which control the current, or those controlling
the voltage in a electrochemical cell i.e. GITT or PITT, respectively. GITT is more
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Figure 3.3: GITT experiment: representation of monophasic and biphasic domains. The
biphasic domains are indicated by the dashed lines. In the rest of the rep-
resentation, a continuous dependence of the voltage as a function of the
composition is an indication of the mono-phasic regions. The arrows indi-
cate whether the compound is discharged (→), or charged (←) [78].

frequently used for studying the behavior of the compound over a large number
of cycles, so it requires more time to be performed. PITT is mainly used for basic
studies of the intercalation processes taking place in a possible electrode material.

Galvanostatic Intermittent Titration Technique

During a GITT experiment, using the galvanostatic mode of the electrochemical
interface, a constant current can be applied for a given time, and successive charge
increments can therefore be performed. The current is applied stepwise, and in
between the steps when the current is equal to zero the system is in open circuit
mode in order to determine the corresponding equilibrium potential for each current
step. This equilibrium potential can be reached very slowly or not at all in the time
chosen for the experiment, therefore this may be designated as a quasi-equilibrium
potential. Information about this parameter can be drawn in most of the cases
anyway, but they can be uncertain [78].

By applying this galvanostatic technique, the evolution of the voltage over time or
over the lithium composition can be obtained. This kind of plot can yields infor-
mation on whether single phase domain or a two phase domain of the intercalation
process is present during charging or discharging of a compound. This is shown in
Fig. 3.4.
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Figure 3.4: Typicall GITT experiment on Li2CuO2: in the upper part of the graph the
evolution of the voltage from the WE and the a priori established current
(here I=0.2 mA) versus time is represented. In the lower part of the graph
a closer representation of the stepwise applied current and the voltage evo-
lution after the current is turned to zero is shown. From Ref. [80].

Galvanostatic techniques are mostly used for studying the behavior of a possible
electrode material upon a large number of cycles (repetitive charging/discharging).
This is done using a cycle rate established prior to the experiment within a voltage
range. The cycling rate is usually expressed as C/t where t is time, in hours, in which
one lithium per formula unit can be extracted/inserted from/into the material

GITT is intensively used for determination of the differential(incremental) interca-
lation capacitance and the chemical diffusion coefficient of lithium ions in various
materials [81–86]. In literature, it was found that GITT does a better job of elimi-
nating the parasitic contributions of the background currents to the total measured
response than PITT [87].

Potentiostatic Intermittent Titration Technique

During a PITT experiment, a voltage equal to the initial equilibrium voltage of the
cell is applied using a potentiostat. The voltage is applied stepwise and changed
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by a fixed amount to a value (higher or lower) close to the initial voltage. In this
time the current I is registered for a given time, or until it reaches a Imin. When
I=Imin then the voltage is stepped again, and this continues until a V min or a
V max is reached. After this limit is reached the direction of the process is reversed.
A representation of this kind of process is illustrated in Fig. 3.5.

Figure 3.5: Typical PITT experiment on Li2CuO2: the relation between the WE voltage
versus time is plotted. The voltage was increased by 5 mV increments each
time the current was dropped bellow C/50. From Ref. [80].

The result of this experiment is a voltage cycle between V min and V max. The
time needed for this kind of experiment is much less than that needed for GITT
experiments. At each voltage step the current I has a larger value. At the end of
the step I=Imin which is usually fixed to 1/100 of its initial value [79]. Under these
conditions a full cycle needs ≈1/10 of the time needed to perform a full cycle in
galvanostatic conditions. In the case of PITT a full cycle experiment is performed in
order to test the cell reversibility, to verify hysteresis and irreversible contributions
to the total charge exchanged during the process [79].

Information related to the differential capacity can be obtained when performing
this kind of experiments. The curve in Fig. 3.6 was obtained from direct current data
of a potentiostatic experiment, by differentiating the discharge/charge curve formed

31



3 Experimental methods and techniques

2,0 2,5 3,0 3,5 4,0

-0,003

-0,002

-0,001

0,000

0,001

0,002

0,003

0,004

  

 

 Potential (V)

in
cr

em
en

ta
l c

ap
ac

ity
 (m

A
h)

Ei

discharge

charge

Figure 3.6: The incremental capacity from a potentiostatic experiment. The voltage val-
ues at which the capacity has maximum values can be seen. Each of these
maximum values is a trace of a reaction in the cell/active material at the
potential at which the maximum is measured. Ei represents the starting
potential.

by the relation between the voltage V versus charge Q. Nevertheless, the same kind
of interpretation can be extracted from galvanostatic experiments as well, but the
time needed in this case is again much longer. From this last kind of experiment one
can not gain precise resolution of the derivative curve, as one can obtain using poten-
tiostatic experiments. PITT is favorable when small diffusivity values in electrodes
or electrolyte are expected [88]. Apart from kinetic or thermodynamic information
that can be extracted from an electrode material using these galvanostatic and/or
potentiostatic techniques, they can be used as synthesizing methods as well. This
is mainly how these techniques were used in this work. When used for this purpose
the charge or discharge cycle or a sequence of charges or discharges can be stopped
when the desired composition of the active material is reached [7, 67, 70, 71].

Cyclic Voltammetry

The third technique that is used for studying the behavior of possible electrode
materials is the Cyclic Voltammetry. This technique is a potentiodynamic method
where the potential of the WE is controlled using a triangular waveform.
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A CV experiment scans the WE potential linearly using a triangular potential wave-
form. During the time the voltage is swept, the potentiostat measures the resulting
current developed from the redox reactions taking place in the system. The voltage
is scanned between two opposite limits. By scanning the potential between these
limits, reproducible I-V curves are obtained. This reproducibility depends on vari-
ous parameters such as electrolyte purity, identity of the electrode material, choice
of the two limiting voltages and the rate chosen for changing the voltage (the scan
rate).

Figure 3.7: Sketch of a Cyclic Voltammogram experiment.

Fig. 3.7 shows the potential versus time in a CV experiment. Ei is the initial voltage
of the cell which during the experiment is swept between the two opposite limits
E1 and E2 using a fixed rate After the first cycle, once the E2 limit is reached, the
voltage scan is reversed and the voltage is swept back to E1. This can go further for
as many cycles as desired for testing the electrochemical behavior of the system.

A CV curve is shown in Fig. 3.8. At the beginning of the experiment there is no
current flowing through the system. Once the system is swept with the scan rate ν
a current starts to flow and reaches a peak at a specific voltage for a specific redox
reaction and electron transfer takes place. Afterwards, the current drops to zero if
no other reaction takes place.

During the first half cycle (forward scan) when going from Ei to E1 some species are
oxidized/reduced and in the second part of the cycle (reversed scan) the same species
are reduced/oxidized depending on the state the system had at the beginning of the
cycle (oxidized or reduced). The oxidation/reduction peaks in a CV are caused by
the diffusion layer formed near to the electrode surface. If one considers that at the
initial state of one system is oxidized, then one can say that the systems has only
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Figure 3.8: I-V curve obtained from a CV experiment: Eap represents the voltage where
the anodic peak current iap is found; Ecp represents the voltage where the
cathodic peak current icp is found.

oxidized species O. These O species will be reduced during a cyclic voltammogram
to the reduced species R. Once a potential is applied, the surface concentration of O
decreases toward zero and a concentration gradient is established near the surface.
This region where the oxidized species concentration decreases is known as the
diffusion layer, with a thickness δ. In the beginning, the concentration gradient is
steep, therefore δ is small. This thickness increases with time and the concentration
gradient decreases. Here it should be mentioned that the current that flows in this
kind of experiment is proportional with the square root of time needed for the
experiment to run (Cotrell equation [89]).

In experiments where the potential is being swept, such as in the case of CV experi-
ments, the current peaks show the continuous change of concentration gradient with
time, therefore, the increase in the peak current in such experiment corresponds to
diffusion control achievement. The current drop, beyond the peak, has a t−1/2 de-
pendence and it is independent of the applied potential. That is the reason why the
reversal current has the same shape as the forward one.

CV is the most widely used technique for obtaining information about electrochem-
ical reactions that take place on an electrode material when it is cycled. It is a
fast technique, and it can provide information about thermodynamics and redox
reactions as well as the kinetics of processes.
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3.1 Electrochemical synthesis and methods

In order to inspect the reversibility of a system there are a few things that can be
checked using the results of a Cyclic Voltammogram. A significant parameter is that
the current must be directly proportional to the concentration (in mol/cm3), and it
should increase with the square root of the scan rate (Randles-Sevcik equation [90]).
In this case, the kinetics of the reaction is controlled by the diffusion of species from
the bulk solution to the electrode surface. Then, the reverse-to-forward peak current
ratio iap/icp is equal to 1 in the case of a reversible process. This ratio can be strongly
affected by chemical reactions coupled to the redox process. The formal potential
of the redox process (the standard electrode potential) for a reversible couple is
centered between Eap and Ecp:

E◦ =
Eap +Ecp

2

For a reversible couple the separation between the peak potentials is represented
by:

∆Ep = Eap −Ecp =
59
n

mV

where n is the number of electrons, and 59mV represent the so called Nernstian
slope, equal to the change of the equilibrium electrode potential when the con-
centration of the species involved in the electrode reaction changes by a factor of
ten.

For multi electron transfer in reversible processes, a CV has different distinct peaks
if E◦ is successively higher and well separated for each electron transfer. For irre-
versible processes, where electron exchange is slow, the peaks are reduced in size
and widely separated. Irreversible systems are characterized by a shift of the peak
potential Ep as a function of the scan rate. The peak potential Ep and the half peak
potential Ep/2 differ by 48αn mV where α is the transfer coefficient. The voltam-
mogram is more drawn-out as αn decreases[90]. The peak current in irreversible
processes is lower in height than in reversible systems.

Cyclic voltammetry is very important for obtaining information about chemical
reactions that might interfere before or after a redox process [91]. The appearance
of a chemical reaction affects the surface concentration of the electroactive species.
Therefore, due to the mixture between the chemical reactions and redox processes,
changes in the shape or peak positions in a CV are found. If the redox process is
followed by a chemical reaction and if the chemical reaction is very fast, the reduced
species are converted in the chemical reaction and no reverse peak will be seen in
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3 Experimental methods and techniques

the CV. For slow chemical reactions preceding the electron transfer, the ratio iap/icp
is larger than unity. This ratio is closer to 1 with decreasing the scan rate values.
The reverse peak is not affected by the coupled reaction, but the forward one is not
proportional to the square root of the scan rate.

Although not the main aim of this work, all three techniques (GITT, PITT and CV)
can be nicely used together in order to obtain basic and very detailed information
about processes that take place in potential electrode materials. They help obtaining
information about the kinetics and thermodynamics of active materials for possible
application in lithium ion batteries. In this work, CV was used to characterize the
electrochemical behavior of different materials that might be applied as cathodes in
lithium batteries. GITT and PITT were used as synthesis methods in order to obtain
compounds with different levels of lithium doping. For some of the compounds this
doping may have been obtained with other methods than electrochemical ones (i.e.
chemical reactions), but for others the synthesis with electrochemical methods is
new and has advantages as described in section 2.3.

3.2 Magnetization measurements

After studying the electrochemical behavior of possible electrode materials, electro-
chemical techniques for synthesizing intermediate lithium doped compounds were
used. After these compounds were obtained the goal was to study differences in
the physical properties, magnetic properties in this case, of materials with different
amounts of intercalated lithium. The interest was in the static susceptibility as a
function of temperature and variations in magnetization obtained by changing the
applied magnetic field.

In order to study the magnetic properties of both undoped and doped compounds,
a Magnetic Properties Measurement System (MPMS) by Quantum Design (Darm-
stadt, Germany) based on a SQUID (Superconducting Quantum Interference De-
vice) was used. The temperature dependence of the magnetization when applying
different magnetic fields (2Oe-50 kOe) were measured between 2K and 350K. The
field dependence of the magnetization for different temperature ranging from 2K to
300K was studied as well. For some samples the magnetic response after applying a
very small magnetic field (2−20Oe) was studied. For this purpose the MPMS has
a “low field” option that gives the possibility of minimizing the remnant field in the
SQUID and therefore a more precise value of the applied magnetic field is obtained.

In Chapter 4 of this work, investigations of the influence of Li-doping on the local
magnetic properties of the samples were done by using nuclear magnetic and electron
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3.2 Magnetization measurements

Figure 3.9: Sealed quartz tube used for magnetic measurements.

spin resonance experiments (NMR and ESR). NMR measurements were performed
by E. Vavilova, Zavoisky Physical-Technical Institute of RAS, Kazan, Rusia. The
data were recorded in IFW-Dresden, on a Tecmag pulse solid-state NMR spectrom-
eter in a temperature range 4.2K to 300K. The NMR spectra were acquired by
a point-by-point magnetic field sweeping. Dynamic magnetic properties of powder
samples were studied by Y. Arango, IFW-Dresden, using a conventional X-band
ESR spectrometer (f = 9.5GHz) in a field range of 0− 9 000G. Zero field (ZF)
Muon Spin Relaxation (µ+SR) measurements were performed by H-H. Klauss and
coworkers in Paul Scherrer Institut in Villingen, Switzerland.

All the samples characterized with all three techniques mentioned above were kept
and measured in an airtight sealed quartz tube to avoid exposure to humidity. The
sample holder and the quartz tube is shown in Fig. 3.9. Preparing and mounting
the samples was always performed in an Argon atmosphere inside of an Argon box.
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4 Electrochemically doped
Vanadium Oxide Nanotubes

4.1 Oxide nanostructures

Among nanostructured materials those with tubular morphology are of large in-
terest due to size-induced properties and complex nanoscale architecture. The use
of nanoparticles represents a big advantage when is envisaged about downscaling
conventional technology by at least one order of magnitude. Vanadium oxide can
be found in many forms and can have many and very different chemical or physical
properties, depending on the oxidation state of the vanadium ions. A short review
of the synthesis methods and corresponding morphologies of the VOx-NT is pre-
sented in the beginning of this chapter. VOx can be synthesized in a nanotubular
shape if organic spacer molecules which help the VOx layers to retain the nanotube
shape, are used. These spacer molecules play a very important role in the nanotube
properties as it will be shown later on. The VOx-NT structure is similar to that of
BaV7O16nH2O with n = 4.4, as it was also proved by work of Liu et al. [28]. Tak-
ing the advantage of electrochemical methods, low-spin vanadium oxide have been
doped with lithium. The electrochemical properties of different vanadium batches
will be described in this chapter. Differences between the electrochemical behav-
ior of several batches will be discussed. The discharge specific capacity evolution
of VOx-NT over cycling will be investigated. Different concentration of lithium in
LixVOx-NT have been achieved using electrochemical methods, and the effect of
doping onto the magnetic properties will be analyzed. Different techniques will be
applied in order to understand the effect of doping in the magnetic properties of
Li0.1VOx-NT. A systematic dependence of a nonlinear response of the magnetiza-
tion in small applied fields will be verified. These results will bring new insights into
the magnetic properties of nanoscaled transition metal oxide.

In section 2.2 the importance of using materials with nano size particles was de-
scribed. These nanomaterials are being studied extensively due to the possible
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4 Electrochemically doped Vanadium Oxide Nanotubes

chemical and physical properties that they exhibit. Interestingly, properties of the
nanomaterials are offen different than their bulk counterparts due to particles re-
sizing. The fine structures of nanomaterials show a wide range of interesting phe-
nomena such as low-dimensional magnetism, induced magnetism in noble metals,
electron interference patterns, oscillatory magnetic coupling and “giant” magnetore-
sistance [92]. For instance, reading heads for hard discs contain nanosized magnetic
multilayers [93]. A magnetic grain size of ≈10 nm was found to be a good compro-
mise in recording media devices [94].

Iĳima was studying an arc-discharge evaporation method for producing the C60
carbon molecule in the shape of a soccer ball. With this method and with the
help of high-resolution electron micrographs, he discovered in 1991 nanometer-size
needle-like tubes of carbon now known as “nanotubes” [95]. He observed the spon-
taneous formation of the nanotubes on top of the electrode surface of the light
arc under catalytic participation of metals of the iron group. Generally, this cylin-
drical nanostructures can be considered as rolled up layers of graphite with half
spherical or polyhedral graphite domes at their ends [96]. These carbon nanotubes
have virtually unlimited applications, for example: as gas detectors, field emitters,
tips for scanning-probe microsccopy, or as quantum wires or electrochemical de-
vices etc. [97]. The diameter of nanotubes plays an important role in defining the
material’s properties, for example it can influence the insulating, semiconducting or
metallic behavior of the compound [98–100]. At that time it was suggested that from
other compounds with a layered structure similar to the graphite one could be able
to form nanotubes or fullerene-like structures [97]. The pioneer discovery of Carbon
Nanotubes (CNT) by Iĳima together with the interesting physical and chemical
properties of this novel material encouraged scientists for research on nanotubes
formed by other layered materials, like TiO2, Co3O4, VOx-NT, ZnO, MoO3, ZrO2,
In2O3, Ga2O3 [101]. Boron nitride BN, ZrSe, SnS2 or MoS2 are other examples of
nanomaterials [102].

Among these nanostructures, tubular materials play an important role due to differ-
ent contact regions that they possess, relevant for the interaction of the nanosized
material with its environment. As shown in Fig. 4.1 the important parts are the
inner and outer diameter of the tube, the ending of the tube and the structured
tube walls. In the following, a more detailed review about previous work on Vana-
dium Oxide compounds is given. The main focus will be on both the synthesis and
structure of this compound. More details about electronic and magnetic properties
will be given in the last section of this Chapter.
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4.1 Oxide nanostructures

Figure 4.1: TEM image of one VOx-NT illustrating the nanotube topology [103].

Synthesis methods and corresponding morphologies

Vanadium Oxide represents an important role in catalysis, electrochemistry or ce-
ramics, therefore it was of big interest to synthesize nanostructured materials out
of this compound. A tubular VOx shape was obtained for the first time by Ajayan
et al. using carbon nanotubes as a template [104]. The preparation of these oxide
nanotubes was done by annealing a mixture of partially oxidized carbon nanotubes
and V2O5 powder. The CNT were externally coated with layered V2O5 structure.

This work was followed by that of Spahr et al. by direct chemical synthesis of
V alkoxide precursors. Together with neutral surfactant molecules, i.e. primary
aliphatic amines, they succeeded in obtaining a novel tubular redox-active form
of VOx [105]. Structure directing agents were used in order to help the oxide layers
during the synthesis to form the nanotube-like morphology. These agents are organic
molecules with one non polar part and hence giving them a hydrophobic end, a hy-
drocarbon chain, and a polar part resulting in a hydrophilic end [106]. Spahr and
coworkers started with hydrolysis of a solution of vanadium triisopropoxide in hex-
adecylamine gave. After aging, it turned into a lammellar structured composite of
surfactant and hydrolyzed VOx. This was followed by a treatment in hydrothermal
conditions and the result were isolated and star like grown together nanotubes with
a composition of VO2.40(C16H33NH2)0.34. The obtained material shows a paramag-
netic behavior and has a semi metallic conductivity probably due to mixed valent
vanadium centers. It is known that vanadium can have different oxidation states,
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4 Electrochemically doped Vanadium Oxide Nanotubes

e.g. 3+, 4+, 5+. More interestingly, it can be found in a mixed oxidation state, for ex-
ample V4.4+ [28]. These nanotubes have a cylindrical, open-ended shape, diameters
between 15 -100 nm, and tunnel openings between 5 -50 nm.

Krumeich et al. obtained VOx-NT using a sol-gel method followed by a hydrother-
mal treatment. They started with vanadium alkoxide precursors and primary amines
CnH2n+1NH2 with 4≤ n ≤22. Instead of the primary amine also α, ω- diamines
H2N[CH2]nNH2 with 14≤ n ≤20 were used. Using Xray diffraction experiments,
and Transmission Electron Microscopy (TEM) it was suggested that the tubes are
up to 15µm long, with outer diameter of 15 -150 nm and inner diameter of 5 nm to
50 nm. The tube walls have 2 to 30 VOx layers with amines or diamines interca-
lated between the layers [103]. In this case, the structure of the VOx layers does
not depend on the amine that was chosen as structure-directing template. A dou-
ble arrangement of amine molecules between the VOx layers with their headgroup
pointing towards the layer is most likely present as depicted in Fig. 4.2 [107].

Figure 4.2: Concentric scrolls and serpentine like structure are possible morphologies for
VOx-NT.

Most of the tubes have open ends, although occasionally tubes closed by a set of
parallel layers perpendicular to the tube can be found. Closed tubes by a pointed
cap of conically deformed layers are possible as well. This effect is not dependent on
the template used. The template might influence the morphology of the nanotubes.
For example: if monoamines are chosen then the nanotubes have wide openings.
They are rather “thin”, with 2 to 10 layers of VOx. On the other hand, if diamines
are used, the nanotubes are “thicker”, with smaller inner diameters and more than
10 VOx layers. Depending on the used template, the distance between the VOx
layers differs. The longer the amines or diamines, the larger the distance between
the layers (it may vary between 1.7 nm-13.8 nm).

Muhr et al. studied VOx-NT with [CnH2n+1NH2]1.9V7O17 formula, using
monoamines with n = 12− 18 as templates. According to their X-ray photoelec-
tron spectroscopy (XPS) studies the amine molecules are protonated. The positive
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4.1 Oxide nanostructures

charge is compensated by negatively charged VOx layers. Therefore the oxidation
state of the V is affected by the organic spacer molecule. It was suggested that the
chemical composition is related to BaV7O16x H2O, although the two compounds
have different VOx substructure. BaV7O16xH2O has 45% of V4+. The mean oxi-
dation state of this compound is 4.6. For VOx-NT the proercentage is 71% while
the mean oxidation state is 4.3. These tubes were found to have semiconducting
behavior with a rezistivity of 600Ωcm at room temperature [103]. Bieri et al. syn-
thesized for the first time VOx-NT with aromatic amines (phenylpropylamine) as
templates, using the same steps during synthesis as mentioned before. The VOx-NT
presented above were produced using primary amines. The resulted nanotubes have
similar shapes and sizes as the previous VOx-NT [108]. It was mentioned earlier
that most of the tubes have serpentine like morphology, with single or double layer
scrolls which gives the high structural flexibility of the material. With the help of
standard TEM preparation procedures for cross section studies, it was revealed that
besides scroll like layers tubes built up by concentric closed cylinders are also pos-
sible. This is rarely found (less than 1%) and mostly when the tube has six or less
VOx layers [109]. Interestingly, more or less disordered mixture of both morphology
is possible.

VOx-NT Structure

All these VOx-NT exhibit the same structure of BaV7O16nH2O with n = 4.4. The
barium vanadium oxide bronzes have V7O16 layers stacked along the [001] unit cell
direction with Ba2+ ions and H2O molecules located between the layers [110].

As shown in Fig. 4.3 the VOx layers contain three different V atom positions: V(1),
V(2) and V(3). The first two are coordinated by six oxygen atoms, and forming
distorted octahedra. The third one has tetrahedral coordination, with four oxygen
atoms. In Fig. 4.4 the side view and plan view of the structure is illustrated. Clearly,
the V(2)O6 octahedra share edges on both sides with two units of V(1)O6 octahe-
dra. Each one of these V(1)O6 share an edge with another V(1)O6, thus the result
are zig-zag chains. The chains are interconnected into single layers by sharing one
oxygen atom. The layers are stacked along the [001] direction. They form double
layers of octahedrally coordinated (V(1), V(2))O6 units having tetrahedrally coor-
dinated V(3)O4 unit in between. The octahedrons have typical distortions to VOx
compounds. It was suggested that V(3) exhibits 3+ valency, while V(1) and V(2)
have either 4+ or 5+ valency, with a preference to 5+ for V(1) when the symmetry
is lower [110]. Ba cations can be found in two different interlayer positions, both
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4 Electrochemically doped Vanadium Oxide Nanotubes

Figure 4.3: BaV7O16 structure, with exemplification of the three possible vanadium
atom positions [39].

coordinated by vanadyl oxygen atoms from the layers above and below, and by
interlayer water molecules.

VOx-NT with amines as template have a special flexibility, different from other nan-
otube systems [97]. The amines embedded in between crystalline VOx layers can
easily be exchanged by various metal cations: alkaline, alkaline-earth or transition
metals. It was shown that the tubular morphology of the nanotube is preserved
after the partial exchange of the amines [111]. The parameter influenced by this
exchange is the distance between the VOx layers. For example in Cn-VOx-NT with
α-monoamines, CnH2n+1NH2 (4≤n≤22) the template was successfully exchanged
with alkaline Na+. The VOx interlayer distances decreased from 2.8 nm to 1.1 nm.
K+ is possible to be intercalated as well. Diluted RbCl or CsCl solutions lead to
the destruction of the tubular morphology. The tubular structure is unaffected by
LiCl solution, and the interlayer distance is not affected. It is possible to intercalate
alkaline-earth metals (Mg2+, Ca2+) cations while preserving the tubular morphol-
ogy. Treatments with SrCl2 affects the structure. Solutions of BaCl2, RbCl2, CsCl
destroys the structure completely. Transition metal cations (Fe2+, Co2+, Ni2+ or
Cu2+) can easily be exchanged. The tube morphology is preserved relatively well.
Pb2+ was not intercalated, and the tubes were destroyed. During the intercala-
tion of these metal cations and together with interlayer distance modifications, the
oxidation state of V is not modified [111].
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4.1 Oxide nanostructures

Figure 4.4: Side and plan view of BaV7O16 structure [39].

If the layered structure of VOx and the various possibilities for guest intercalation is
considered, one can obtain a good material for electrochemical insertion of lithium.
Indeed, VOx-NT with and without templates (C16H33NH2) are found to be redox-
active and, therefore, can electrochemically insert Li by a reversible process [22].
Vanadium oxide alkylammonium nanotubes, NT-V2O5+σ[C12H25NH3] were synthe-
sized, and Mn was inserted into the structure (exchanged with the amines). The
result was Mn0.1VO2.5+σnH2O [112]. These nanotubes are electrochemical active
in Li cells and they react with Li in a reversible way. Another way to improve the
functionality of VOx was given by Pilai et al., who for the first time synthesized
VOx-NT with addition of amonia during the hydrolysis step of the synthesis. Their
tubes had larger diameters (200 nm). Interestingly, the tube walls have two differ-
ent alternating interlayer distances. The amines give the larger interlayer distances
while NH4

+ ions are located in the more narrow layers [113]. These layers are stiffer
then the ones containing the amines.
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Electronic properties of VOx-NT

Electronic properties of VOx-NT studied in this work have been characterized
in [28], using photoemission and electron energy-loss spectroscopy (EELS). The
nanotubular structure as well the mixed valency have been certified. The electron
diffraction pattern was obtained using an EELS spectrometer, by reducing the en-
ergy loss to zero. For VOx-NT the pattern can be divided in two parts. One for
momentum transfer q lower than 1 Å−1, which gives information about the inter-
layer distances between the VOx layers. These distances depend on the length of
the template used in the synthesis of the nanotubes. For VOx-NT, a distance be-
tween the VOx layers of 26.1 Å was established. The second part of the electron
diffraction concerns the q higher than 1 Å−1 region. This gives information about
the structure of the VOx layers which form the nanotube walls. From this region it
was established that there are well defined structural units forming the nanotubes
walls in a repetitive manner. As mentioned before, the structure of VOx-NT is sim-
ilar with that of BaV7O16nH2O with n = 4.4, result shown also by this electron
diffraction experiment [28]. The diffraction peaks in high q region were identified
as a contribution from a two-dimensional quasitetragonal cell, in which a and b

axes lie in VOx-plane (a=b) while, the c axis is perpendicular to this one, and it is
determined by the organic spacer molecule.

The color of the studied material was black, which it is known as being a sign of
mixed V oxidation state as found for example also in V6O13. Li et al. used core-level
photoemission (XPS), through information given by the V 2p and O 1s spectra in
order to analyze the valency of the VOx-NT. The V 2p spectrum presents two peaks
in thr excitation spectra due to spin-orbit splitting, resulting from excitation from
V 2p core states to unoccupied 3d states (L3, excitation from 2p3/2 to 3d, and L3,
from from 2p1/2 to 3d). The O spectra has one peak at 530 eV with a shoulder
in higher energy related to absorbed oxygen and/or water in the sample surface.
The ratio V 2p3/2 to O 1s, VO2.5 stoichiometry was established. The 516.46 eV and
524.07 eV maximum of VOx-NT and the presviously mentioned one from the O, are
compared with positions of the maximum in V2O5 and V6O13. Assuming that the
binding energy sifts linearly with increasing of the ionicity from V4+ to V5+, the
resulting valency for the VOx-NT is 4.4.

Influence of lithium doping on electronic properties of these VOx-NT has been
performed [138]. The in situ lithium doping was done under UHV conditions, by
short evaporation periods of Li, from below onto the sample, using a commercial Li-
getter, and simultaneously annealing to 100 ◦C. The effect of doping was controlled
by observation of changes into the electron diffraction patterns at regular intervals.
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4.1 Oxide nanostructures

Figure 4.5: Changes in the electronic diffraction pattern of VOx-NT upon doping with
lithium. For clarity, the curves are shifted vertically with increasing Li-
content from top to bottom, taken from Ref. [138].

Fig. 4.5 illustrates the diffraction patterns for undoped and doped VOx-NT, as well
as the highest doped sample after air exposure, the blue curve. Upon doping, sig-
nificant changes in these patterns occur. Two new peaks at 3.1 Å−1 and 4.35 Å−1

appear and increase gradually with increasing the doping level. The appearance of
these peak in the high q region suggest that the VOx layers are affected by doping.
Except the appearance of these two peak, no drastic changes are seen, suggesting
that the structure of the VOx-NT is stable upon doping. When the sample with the
maximum doping level is exposed to air, the features present in the doped sample
disappear, indicating that after air exposure the Li reacts with oxygen and/or water
and the characteristics of the undoped sample are partly restored.

Core level excitation spectra (L edges) for undoped and doped VOx-NT were also
performed by Hellmann et al. [138]. The doped sample presents an energy shift of
the L-edge, with 0.7 eV lower than the undoped compound. The L3 edge becomes
sharper compared to the undoped, and the L2 edge becomes broader and smaller
in intensity. Also a new feature appears between the L3 and L2 edges. By doping,
the oxidation state of the V ions decreases as a consequence of a higher occupation
of the 3d shells. This results in a downshift of the excitation energy with increasing
the occupation of the 3d levels due to an additional screening of the 2p core hole. By
comparing these results with similar results on V2O5 (V5+), VO2 (V4+) and V2O3

(V3+), one finds that by doping the oxidation state was reduced to even V3+. A
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charge transfer of approximately 1.4 electrons has been estimated, with 15%-20%
uncertainity. After air expoisure of the highest doped sample, the efect of dopping
vanishes, as it was oberved in electron diffrction patterns as well.

These spectroscopic experiments have shown that the structure of the VOx-NT
studied in this work, is stable upon doping. A reversible Li insertion can be ob-
tained, resulting in modification of the vanadium ions oxidation state. As shown,
the structure is sensitive to air exposure, regaining the features present in the un-
doped compound.

4.2 Properties of electrochemically doped
compounds

The importance of different contact regions that nanotubes have was mentioned
earlier in this work: the inner and outer wall surfaces as well as the tube ending.
Especially for the insertion processes (controlled by diffusion in electroactive mate-
rial), nanotubes with large inner and outer diameters have tremendously improved
properties. It is believed that this occurs due to shorter diffusion paths in the solid
and a higher surface/bulk ratio which gives faster heterogeneous kinetics [22]. The
nanotube shape can provide electrolyte filled channels that facilitate the ion trans-
port to the insertion sites.

4.2.1 Electrochemical characterization and synthesis

Vanadium oxide nanotubes studied here were synthesized using the hydrothermal
procedure described in [107] and [39]. A solution of vanadium (V5+) triisopropoxide
[VO(iOPr)3] and a primary amine (CH3-(CH2)11-NH2) in a molar ratio of 2 : 1 in
absolute ethanol (3ml per g of [VO(iOPr)3]) was stirred under nitrogen atmosphere
for 1 h. This resulted in a light-yellow solution of alcoxide-amine adduct. This was
hydrolyzed with water (5 ml per g of [VO(iOPr)3]) while stirring. The adduct was
continually stirred and aged at room temperature for ≈4 days, turning dark orange.
The hydrothermal reaction of this composite in an autoclave at 180 ◦C for 8 days
yielded a “black” powder which was then washed with ethanol and hexane and
dried at 85 ◦C in vacuum for ≈30 h. This material was characterized using Scanning
Electron Microscocpy (SEM) and TEM. In Fig. 4.6, TEM and SEM images are
presented. The tubular morphology can be clearly seen in the mentioned figures.
The tubes have inner diameters between 20 nm and 30 nm while the outer diameters
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(a) (b)

Figure 4.6: Nanotube morphology of Vanadium Oxide Nanotubes : a) Transmision elec-
tron microscopy b) Scanning electron microscopy.

range from 50 nm to 100 nm. The walls consist of several vanadium oxide layers with
organic molecules embedded in between, helping them to form a sandwich structure
and thus stabilize during the nanotube formation.

Cyclic voltammetry

Electrochemical experiments on different batches of VOx-NT were performed. Ini-
tially, cyclic voltammograms were performed in order to investigate VOx-NT as
cathode material in Li batteries, followed by galvanostatic or potentiostatic experi-
ments. All the experiments were performed in a two-electrode Swagelok like cell. In
some of the samples, 5 to 10wt% of Carbon SP were added for better electronic con-
ductivity of the material. Approximattely 10 to 20mg of this mixture were used for
each experiment. After testing the material, potentiostatic experiments were per-
formed in order to obtain the final lithium intercalated compounds used for magnetic
investigations. In some of the cases, VOx-NT together with the Carbon SP were
mixed with PVDF binder (Polyvinylidene fluoride-(CH2CF2)n−) 5 to 10wt% and
then pressed into pellets. Each pellet was 8mm in diameter and ≈1mm in thick-
ness. In this case, the pellets were used as cathode material for charge/discharging
investigations.

The cyclic voltammograms for the first cycle for VOx-NT, batch number 5 are shown
in Fig. 4.7. Here, VOx-NT were mixed with 10% Carbon SP. The starting potential
was around 3.2V. From this value, the potential was linearly scanned between 1.8V
and 3.5V using different scan rates. First, the cell was discharged (going from 3.2V
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Figure 4.7: Cyclic voltammogrametry for the first cycle for VOx-NT#5 with two differ-
ent scan rates.

to 1.8V) with scan rates of 0.2mV/s and 0.05mV/s, respectively. As the cell started
to be discharged, thus Li intercalation occured, two reduction peaks indicating two
different electron transfer are encountered at 2.42V and 2.09V. During the cell
charging two peaks at 2.83V and 3.17 V are found. From this picture one can say
that the discharged species in the cathodic sweep were reversibly charged during
the anodic sweep, or, in other words thatt he electron transfer process is reversible
in this case. At 2.73V, the cathodic scan presents a shoulder, which is probably
coupled to the anodic peak at 2.64V. No further CV on this material was possible
due to lack of material.

In Fig. 4.8 the first CV for VOx-NT batch#12 is shown. Three different sweeping
rates were used, i.e. 0.01mV/s, 0.02mV/s and 0.05mV/s. Here, the curves were
obtained from pure material without any additives. The difference between the three
curves is the current intensity, which is higher with increasing the sweeping rate as
expected. A very broad feature between approximately 2V and 2.8V is visible
for all three scan rates used. This feature might be assigned to possible reduction
peak during discharging the material. For 0.02mV/s scan rate a possible oxidation
reaction occurs around 3.6V. The electrochemical behavior of this material was not
as expected from the literature. In order to improve the electrochemical properties
of the material, this was mixed with 10% Carbon SP. The result for the first cycle is
presented in Fig. 4.9, where two CV with 0.02mV/s and 0.05mV/s were performed.
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Figure 4.8: Cyclic voltammograms for the first cycle for VOx-NT#12 without any ad-
ditives using three different sweeping rates.
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Figure 4.9: Cyclic voltammograms for the first cycle for VOx-NT#12 with different scan
rate: 0.05 mV/s(blue) and 0.02 mV/s(red).

Both experiments were made on the same cell. The first one was done with
0.05mV/s, the blue curve. The cell was cycled between 1.8V and 3.8V, and four
consecutive sweeps were performed. The starting potential was around 3.3V. The
experiment started with the discharging of the cell. After four cycles with this sweep-
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ing rate were finished, the CV with 0.02mV/s was started, the red curve. In this case
the material was cycled between 1.8V and 4V. Once the discharging had started,
electron transfer due to reducing of the V5+ to V4+, seen in the form of a very
pronounced reduction peak is present around 2.8V. For the CV with 0.02mV/s the
reduction peak shifted slightly to more positive values. A quasi reversible electron
transfer is present for both experiments. This can be assumed from the position of
the oxidation peak, at potential slightly higher than the one where the reduction
pair peak is present.
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Figure 4.10: Cyclic voltammograms for VOx-NT#12 using a scan rate of 0.05 mV/s.

In Fig. 4.10 CVs for four cycles with 0.05mV/s are shown. The main electron trans-
fer during discharging is situated at 2.8V and during the cycling it is positioned
nearly at the same place with slightly differences in the current peak intensity. For
the first cycle, the current peak intensity iap amounts to 0.018mA and for the forth
one it is 0.027 mA. The reduction peak has a shoulder at 2.56V, most probably
connected to the oxidation one at ≈2.7 V. With cycling, this peak looses intensity,
almost vanishing in the forth sweep. In this CV experiment, the anodic peak is
situated at 2.98V and over cycling its position is shifted by only 0.018V, settling
at 3V in the fourth cycle. The current peak intensity decreases with cycling: from
icp=0.066mA in the first sweep to 0.045mA in the last one. CVs on VOx-NT#12
with scan rate of 0.05mV/s show reversible intercalation of the lithium into the
structure. Discharge and charge capacity values taken from this experiment are not
high enough for this material, i.e. ≈100mAh/g (the theoretical value lies around
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Figure 4.11: Cyclic voltammograms for VOx-NT#12 using a scan rate of 0.02 mV/s.

370mAh/g). In Fig. 4.11 four CVs with scan rate of 0.02mV/s are illustrated. It is
worth remembering that this experiment was performed after the one with a scan
rate of 0.05mV/s. Therefore, the starting potential of this experiment it is a bit
lower. This shift is probably due to slight aging of the material during the first
cycling. The starting potential was 3.2V. The reduction peak is situated at 2.83V,
and it changes to 2.88V in the last cycle. The current peak intensities for these
four cycles decrease from iap=0.0089mA in the first cycle to iap=0.0035mA in the
last one. These intensities are much lower, as expected, than the ones obtained in
previous experiments with a scan rate of 0.05mV/s. In cyclic voltammetry, charge
transfer influences the experiment by shifting the peak potential and reducing the
current peak value. The electron transfer during charging is situated at 2.94V in
the first cycle and at 3V in the forth cycle. The current peak intensities in this case
are decreasing from icp=0.024mA in the first sweep to icp=0.011mA in the last one.
As shown by Fig. 4.11 compared to Fig. 4.10, the experiment performed with a scan
rate of 0.02mV/s has the peak positions and current peak intensities over cycling
varying much more than for the experiment performed with 0.05mV/s. This might
appear from structural deformations during cycling, or aging of the material. The
modifications occurring in the anodic peak can be due to a resistance of the reduced
VOx layers to re-adopt their original structure. It is known that for repeated cycling
it is normal to obtain broader peaks due to aging effect and loss of crystallinity that
VOx-NT experience [23].
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It was shown above for VOx-NT batch#5 that the electrochemical behavior of VOx-
NT without carbon is not as expected from known results on similar compounds.
On the next batches which were under study, no CV on material without any carbon
additive was done. Therefore, all the experiments shown further on will be on VOx-
NT with 5− 10% added Carbon SP.
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Figure 4.12: Cyclic voltammograms for the first cycle for VOx-NT#13 with scan rates
of 0.02 mV/s (red), 0.05 mV/s (blue) and 0.01 mV/s (green).

In Fig. 4.12, the first cycle using scan rates of 0.02mV/s, 0.05mV/s and 0.01mV/s
are shown. The experiments were done in this order: first the one with a scan
rate of 0.02mV/s, then the one with 0.05mV/s and finally using a scan rate of
0.01mV/s. These experiments were all performed in the same electrochemical cell.
The starting potential was 3.49V for a scan rate of 0.02mV/s and it was a bit
smaller, around 3.3V, for the other two scan rates used. Using the first two sweeping
rates, four cycles were performed. For a scan rate of 0.01mV/s, only a single cycle
was done. All experiments were cycled between 1.8V and 4V, and for each case, the
discharge was the first cycling mode. Generally speaking all three curves present a
very pronounced reduction peak connected with one anodic peak.

Fig. 4.13 shows the first scan completed on this material, using a scan rate of
0.02mV/s. The starting potential value is very close to the one obtained from
the first cycling on VOx-NT#12. This shows that the material behavior is quite
stable over the mounting procedure. The reduction peak in this CV shifts slightly
to more positive values over cycling: from 2.8V in the first cycle to 2.82V in the
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Figure 4.13: Cyclic voltammograms for VOx-NT#13 performed with a scan rates of
0.02 mV/s.
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Figure 4.14: Cyclic voltammograms for VOx-NT#13 performed with a scan rates of
0.05 mV/s.

forth cycle. The current peak intensity decreases with cycling, from iap=0.010mA in
the first cycle to iap=0.0084mA in the forth one. In the first cycle of this scan the
shape of the CV is slightly different than in the next ones. The reduction peak has
a pronounced shoulder at 2.57 V. In the second cycle this shoulder disappears. The
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peak from 2.06V in the cathodic scan may be due to reduction of V4+ to V3+. It is
known that this reduction appears at voltages equal or mostly lower than 2V [118].
Both the reduction and the oxidation peaks are broader in the first cycle than in
the next three. This can be explained by structural rearrangements after the first
cycle. Shifting of the peak in the second cycle compared to the first ones suggest
that irreversible phase transformations occurred during the Li insertion process. In
the following cycles neither substantial changes in the peak potential nor in the
curve shape are present. This indicates the reversibility of the electrochemical in-
sertion/extraction process. The anodic peak of this experiment is situated at 2.99V
in the first cycle and it shifts to 3.08V in the forth one. The current peak intensity
is 0.01mV/s in the first cycle, then it increases in the second cycle to 0.022mA.
In the forth one, it has a value of 0.017 mA. This might be another sign that the
process in the first cycle is a bit different than the one in the following cycles. The
reverse-to-forward peak ratio, for the first cycle is equal to one, a sign of a reversible
redox process. This ratio deviates from this value in the following cycles.

In Fig. 4.14 a CV performed after the previous experiment is shown. The scan rate
used was 0.05mV/s. The starting potential was 3.3V. The electron transfer during
discharging experiment shifts slightly over cycling, from 2.84V in the first cycle to
2.88V in the forth cycle. The current peak intensity decreases with cycling, from
iap=0.015mA in the first cycle to iap=0.0077 mA in the forth one. The peak shapes
in both cathodic and anodic sweeps are very similar over cycling, meaning that the
structure is rather stabilized during this procedure. For the anodic sweep, the peak
position changes from 3.11V to 3.14V in the forth cycle. The current peak intensity
decreases over cycling, from 0.036mA to 0.022mA. The CV with a scan rate of
0.01mV/s was performed for only one cycle, see Fig. 4.12. The shape of this CV is
more similar to the one scanned with 0.02mV/s. The experiment with 0.05mV/s
suggest a more ordered structure compared with the experiment performed with the
lower scan rate, 0.02mV/s. This might be influenced by the speed of the experiment.
Chemical reactions between different species present in the electrochemical cell, or
possible impurities might evolve under a slow rate of scanning the potential in a
cyclic voltammogram experiment. Therefore, when using a high scan rate in such
experiment, one can avoid influences of these unwanted reactions. The result might
be a smoother behavior of an electrode material upon cycling. For the last cycle
performed with scan rate of 0.05mV/s, the reduction peak position is at 2.86V and
the anodic one at 3.01V.

The discharge and charge capacities taken from this experiment are as follows. For
the curve obtained with a scan rate of 0.02mV/s in the first cycle the discharge
capacity is 145mAh/g. This value is slightly lower than other similar experiments
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Figure 4.15: Discharge specific capacities values taken from cyclic voltammograms ex-
periments on VOx-NT#13 with scan rate of 0.02 mV/s.

found in the literature, as it will be discussed later on. Over the four cycles, this value
decreases to 114mAh/g, indicating loss of electroactivity. For the curves obtained
with a scan rate of 0.05mV/s this value decreases to almost half the value as shown
in Fig. 4.15.

In Fig. 4.16 CV experiments on VOx-NT#14 are shown. The starting potential
was 3.2V. The shape of the CV is similar to the other batches only that both the
reduction and oxidation peaks are found at lower potential values. The reduction
peak for the first cycle is situated at 2.56V and for the last one at 2.82V. The
oxidation peak is at 2.96V in the first sweep and moves to 3V for the next 3 cycles.
The discharge capacity for the first cycle is 123mAh/g and increases to 153mAh/g
in the next one.

The next material that was studied was VOx-NT#18. Three different scan rates
were performed on the same cell. First, a scan rate of 0.02mV/s was used, for four
cycles, then a scan rate of 0.05mV/s for the same number of cycles and then only
one cycle with a scan rate of 0.01mV/s. The results are shown in Fig. 4.17.

The starting potential is 3.4V for the first experiment and stays nearly the same for
the next experiments. Four cycles were performed for the scan rates of 0.02mV/s
and 0.05mV/s. All experiments were cycled between 1.8V and 4V, and for each
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Figure 4.16: Cyclic voltammograms for VOx-NT#14 with scan rate of 0.02 mV/s.
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Figure 4.17: Cyclic voltammograms for VOx-NT#18 with scan rates of 0.02 mV/s(red),
0.05 mV/s(blue) and 0.01 mV/s(light green).

case, the discharge was the first cycling mode. All experiments show the pronounced
reduction and oxidation peak as found in the other VOx-NT batches, the only
difference is that the peaks are broader than in the other cases. This might be a
sign of a more disordered structure in this particular batch.
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Figure 4.18: Cyclic voltammograms for VOx-NT#18 performed with a scan rate of
0.02 mV/s.
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Figure 4.19: Cyclic voltammograms for VOx-NT#18 performed with a scan rate of
0.05 mV/s.

In CV performed with a scan rate of 0.02mV/s, the electron transfer where V5+

reduces to V4+ it is at 2.62V as shown in Fig. 4.18. During cycling it shifts to 2.9V.
This reduction peak in the first cycle is very broad, nearly showing like a plateau. It
might also be that this peak is a combination of the reduction peak with a shoulder
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as in Fig. 4.13, another sign of a disordered structure. A broader cathodic peak
than the anodic one may indicate that Li insertion and extraction are governed
by different mechanisms. In the next cycle this peak already becomes narrower,
and it looses intensity. The current peak intensity decreases with cycling, from
iap=0.003mA in the first cycle to iap=0.002mA in the forth one. Here, as in the case
of VOx-NT#13, a structural rearrangement takes place, starting with the second
cycle. The anodic peak is at 3.1V in the first cycle and it slightly shifts to 3.17 V
in the last cycle. In this region the peaks are more narrow than in the reduction
part. Fig. 4.19 shows the result from the second experiment on this material. The
shape is the same as the last three cycles of the CV performed with a scan rate
of 0.02mV/s. The difference is that the peak positions are found at slightly higher
potential values. For the first cycle, the reduction peak it is at 2.88V and it is found
at 3.07 V in the last cycle. The current peak intensity is smaller than the previous
experiment. The anodic peak is found at 3.27 V in the first cycle and it reaches
3.3V in the forth one. The peak positions for both reduction and oxidation in the
case of the last experiment, with 0.01mV/s are nearly the same as in the previous
one. color
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Figure 4.20: Discharge specific capacities values taken from cyclic voltammograms ex-
periments on VOx-NT#18 with a scan rate of 0.02 mV/s.

The discharge and charge capacities informations taken from this experiment are
shown in Fig. 4.20. Initially, a 145mAh/g discharge capacity was obtained. This
value continuously decreases with time.
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Figure 4.21: a) Cyclic voltammogram using a scan rate of 0.05 mV/s for: a) VOx-NT
batch#5; b) Template VOx-NT (dashed line) and template free VOx-NT
(solid line) [22]; c) Ca-exchanged VOx-NT [23].

In this work, results obtained from VOx-NT#5 are clearly different than those from
the other studied batches. By searching similarities in literature one can find that
VOx-NT#5 it is comparable to experiments taken on template free VOx-NT [22].
The electrochemical studies performed on template and template free VOx-NT are
illustrated in Fig. 4.21(b). These nanotubes studied by Spahr and coworkers are
formed from vanadium oxide triisopropoxide and hexadecylamine. The synthesis was
a direct process via a modified sol-gel reaction. The result was VO2.45(TEMP)0.34
with C16H33NH2. Reduction peak for VO2.45(TEMP)0.34 is found at potentials
slightly higher than 1.5V corresponding to electron transfer process. The corre-
sponding oxidation peak appears at 3.3V. The specific charge for Li insertion in
this case was about 120mAh/g and remained rather constant for the first 5 cycles.
After 10 cycles it decreased to less than 100mAh/g.

The templates were removed from these nanotubes by keeping them in a saturated
solution of NaCl in ethanol. Both types of nanotubes contained several concen-
tric shells. For the templated nanotubes, the shells had between 2.8 nm and 3 nm
thickness. The template free nanotubes showed much smaller diameters of 0.86 nm,
but the structure still looked ordered. Electrochemically speaking, these nanotubes
behave very much different than those with templates in between the layers. Two
reduction peaks are found at around 2V and 2.5V, with a corresponding broad oxi-
dation peak at 2.7 V, indicating a quite reversible Li+ insertion process. The specific
charge for Li insertion was 180mAh/g in the first cycle. Clearly, the two kinds of
nanotubes behave differently. This indicates that the amines play an important role
in the electrochemical properties of this compound, by contributing to the a partial
passivation of the nanotubes. As shown in Fig. 4.21(c) the CV of VOx-NT batch#5
it is also comparable to Ca-exchanged VOx-NT [23]. In this exchanged VOx-NT,
V2O5 was used instead of vanadium triisopropoxide as a precursor for the synthesis.
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Several cathodic and anodic peaks were found, depending on the cut off potentials
(the chosen limits for the potential to be swept). In VOx-NT batch#5 the specific
capacity for Li insertion for a first cycle was 140mAh/g when the current was swept
with a scan rate of 0.05mV/s. This value is higher than the one for templated VOx-
NT and smaller than the one of template free nanotubes. Not enough potentiostatic
experiments were performed on this batch, so no data about specific capacity over
cycling behavior can be given.
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Figure 4.22: Cyclic voltammogram for the first cycle, performed with a scan rate of
0.02 mV/s, for all VOx-NT batches.

In Fig. 4.22 a resume of the CV experiments on VOx-NT batches presented above
is illustrated. Generally speaking they have reduction/oxidation pair peaks in the
same region, but with particular differences for each batch.

Sun et al. studied the relationship between the nanoscale structure and electrochem-
ical performances of nanoscale scrolls of Vanadium Oxide [115]. The nanorolls are
synthesized using a ligand-assisted templating method. The dodecylamine template
was exchanged with Na+ through an ion-exchange process. The electrochemical
properties of both VOx-NT with and without template have been studied. They
studied well-ordered vanadium oxide nanorolls as well as defect-rich ones. The dif-
ferences between the two kinds of nanorolls lies in a different ratio of vanadium
triisopropoxide-dodecylamine and water during the hydrothermal step of the syn-
thesis. They have shown that these defect-rich nanorolls have a higher capacity than
the well ordered compound. This was related to V4+/V5+ ratio, the cracks in the
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wall and to residual organic surfactant in the nanorolls during cycling. Based on
XPS analysis, Sun and coworkers suggested that the compound with lower elec-
trochemical properties, the well ordered nanorolls, have 45% V4+ (V4+ to V5+

ratio is ≈ 1 : 1.2). In the defect rich ones this ratio is ≈ 1 : 3.2, with only 24%
V4+. It is known that the V4+ to V5+ ratio governs the formation of the nanorlls.
During the hydrothermal step, the hexagonally ordered structure must transform
into a lamellar structure. This happens when V5+ reduces to V4+ during this step.
In this way, the inorganic charge density increases and the compound is dragged
towards a lower curvature structure. During this hydrothermal step the thermal
motion of the surfactant tails increases, giving rise to the same lamellar structure.
These effects were previuosly observed in hexagonal-to-lamellar phase transitions
in surfactant templated silica based materials [117]. Obtaining the well ordered or
cracked nanorolls depends on the amount of the surfactant in the process. Higher
amounts will give stronger hydrophobic interactions thus ordered material. Insuf-
ficient surfactant electrostatically associated with VOx layers would give a lower
vanadia hydrophobicity. This would inhibit the rolling up process, and the vanadia
layers would be held together less strongly and less ordered, giving rise to cracked
material. Sun et al. established under the same experimental conditions, discharge
capacity of approximately 240mAh/g for the well ordered VOx nanorolls and much
higher value of 340mAh/g for the defect rich compound. These information given
above suggest the influence that amines and vanadium oxidation state might reveal
in electrochemical properties of this material.

Defect rich Na+- VOx nanorolls

1mV/s

Figure 4.23: Cyclic voltammogram with a scan rate of 1 mV/s for Na+-exchanged VOx-
nanorolls [115].
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Similarities with defect-rich Na+-exchanged VOx-nanorolls [115] (see Fig. 4.23) were
found for all the VOx-NT batches except batch#5. These defect-rich nanorolls ex-
perience a reduction peak at 2.8V with a shoulder at ≈2.6V, as it was also found
in VOx prepared via sol-gel method [116]. The reduction peak is reversible, under-
lined by the same position maintained upon cycling. The anodic peak slightly shifts
to more positive values. Generally speaking, it is clear that the VOx-NT (except
VOx-NT#5) synthesized in this work behave like those which have cracks in the
nanotube walls. As it was shown earlier, the hydrothermal step of the synthesis is
very important for the final obtained compound. Except the main electron transfer
exhibited at potential values between 2.5V and 2.8V during discharging, and be-
tween 3V and 3.3V during charging, in the CV illustrated in Fig. 4.22, other small
features can be visible. These features might appear from either a different amount
of surfactant in the nanotubes or a different ratio between V4+ and V5+ ions. V3+

ion can be present in the VOx-NT only if the experiments are performed at potential
lower than 2V [118]. VOx#14 and #18 clearly look more disordered than the other
two batches, as it can be seen from much broader peak they present upon Li inter-
calation/deintercalation. Anyway, they all behave rather like disordered nanorolls
than crystalline layered phases.

When looking at experiments presenting several CV’s we see that in most of the
cases, over cycling some changes appear. This might be due to amorphization or
other structural changes of the material over cycling. This effect is also seen in de-
creasing of the discharge capacities over cycling, when the material looses electroac-
tivity. This is shown in Fig. 4.24(a). Before going into details of discharge capacities
behavior over cycling, informations about this characteristic of materials studied
as possible application for lithium batteries will be given. Electrochemical stud-
ies of vanadium oxide nanotubes showed good properties of this compound when
for example, through an ion-exchange process amines were exchanged with Mn+.
Mn0.1VO2.5+σnH2O can be reversibly intercalated/deintercalated with Li giving a
specific capacity of 140mAh/g [112]. Mo doped tubes have an initial specific ca-
pacity of 200mAh/g that drops to half after 50 cycles [119]. Sun and coworkers
studied well ordered and defect rich nanorolls, finding higher electrochemical prop-
erties for the latter ones [115]. Na+, Ca+ and K+ were successfully embedded in
between VOx layers produced from a vanadium triisopropoxide precursor. All of
these have showed good electrochemical properties, with averaged specific capac-
ities around 150mAh/g over 100 cycles [114]. The theoretical capacity for these
exchanged nanotubes is around 370mAh/g if all vanadium is reduced to V3+. This
is unlikely, because totally reduction of V5+ to V3+ will bring strong structural de-
formations (collapsing) of the VOx-NT structure. A specific capacity of 148mAh/g
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Figure 4.24: Specific capacities for: a) VOx-NT; b) Ordered (solid line) and defect-rich
(dashed line) vanadium oxide nanorolls [115].

to 310mAh/g has been found for crystalline V2O5, depending on the rate of inser-
tion/extraction [120, 121], compared to the theoretical value of 148mAh/g [122].

For VOx-NT#13 and #18 the first value of the specific discharge capacity was
around 145mAh/g. This value decreases in both cases over cycling, but a bit slower
for VOx-NT#13 than for #18. For the other two batches, #14 and #12, the values
for the specific capacity are lower, 120mAh/g and 90mAh/g, respectively. These
values could actually be higher, if the experiment would be performed on fresh
electrode material. Anyway, instead of decreasing continuously as in the other two
batches, the second cycle has a maximum specific capacity and then starts to de-
crease upon cycling. This kind of behavior was found in both ordered and defect-rich
Na+-exchanged VOx-nanorolls [115] (see Fig. 4.24). The theoretical capacity for one
inserted Li is 140mAh/g, 276mAh/g for two inserted Li. Sun and coworkers found
high capacity values of around 250 -300mAh/g for defect rich VOx nanorolls. These
values depend on the time spent for the ion-exchange process in order to obtain the
Na+- exchanged VOx-nanorolls. A short exchange time (10 minutes) would leave
more residual amine molecules that would block the Li ions access to sites on the
VOx layers. A long exchange time (3 hours) leaves fewer amines, thus these mate-
rials have the highest capacity value for the first cycle. During Li deintercalation,
due to small amount of surfactant molecules between the VOx layers, some of the
Li would remain in the structure. This lowers the reversible capacity for Li and
decreases the number of available sites for lithium ions to occupy.

In Fig. 4.24(b) it is shown that not only amines play an important role in the
electrochemical properties of a material but also the atomic and nanometer-scale
structure have an effect on the specific capacity of these nanorolls. The defect-rich
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ones always have superior specific capacities over the well ordered material. The
specific capacity over cycling decreases less in the case of the defect reach nanorolls.

Therefore, it is probable that the results shown in Fig. 4.24(a) are due to the sur-
factant content influencing the electrochemical performance of our material. This
surfactant can reduce the available surface area for redox reactions and can also
form aggregates that would block the Li ions access to sites in the VOx layers.
These effects can be smaller if the nanotubes have cracks in the walls. This atomic-
scale disorder would give a higher accessibility for Li ions and thus an increased
specific capacity would appear.

Potentiostatic measurements

For potentiostatic measurements the same two-electrode setup was used. The po-
tential was maintained constant until the current reached a previously established
limit (C/t rate). After this current limit was reached the potential was decreased
(for discharge) or increased (for charge) with 5mV steps. The cells were mostly
cycled between 2V and 4V. In Fig. 4.25, the voltage of the cell versus the amount
of x in LixVOx-NT is shown. The cut off potentials were 2V and 3.5V, and the cell
was cycled with C/100 (one complete discharge in 100 h). Around potential values
of 2.8V, 2.6V and 2.4V there is a sign of slight change in the curve slope. If this
graph shows very clear plateaus in the potential range, then this is a sign of discrete
phase formation during cycling. In Fig. 4.26, the derivative for the discharge and
charge of the cell as a function of the applied potential is shown. If we compare this
figure with Fig. 4.13 one can see that for the peak positions there are no drastic
changes. In the first cycle there is a big peak around 2.1V which might be a sign of
formation of V3+. This peak vanishes with cycling. In the second cycle the shoulder
from ≈2.5V vanishes as well. This was also found in the Fig. 4.13.

Fig. 4.27 illustrates the first three, the tenth and the fifteenth discharge-charge cy-
cle of the VOx-NT#13 electrode. The region where different slopes of the potential
versus x in Fig. 4.25 might exist, correspond to a level of Li intercalation where
only a single phase exists. This kind of behavior was also described for Li inter-
calation in nanostructures of orthorombic V2O5 [123]. Experiments performed on
VOx-NT#13 studied in this work, presented in Fig. 4.27, are compared with simi-
lar results on Ca-exchanged VOx-NT, Fig. 4.28. In both experiments, VOx-NT#13
and Ca-exchanged VOx-NT, there are no distinct plateaus which would indicate
the formation of different phases.
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Figure 4.25: Voltage versus x in LixVOx-NT obtained from potentiostatic experiment
on VOx-NT#13 with C/100 rate (I=0.027 mA).
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Figure 4.26: Incremental capacity versus cell potential obtained from potentiostatic ex-
periment on VOx-NT#13 with C/100 rate (I=0.027 mA).

For the first discharge cycle in Fig. 4.27, the specific capacity was found to be
130mAh/g which corresponds to 0.66 Li intercalated into the structure. The sec-
ond discharge cycle is slightly different than the first one possibly indicating an
irreversible phase transformation of LixVOx-NT in the first cycle. The discharge
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Figure 4.27: Electrode discharge/charge curves for VOx-NT#13 for 1st, 2nd, 3rd, 10th
and 15th cycle, recorded at C/100.

Figure 4.28: Electrode discharge/charge curve for Ca-exchanged VOx-NT. The inset
shows the derivative dQ/dE of the galvanostatic curves recorded at C/7.
Results from Ref. [23].

capacity for the second cycle decreases to 110mAh/g corresponding to 0.57 Li. In
the third cycle this capacity reaches 97 mAh/g. For the following cycles the ca-
pacity is continuously decreasing until cycle 9 and then it maintains a constant
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Figure 4.29: Variation of discharge capacities versus cycle number for a) VOx-NT#13
electrode; b) template free VOx-NT taken from Ref. [22].

value until cycle 20. Probably in the last cycles (9 − 20) the lithium intercala-
tion/deintercalation process is reversible. The electrochemical behavior remains the
same from cycle 4 till the end of cycling. These differences between the cycles show
that the electrochemical properties are altered. Fig. 4.29(a) summarizes the decreas-
ing of the capacity over cycling which is most likely due to destructive side reactions
and/or phase transformations during the intercalation process. This indicates that
the electrode cycle life would still need to be improved in this case, if the material
is studied as a possible cathode material for Li battery technologies.

When comparing these results with literature (Fig. 4.29) a slightly higher initial
discharge capacity value has been found for the results from Ref. [22]. The cycling
dependence of the specific capacity is comparable. These results were obtained from
template free VOx-NT and they are taken from potentiodynamic experiments per-
formed at a scan rate of 0.05mV/s. In the case of the template free VOx-NT the
higher initial specific capacity value can be due to amines poverty in between the
VOx-NT layers that diminish the Li intercalation/deintercalation process.

Experiments performed on VOx-NT#13 studied in this work, presented in
Fig. 4.29(a) might be compared to Fig. 4.30, which displays results of a potentio-
static experiment on ion-exchanged VOx-NT [114]. The figures clearly differ, in the
way that if in the case of VOx-NT#13 the discharge capacity decreases in time, for
data of Nordlinder et al. they increase for the first 20 cycles. The authors assumed
that insertion of Li+ ions into the nanotubes is diffusion limited. Therefore, the
diffusion of Li ions further into the tubular material leads to an increase of capacity.
Another explanation might be that the nanotubes contain cations that might be
electrochemically active, therefore participating in discharge/charge of the material.
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The last possibility is that in this first 20 cycles there is a continuous material mod-
ification. The fact that VOx-NT with embedded amines instead of metal cations
have lower electrochemical properties is known [118]. This might be due to less space
for Li ions to be intercalated or deintercalated in the VOx-NT containing amines
between the layers. The amines are bulkier than the metal cations. Differences be-
tween Fig. 4.29(a) and Fig. 4.30 might also come from using different electrolyte.
In the case of VOx-NT#13 LiPF6 was used, instead of LiBF4 for metal cations
exchanged VOx-NT. Different electrolytes on the same material can give slightly
different results [36]. Different C rates influence electrochemical performances as
well [123]. An increased discharge rate reduces the degree of Li insertion, which de-
creases the discharge capacity of the electrode. These above information might be
explanations for differences in between VOx-NT#13 and Ca-exchanged VOx-NT.

Figure 4.30: Discharge capacities for the ion-exchanged VOx-NT, cycled with C/5 rate,
results from Ref. [114].

Potentiostatic experiments were also performed on the VOx-NT#12, which has a
specific discharge capacity of ≈130mAh/g in the first cycle. This value is preserved
for the second cycle as well. For the third one the specific capacity increases to
≈140mAh/g (see Fig. 4.31).

For VOx-NT#18 potentiostatic experiment after CV was completed. For this rea-
son, due to aging of the material the specific capacity values are small, without
drastic changes over cycling. The incremental capacity versus the applied poten-
tial and the CV experiments performed on this batch look similar. The peaks are
broader than for the other batches, underlying that this particular batch has specific
structural deformations, different than the other studied VOx-NT.

Potentiostatic experiment illustrated in Fig. 4.27 reveal a difference between the
first three and following cycles of the experiment. Most of the cyclic voltammograms
performed on all VOx-NT show a difference between the first and following cycles in
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Figure 4.31: Potential versus specific capacity for VOx-NT#12. Result of a potentio-
static experiment performed with a rate of C/200.

this kind of experiment. One can think that these differences appear from different
intercalation process governing the beginning of an experiment, and its following
cycles. For example, at the beginning of an experiment, Li+ ions are inserted in
a quite disordered way between the VOx layers. This might cause the interlayer
distance to decrease. In a presumably second step of the intercalation process, Li+

ions diffuse to find a favorable site in the interlayer spaces of the structure, affecting
the VOx structure. This process for Li intercalation was also suggested for Ca-
exchanged VOx-NT studied by Nordlinder et al. [114].

In the case of all VOx-NT electrodes studied here, a rather symmetric behavior of
CVs as well as the potentiostatic studies implies that the discharge and charge of
this material does not involve drastically structural rearrangements. There are still
many things that might explain the differences between the behavior of all these
batches. Slight contaminations of the electrolyte, composition of the electrode or
assembling of the cell, that might give small differences for the experiments, can
not be exclude. Firstly, not all samples were synthesized at the same time. VOx-
NT#5 looks similar to well ordered VOx-NT. It also behaves different than the
other VOx-NT studied here. This particular batch was one of the first synthesized
and used in this work. As the batch number increases the preparation time is later.
This, and the fact that some of the samples were not kept secured from moisture
might have influenced the electrochemical properties. It is known that the water
content in this material might influence its electrochemical behavior [124]. Because
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the water might hold some interlayer spaces of the structure, the number of spaces
available for lithium intercalation/deintercalation might decrease. This, of course,
leads to lower discharge/charge rates. The water content might also influence the
ratio between V5+ and V4+. Electrochemically cycling might be influenced by dif-
ferent amount of organic amines between the layers as well as the wall structure or
size of the nanotubes. Different amounts of amines can induce cracks in the tube
walls. More rigid amine chains might reduce the available surface area for redox
reactions [115]. They can also form aggregates which might block the accessibility
of Li ions. Different sizes of the nanotubes can give different Li diffusion distances.
Short distances give high surface area, a very good property for material studied
for Li ion battery technology [123]. A higher surface area lowers Li+ insertion rate
density in the intercalation process. This postpones the decreasing of the capacity.
In other words, vanadium oxide nanotubes represent an extremely complex system.
The electrochemical behavior of this compound can be affected by many parame-
ters. The size of the nanotubes, together with the distances between the VOx layers
affected by the number of amines or the water content which modifies the oxidation
state of the V ions are some of the parameters influencing the performances as a
cathode material of VOx-NT. The results presented in this subsection are satisfac-
tory, comparable with similar results from the literature. Although the existence of
the amines in this VOx-NT is sure, the specific capacity values are comparable to
ones obtained on template free VOx-NT, indicating that the amines do not block
completely the Li intercalation/deintercalation process.

Electrochemical synthesis

The previous described electrochemical studies on VOx-NT batches helped the
understanding of the electrochemical properties of this material. From the cyclic
voltammetry and potentiostatic studies presented above, it can be suggested that
in order to obtain interesting samples for magnetization studies, the potential re-
gion around 2.9V is the region where the main redox reaction takes place. Here,
electron transfer takes place in which the nonmagnetic V5+ reduces to magnetic
V4+. In this way, the magnetic sites in the VOx-NT structure would increase, and
therefore the paramagnetic signal of the VOx-NT would modify to a ferromagnet
or superparamagnet as it will be described in the next section of this chapter.

For the materials that were studied from a magnetization point of view, either
galvanostatic or potentiostatic techniques were applied in order to obtain the desired
doping level. In the case of the galvanostatic technique, a constant current correlated
with C/100 rate was applied. A condition for the potential not to drop lower than
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2V was fixed. In the case of VOx-NT batch#5, four doping levels were prepared.
The current was kept constant until x = 0.05, 0.1, 0.15 and 0.6 in LixVOx-NT was
reached. In the case of the first three samples, the potential reached 2.97 V, 2.79V
and 2.67 V respectively. For x = 0.6, this value was 2V, the value for the limited
potential condition.

For VOx-NT batch#13, five different doping levels were synthesized. These were
x = 0.05, 0.1, 0.155, 0.2 and 0.4 in LixVOx-NT. These compounds were obtained
under potentiostatic conditions. The potential was swept, starting from the initial
potential value of around 3.4V in all cases. Then this potential was decreased by
5mV each time the current was lower than C/200. At the end of the Li intercalation
the potential was between 3.1V and 2.9V. All the redox reactions in these regions
where most probably from V5+ reducing to V4+, proved proved also by an increase
of the magnetization values. After these doping levels were achieved, the powder
was recovered from the Swagelok cell, washed with DMC using a centrifuge and
dried for approximately one hour. Then these powders were kept in quartz tubes as
it was shown in Chapter 3.

4.2.2 Magnetic properties of LixVOx-NT

Magnetic properties of vanadium oxide

There are approximately 60 ways of combining V and O in order to obtain vanadium
oxide materials with interesting physical properties and more important very useful
applications. This wide variety of properties is given by the mixed valency that
vanadium can have, and the possibility of changing the stoichiometry in the mate-
rial. Further on, magnetic aspects in some vanadium oxides will be reviewed. VO2

experiences a significant, thermally induced reversible metallic-to-insulating phase
transition around 67 ◦C which influences optical, electrical and magnetic proper-
ties of the material [125, 126]. If VO2 nanorods are heated to 800 ◦C in a reducing
atmosphere it is transformed to V2O3 nanorods. At room temperature, V2O3 is
described by a rhombohedral paramagnetic metal, while after cooling down below
the transition temperature of 166K it converts to a monoclinic antiferromagnetic
insulator [127]. Santulli and coworkers established for V2O3 nanorods that the mag-
netic susceptibility above the transition temperature has AFM character, and it is
governed by paramagnetic V moments. Below this temperature the interior of the
nanoparticle is AFM while the spins on the surface are paramagnetic. At very low
temperatures, there is an increase of the magnetic susceptibility due to the effect
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of surface spins [126]. By doping VO2 with Cr, the system exhibits new insulating
phases at low temperatures suggesting that its physics is very close to the Mott-
Hubard insulator in which V atoms behave as spin-1/2 Heisenberg chains [128–130].
On the other hand, the VO2 nanorods present different physical properties than the
bulk counterpart. An interesting room temperature mixed phase of an insulating
monoclinic and tetragonal structure, and a broad low-temperature magnetic tran-
sition strongly related to to the displacement of V atoms were reported [131].

Vanadium oxide bronze, β-NaV6O15 has an AFM ordered ground state, while β-
CaV6O15 is non magnetic. This difference was related to the density of V4+ ions.
It is also known that the mixed valency material AxV2O5 with A alkali or alka-
line earth and metals have magnetic and electric properties depending on the x
concentration of the cations [132]. Kondo et al. reported for the first time a trans-
formation from localized moment magnetism to heavy Fermi liquid behavior in the
case of metallic LiV2O4 with normal spinel-structure, containing equivalent V ions
in slightly distorted octahedral coordination by oxygen [133]. The compound has an
ideal tetrahedral arrangement of the 3d electrons, thus making it a heavy-fermion
candidate in frustrated magnets [134].

V3O7 and V6O14 with different organic materials between the layers are formed
by one dimensional zig-zag chains of edge-sharing VO5 pyramids. These systems
exhibit spin-gap behavior explained by a simple model of isolated spin dimers of
V4+. High values of excitation-energy ∆ or the exchange coupling energies J arise
from the kinetic exchange mechanism between the 3dxy electrons of V4+ ions in the
middle of the edge-sharing VO5 pyramids where oxygens are on the same side of
the basal planes [135].

Magnetic properties of undoped and lithium doped VOx-NT (VOx-NT#5)

The magnetic properties of the VOx-NT that will be discussed here have been
analyzed in detail elsewhere [136, 137]. Vanadium ions have mixed valency in
this material as mentioned before, with an average valence count of ∼ +4.4 (i.e.
x ≈ 2.2) [28, 138] obtained from EELS studies. Approximately 60% of magnetic V4+

(3d1,S = 1/2) and 40% of nonmagnetic V5+ (3d0,S = 0) sites are present in the
VOx layers. The magnetic sites were attributed to either individual spins, strongly
gapped antiferromagnetic dimers or trimers [136]. Doping of VOx-NTs with either
holes (iodine) or electrons (lithium) yields to a nonlinear and hysteretic magnetiza-
tion response to applied magnetic fields suggesting the occurrence of ferromagnetism
that persists even above room temperature [39]. This represents a very interesting
result for a small spin 1/2, exhibiting novel functionalities in nanostructered oxides.
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The temperature dependence of the magnetic susceptibility of the undoped VOx-
NT was measured between 2K and 500K but only the results up to 370K will be
analyzed due to material deterioration in high temperatures. The field dependence
of the magnetization was measured at low temperatures between −5T and 5T. The
temperature dependence of the magnetic susceptibility can be described by a Curie-
like behavior at temperatures lower than 100K. Above this temperature a strong
deviation persists. As described earlier in this chapter, the VOx-NT layers contain
three different V sites, V(1) and V(2) in the zig-zag chains, octahedrally coordi-
nated by the O and V(3), tetrahedrally coordinated and positioned in between the
zig-zag chains. The V(3) it is attributed to magnetic V4+ while the V(1) and V(2)
could be either V4+ or V5+ [136]. The spins in the octahedral sites, in the zig-zag
chains are strongly antiferromagnetically correlated. When analyzing the data from
the temperature dependence of the magnetic susceptibility, Vavilova and coworkers
established that the antiferromagnetism at temperatures higher than 100K can be
described in terms of the noninteracting AFM dimers model. On the other hand,
the low temperature magnetic response is governed by free spins as well as longer
chain fragments, i.e. trimers. The vanadium ions coupled in dimers exhibit a spin
gap of order of 700K. The ratio between V4+ and V5+ was suggested by EELS
experiments (60%: 40%) [28]. This ratio has been proved also by magnetization and
51V-NMR [136]. The Curie-Weiss fit (χ= C

T−Θ+χ0 [139]) for temperature ranges
from 2K to approximattely 100K gave a very small Θ of −4K. χ0 should have a
small value, and it represnts a temperature independent contribution to the mag-
netic suscepitibility of the Van-Vleck paramagnetism of the V ions. In the undoped
VOx-NT, χ0=7 ·10−5 emu/mole is found.

Fig. 4.32 illustrates measurements of the temperature dependence of the magnetic
susceptibility for both undoped and doped VOx-NT performed in an applied field
of 1T. There is a clear difference between the undoped compound, with the lowest
magnetic response and the set of 0.05, 0.1, 0.15, and 0.6. Moreover, the Li0.1VOx-
NT has a much higher magnetic response than the materials with other doping
levels. By doping the VOx-NT system with lithium, one expects that some of the
non-magnetic V5+ ions will be reduced to the magnetic ones, i.e. V4+. One might
speculate that some of the V4+ could be reduced further to V3+. This situation is
however unlikely due to low potential window needed for this reaction to take place
which has to be lower than the one used in the present electrochemical synthesis.
The magnetic moment at lower temperatures increases gradually with increasing
the doping level in the LixVOx-NT. In the Li0.1VOx-NT the magnetic response at
low temperatures is roughly seven times higher than in the other lithium doped
compounds. For all doping levels, the Curie Weiss fit was performed. For Li0.1VOx-
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Figure 4.32: Temperature dependence of the magnetic susceptibility for LixVOx-NT
measured in 1 T applied field. The studied doping levels were x = 0, 0.05,
0.1, 0.15, and 0.6.

NT this fit was performed in the temperature range of 2K up to approximately
100K. For the other doping levels the fit was performed for the entire temperature
regime without significant changes in the fittings parameters. The results are shown
in Table. 4.1.

LixVOx-NT C ( emu ·K/mol ·Oe) θ( K) χ0( emu/mole) peff (µB/f.u.)
x = 0.05 0.0332 −2.36 0.0014 0.51
x = 0.1 0.0338 −1.29 0.052 0.52
x = 0.15 0.044 −1.96 0.0016 0.59
x = 0.6 0.088 −2.32 0.0011 0.83

Table 4.1: Results of fitting the Curie-Weiss law to the magnetic susceptibility of
LixVOx-NT with x = 0.05, 0.1, 0.15 and 0.6.

As these results show, the Curie constant C, the Curie-Weiss temperature θ or χ0

do not strongly change with doping. Again, Li0.1VOx-NT makes a discordant note,
in the way that for this doping level the value of χ0 is much higher than in the
other doping levels. The only parameter that does change for x 6= 1 is the effective
magnetic moment peff of the V spins. The effective moment gradually increases with
doping, as indicated by the Table. 4.1 from 0.51µB for x = 0.05 to 0.83µB for the
highest doping level x = 0.6. In fact, this is the expected qualitative result, that,
by doping, more magnetic moments are created. For the high temperature regime
of Li0.1VOx-NT, one could think to follow the same data interpretation as for the
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undoped VOx-NT in the same temperature regime, as described by Vavilova et al.
By fitting this data with a model of strongly interacting AFM dimers, the obtained
results were unreasonable. Although in the undoped compound, there is a clear
evidence for these strong AFM dimers in temperature above 100K, it seems like,
by doping this effect vanishes.
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Figure 4.33: Field dependence in the magnetization of LixVOx-NT measured at 4.2 K
for x = 0, 0.05, 0.1, 0.15, and 0.6.

Fig. 4.33 shows the field dependence of the magnetization measured at 4.2K for
undoped and all the doped VOx-NT. Clearly, the x = 0.1 strongly differs from the
magnetic response at other Li contents, as also described by the temperature depen-
dence of the susceptibility. In order to analyze this field dependence of the magneti-
zation, the data can be fit by a model. The magnetic response at low temperatures
can be described by a linear contribution together with a nonlinear contribution.
The equation for this model is the following: M(H)= χlinH+NBNAµBBs(x). The
first part represents the linear and the second the nonlinear contribution to the mag-
netization results shown in Fig. 4.33. NB represents the number of quasifree spins
involved in this description. χlin is the linear contribution to the M(H) curve. Bs
represents the Brillouin function with x=H+λM , where λ represents the mean-field
parameter. The nonlinearity comes from spin alignment with the applied magnetic
field in this (low) temperature regime. Important for this work was the evolution of
the linear contribution to the field dependence of the magnetization and the number

77



4 Electrochemically doped Vanadium Oxide Nanotubes

0,0 0,1 0,2 0,3 0,4 0,5 0,6

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

5,5

 

 

 2K
 4K

χ lin
ea

r*1
0-3

(e
m

u/
m

ol
)

x in LixVOxNT

(a)

0,0 0,1 0,2 0,3 0,4 0,5 0,6
0

2

4

6

8

10

12

14

 

 

 x in LixVOxNT

qu
as

ifr
ee

 s
pi

ns
 (%

)  2K
 4K

(b)

Figure 4.34: Results of the Brillouin fit at low temperatures, for LixVOx-NT: the evo-
lution over doping of: a) linear contribution to M(H) and b) number of
quasifree spins.

of the quasifree spins. The results are shown in Fig. 4.34. The linear contribution
gradually increases with the doping level. In the case of the measurement per-
formed at 4K, χlin increases from 2.7 emu/mol for Li0.05VOx-NT to 5.1 emu/mol
for Li0.6VOx-NT. The number of quasifree spins increase as well, from 1.2% for the
lowest doping level, to 3.5% for the highest doping level. The Li0.1VOx-NT will be
discussed and analyzed in details later on.

Fig. 4.35 illustrates the field dependence of the magnetization measured at 300K
for undoped and LixVOx-NT. Except the very strong magnetic response for 10%
doping level that will be discussed later on, an increasing of the number of magnetic
sites with doping is visible. As the inset shows, for Li0.15VOx-NT an interesting
feature can be seen in applied fields lower than 0.5T. As it will be shown in the
last part of this chapter, this kind of behavior was also found for a different studied
VOx-NT batches. More details will be given there, where the field dependence of
the magnetization has been measured in smaller steps

From the temperature dependence and field dependence of the magnetic response of
LixVOx-NT, one can clearly see that the magnetic response increases with lithium
doping (electrons). This was proved by gradually increasing of the effective mag-
netic moment obtained from the Curie fit. The strong antiferromagnetism given by
interactions within dimers, found in the undoped case, is not evident in the doped
vanadium oxide nanotubes.

In order to obtain insights into the origin of the unusually strong magnetism found
in Li0.1VOx-NT, a complex experimental study with three different local spin probe
techniques, namely, electron spin resonance (ESR), nuclear magnetic resonance
(NMR) and muon spin relaxation/rotation (µSR) spectroscopies were performed.
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Figure 4.35: Field dependence of the LixVOx-NT magnetization measured at 300 K for
x = 0, 0.05, 0.1, 0.15, and 0.6.

Li0.1VOx-NT For a particular concentration of the Li-dopant a large magnetiza-
tionM which can be easily saturated even at room temperature by a magnetic field
µ0H of about 1T is present in the sample. µSR and NMR measurements give evi-
dence for a bulk nature of the effect. NMR data suggest that the magnetization is
not uniform throughout the sample and that strongly magnetic regions are formed
around the intercalated Li sites. ESR experiments reveal a sharp signal that bears es-
sential features of a superparamagnetic resonance. Li intercalation appears to affect
the charge disproportionation and hence the spin states and magnetic interactions
in the rolled-up VOx layers. It appears that for particular doping levels, nanosized
interacting spin clusters that behave similar to superparamagnetic nanoparticles are
formed.

The field dependence of the Li0.1VOx-NT measured at T=300K, 50K, 2K together
with the undoped VOx-NT measured at T=300K are shown in Fig. 4.36. The main
result of the magnetization study is the observation of a non-linear behavior for the
doping level x = 0.1. At 300K, theM(H) curve practically saturates in a field of ∼
1T at a value of ∼0.1µB per V site with a small subsequent linear increase at higher
fields. The data at 50K and 2K in Fig. 4.36 illustrate that at low T this saturation
is superimposed by a stronger linear contribution to the magnetic response. In the
inset of Fig. 4.36 a part of the field dependence of the magnetization measured at
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Figure 4.36: Field dependence of the magnetization of Li0.1VOx-NT (T=300 K, 50 K,
2 K and x = 0 (T=300 K). The inset shows part of the M(H) loop, at
T=300 K, for x = 0.1.

T=300K is shown. A small hysteresis can be seen with the coercivity 2Hc ∼23mT.
Further insight into the magnetic properties is provided by zero field (ZF) µSR
data. Selected ZF-µSR spectra obtained on LixVOx-NT with x = 0 and x = 0.1,
i.e. for the pristine and the magnetic materials, are shown in Fig. 4.37. For x = 0,
both at 300K and at 20K the data show only a small decrease of the asymmetry
signal A(t) at short times. This clearly implies the absence of magnetic order in this
temperature range. On a longer time scale of µs, there is a decrease due to the slow
relaxation which we attribute to nuclear and fast fluctuating electronic magnetic
moments.

The most important result of the ZF-µSR study on Li0.1VOx-NT is the observa-
tion of a significant and rapid loss of asymmetry at early times. As displayed in
Fig. 4.37(b), most of the relaxation occurs already during the dead time of the
spectrometer (≈ 5 ns). The full asymmetry scale was defined by a subsequent mea-
surement of a nonmagnetic compound. Such a rapid relaxation clearly indicates
that a significant fraction of the muons experiences a local quasi-static magnetic
field. The absence of an oscillating signal proves a broad static magnetic field distri-
bution within the compound. Assuming for a quantitative analysis that a fraction
of a muons experiences both the nuclear and the a electronic static magnetic field,
the data are described by A(t) = (1− a) · e−0.5(σnuct)2

+ a · (2/3e−λT t + 1/3e−λLt).
Here σnuc and λT ,L are muon relaxation rates due to interaction with nuclear and
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Figure 4.37: Selected ZF-µSR spectra at 300 K and 20 K of LixVOx-NT with (a) x = 0
and (b) x = 0.1. The solid lines denote the evaluation of the data with a
function as described in the text. Note the change of the timescale at 0.5µs.

electron spins, respectively [140]. This analysis implies that ∼2/3 of the muons in
Li0.1VOx-NT experience a static magnetic field originating from a magnetic ordered
volume fraction at or in the vicinity of the muon stopping site(s). (Due to the elec-
trochemical doping process, ∼17% of the sample mass is paramagnetic carbon which
contributes only to the slowly relaxing signal). The µSR data hence unambiguously
proof the bulk character of the magnetism found in the static magnetization.

NMR studies on 51V and 7Li shed further light on the effect of Li doping on the local
magnetic properties. The 51V NMR data in Fig. 4.38 a) reveal a gradual increase
of the relative intensity of the low-field fast-relaxing shoulder of the 51V signal
at ∼ 9.16T upon doping. Since this part of the spectrum is associated with the
response of the magnetic ions’ nuclei, shifted due to hyperfine interaction from the
central slow-relaxing nonmagnetic V5+ peak at ∼9.16T [136], its growth indicates
an increasing fraction of magnetic vanadium ions upon Li intercalation and confirms
that the doping process affects the whole sample. Though magnetic ordering usually
creates a shift or splitting of the NMR spectrum, neither was observed for the 51V
signal for the Li0.1VOx-NT sample in a sufficiently wide field range. The absence of
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Figure 4.38: a) Low temperature 51V NMR spectra and b) Temperature dependencies
of the resonance field of 7Li NMR for LixVOx-NT: x = 0 (orange), 0.05
(green), 0.1 (black) and 0.15 (red). Lines are guides to the eye.

the significant loss of its intensity suggests that the large part of V ions does sense
the charge doping but not the internal field.

The situation with 7Li NMR is different: The resonance field of the signal steadily
changes with doping. However, the line shift for x = 0.1 is much larger compared to
x = 0.05 and x = 0.15 (Fig. 4.38 b)). This suggests the presence of an internal field
at the Li sites only for the strongly magnetic Li0.1VOx-NT. The absence of a second
unshifted 7Li line at the expected place between the line positions of Li0.05 and Li0.15

samples indicates that practically all Li nuclei experience internal magnetic fields.

The ESR study of undoped VOx-NTs at a frequency ν = 9.5GHz reveal similar
data to results in [141], i.e. a spectrum comprising two overlapping resonance lines
with slightly different g-factors of ∼ 2.0 and ∼ 1.97. The first line can be assigned to
quasi-free spins associated with V4+(S = 1/2) ions in the tetrahedral position. The
second line is due to V4+ ions in the distorted octahedral coordination which are
coupled magnetically into dimers and trimers [136]. In LixVOx-NTs with x = 0.05,
0.1, 0.15 and 0.6 a systematic evolution of the lines in the ESR spectrum with in-
creasing the Li doping gives evidence for the increasing number of magnetic V4+

ions, and a reduction of the contribution related to spin dimers and trimers, in agree-
ment with the magnetization data (see above). We note that the carbon black used
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Figure 4.39: Inset: ESR spectra (field derivative of absorption) of LixVOx-NT for x =
0.6 (top) and 0.1 (middle) at T = 300K. The "extra" narrow line which
is specific for the strongly magnetic sample with x = 0.1 (marked by the
arrow in the middle spectrum) is singled out by subtracting the top from
the middle spectrum (bottom curve). The central sharp line is due to the
carbon additive. Main panel: T -dependence of the width ∆H and the g-
factor of the "extra" line in the ESR spectrum of x = 0.1. Dash lines are
guides for the eye.

as a conductive additive for the preparation of Li-doped samples partially screens
the penetration of microwaves into the interior of the sample thereby reducing the
signal-to-noise ratio and superimposes an additional ESR line (Fig. 4.39, inset). The
latter can be identified by measuring the carbon additive separately and accurately
subtracted from the spectra. The central result of the ESR study is the observation
of an ’extra’ narrow resonance line in the strongly magnetic x = 0.1 sample. De-
spite the disturbing effect of the carbon line, the ’extra’ line is clearly visible in the
raw data (Fig. 4.39, inset, middle curve) and can be accurately singled out, e.g., by
subtracting from the x = 0.1 spectrum the spectrum of a weaker magnetic sample
with a different Li content (Fig. 4.39, inset, bottom curve). The width of this ’extra’
line ∆H ∼70G is significantly smaller compared to the signals from paramagnetic
V4+ ions whereas the g-factor of ∼ 1.98 is similar. Both ∆H and g change little in
a broad T -region above ∼40K-70K and become temperature dependent at lower
T (Fig. 4.39). As will be discussed below, this narrow signal is directly related with
the ferromagnetic-like behavior of the x = 0.1 sample.

Uniform long-range magnetic order in the low-spin (S = 1/2) vanadium oxides is
not competitive at high temperatures with thermal fluctuations and/or insulator-to-
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metal transitions (see, e.g., [142]). A ferromagnetic-like magnetization up to room
and even higher temperatures is in particular unexpected. However, in the case of
VOx-NTs an alternative cluster scenario of ferromagnetism is clearly corroborated
by µSR and NMR results presented above. µSR data yield about 2/3 of the mag-
netic volume fraction and a broad distribution of static magnetic fields within the
sample. The absence of an appreciable shift of the 51V NMR signal in the ferromag-
netic sample suggests that it originates from the regions outside the ferromagnetic
clusters. The 51V-NMR line shift from the nuclei inside the clusters is expected to
be as big as in magnetically ordered compounds, hence displacing the signal out of
the observation range (see e.g. Ref. [143]). Furthermore, owing to a possible distri-
bution of the clusters’ size, as also suggested by the µSR data, this signal could be
very broad and thus practically undetectable. On the other hand, the 7Li-NMR data
give clear evidence that ferromagnetism is confined to regions around the lithium
site which yields a shift of the 7Li-NMR line by the internal magnetic field inside
the cluster.

Thus one can argue that the Li which is intercalated between the vanadium oxide
layers in the walls of VOx-NTs [138] may play a role of nucleating centers for spin
clusters of different size. In fact, the magnetization data (Fig. 4.36) bear features
characteristic of a magnetic response of superparamagnetic particles with a broad
size distribution, such as, e.g., samples of ultra-fine γ-Fe2O3 particles studied in
Ref. [144]. Specifically, the small hysteresis in M(H) at room temperature suggests
the presence of large clusters with a blocking temperature TB >300K. At higher
external fields they are already saturated and the observed finite slope of M(H)
in this field regime is mainly determined by smaller unblocked superparamagnetic
clusters (TB �300K) [144]. The sharp ESR line with the spin-only paramagnetic
resonance field Hpar

res = hν/gµB observed in the strongly magnetic Li0.1VOx-NTs
sample (Fig. 4.39) can be straightforwardly assigned to a resonance response of those
small unblocked clusters. Above TB the anisotropy field, that otherwise produces
a shift and broadens the signal, is averaged due to thermal fluctuations yielding a
narrow line at Hpar

res (see, e.g. Ref. [145]). At low temperatures one can consider the
shift of the effective g-factor from the spin-only value and the increase of the width
of this signal (Fig. 4.39) as an indication of approaching the TB of the resonating
superparamagnetic clusters. According to the study of the effect of the particle size
on the ESR response in Ref. [146], for small particle size (≈5 nm) the spectrum is
defined by an isotropic and unshifted narrow line. In contrast, for a large particle
size (≈10 nm) the associated anisotropy field is much stronger, therefore, thermal
fluctuations even on a room temperature scale cannot overcome the anisotropic ori-
entation of the magnetic moments. As a result, the spectrum is broad and shifted
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towards lower fields due to the influence of the remaining orientational anisotropy.
Thus, in the case of a broad size distribution, the ESR response of the blocked
clusters in Li0.1VOx-NTs could be smeared out and become unobservable, in partic-
ular, also due to the limited sensitivity caused by the carbon additive as mentioned
above.

Obviously, local charge and structural distortions around an intercalated Li+ ion
as well as nanostructurization of VOx may be crucial for the nucleation of ferro-
magnetic clusters in VOx-NTs. In this respect one can find a striking similarity
with high temperature ferromagnetism (HTFM) with Tc>300K recently observed
in nanostructured diluted magnetic semiconductors (DMS) (see, e.g. [147, 148]).
Adding a small percentage of magnetic TM ions to nanocrystals [147] or nanowires
[148] of nonmagnetic ZnO yields a robust HTFM that was not achieved by doping
the bulk ZnO. The occurrence of structural inhomogeneities on the nanometer scale
concomitant with the charge localization are the key prerequisites for this remark-
able effect. For example, in Ni:ZnO nanocrystals, just by tuning the aggregation of
nanocrystals, one obtains HTFM with a T -independent saturation value and a small
coercivity, very similar to our findings [147]. The stabilization of HTFM in DMS
has been discussed theoretically in terms of collective polaronic effects [149, 150],
namely that bound interacting ferromagnetic polarons may be formed due to ex-
change interaction of localized charges with magnetic impurities, in particular in
the presence of defects. One can conjecture a possible relevance of this scenario
to VOx-NTs in view of some apparent similarities with DMS: (i) - the current-
voltage characteristics of individual tubes reveals a semiconducting behavior with
conductivity decreasing upon Li doping [39]; (ii) - electron doping due to the Li
intercalation creates additional spin centers and (iii) - locally distorts the structure.
A delicate balance between these factors controlled by the Li intercalation may be
the reason for a strong sensitivity of the observed effect to the Li content. At small
doping levels the amount of nonmagnetic V5+ ions (which are the ’holes’ in the
magnetic subsystem) is big enough to prevent the formation of spin clusters. On
the other hand at large Li dopings VOx-NTs turn to a uniform rolled up spin-1/2
plane with predominantly antiferromagnetic interactions which could be much less
sensitive to a perturbing influence of Li-caused defects.

Doping dependence of the magnetic response at room temperature (VOx-
NT#13) Magnetization experiments were performed also on different batches of
vanadium oxide nanotubes. All the results above were performed on batch #5,
which, as also shown by the electrochemical experiments behaves different than the
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Figure 4.40: Temperature dependence of the LixVOx-NT(batch#13) magnetic suscep-
tibility measured in 1000 Oe applied field. The studied doping level were
x = 0, 0.05, 0.1, 0.2, and 0.4.

other studied batches. The results described in this paragraph have been obtained
on VOx-NT batch #13. Using the electrochemical synthesis, five doping levels of
LixVOx-NT were obtained: x = 0.05, 0.1, 0.155, 0.2 and 0.4. For the undoped and
doped material, temperature dependence of the magnetic susceptibility and field
dependence of the magnetization have been measured.

The results from the temperature dependence of the magnetic susceptibility mea-
sured in an applied field of 1000Oe are shown in Fig. 4.40. As visible also from the
figure, the Li0.1VOx-NT again exhibits an extra magnetic moment moment com-
pared with the other doping levels. The undoped VOx-NT batch#13 however has
already different magnetic behavior than the results presented earlier in this chap-
ter. That might be due to possible water intercalation into the compound, or aging
of the material, that could influence the oxidation state in the VOx-NTs. No in-
dication of AFM dimers is found in the data and the Curie-Weiss fit works pretty
well for the whole temperature range. Although not shown, the results are similar
with the other studied batches of vanadium oxide nanotubes. The effective moment
is the only parameter that really changes with doping, indicating the increasing of
the number of the magnetic sites by doping with electrons. The effective moment
for x = 0 is 0.44µB while for the highest doping level it is 0.71µB. χ0 is higher for
Li0.1VOx-NT than for the other doping levels
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Figure 4.41: Field dependence of the LixVOx-NT(batch#13) magnetization measured
at 300 K for x = 0, 0.05, 0.1, 0.2, and 0.4, measured between 0 T-5 T.

From the Curie constants obtained from the Curie-Weiss fit one can calculate the
number of the spins contributing to the Curie-Weiss behavior of the compound
(C=NCWNAµ2

B/kB, where C is the Curie constant, NCW the number of Curie
spins, NA Avogadro’s number, µB the Bohr magneton and kB the Boltzmann con-
stant). For undoped VOx-NT batch#13, the NCW is approximately 6.6% and it
increases gradually with doping until approximattely 17 % for the highest doping
level. Although not shown, for the field dependence of the magnetization at low
temperatures, Brillouin fit were performed, as for the other VOx-NT-see page 77.
The linear contribution and the number of spins were not increasing as much as
in the previous simillarly described results (from VOx-NT#5). The number of the
quasifree spins extracted from these fit results in a lower number than the weakly
interacting Curie-like 1/2 spins. This is shown in Table. 4.2 For the undoped VOx-
NT, 4% resulted, and for the highest doping level 5.4%. This difference between the
NCW and the quasifree spins deduced from the Brillouin fit suport the idea of ex-
isting longer chain fragments, i.e. trimers in the magnetic response of the vanadium
oxide nanotubes. The magnetic response at low temperatures is therefore given by
both the quasifree spins and trimers correlations.

Finally, in Fig. 4.41 the field dependence of the magnetization at room temperature
for both the undoped and doped VOx-NT is illustrated. In all cases, the measure-
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LixVOx-NT NCW (%) NB (%) χlin (10−3emu/mole)
x = 0 6.6 4 2.1
x = 0.05 11.4 6.73 0.32
x = 0.1 13.8 5.1 3.4
x = 0.2 12.4 5 3.2
x = 0.4 17 5.4 4.3

Table 4.2: LixVOx-NT with x = 0, 0.05, 0.1, 0.2 and 0.4- results extracted from fits using
the Curie-Weiss and Brillouin function- see text for details.
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Figure 4.42: Field dependence of the LixVOx-NT(batch#13) magnetization measured
at 300 K for x = 0, 0.05, 0.1, 0.2, and 0.4, measured between 0 T-1 T.

ment was performed between 0T and 5T and back to 0T, in order to observe a
possible hysteresis. The highest magnetic value, for all doping levels, is lower than
in the previously described results. This might be due to the water intercalation, or
other impurities effects that can modify the mixed oxidation state of the compound.
In the case of VOx-NT batch#5 the Li0.1VOx-NT had the maximum magnetiza-
tion value approximately 10 times higher than the other doping levels. In the case of
batch#13, for x = 0.1 this is slightly higher than twice the value of x = 0.05, at 1T
field. This extra magnetic response in Li0.1VOx-NT, from both VOx-NT batch#5
and batch#13 underlines the possibility that an optimum doping level is needed
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to achieve the modification of magnetic properties of VOx-NTs. Fig. 4.42 shows the
same field dependence but in smaller applied fields. A clear non-linear field depen-
dence is observed for the x = 0.1 doping level in fields up to 0.2T. Interestingly, this
curvature is not present in the undoped VOx-NT, then it is slightly present in the
x = 0.05, it has the maximum signature at x = 0.1 and it vanishes at higher doping
levels as shown in Fig. 4.42. The observable hysteresis in this field dependencies is
very small, or not present. This data suggest again that approximately 10% lithium
doping represents the doping level where the paramagnetic behavior of the undoped
VOx-NT is modified.

4.3 Conclusion

Mixed valency VOx-NT with structure similar to BaV7O16nH2O (n = 4.4) have
been studied by means of electrochemical and magnetic investigations. Different
batches of these vanadium oxide nanotubes have been studied using electrochemi-
cal techniques: cyclic voltammograms and/or potentiostatic or galvanostatic exper-
iments. All of them show similar results, with one electron transfer during discharg-
ing and charging of the material in a two-electrode like setup. This electron transfer
is attributed to the reduction of the non-magnetic V5+ ion to the magnetic V4+.
The performances obtained from electrochemical experiments are comparable with
results on similar nanostructures from literature. The specific discharge capacity
of VOx-NT studied in this work have values around 150mAh/g. In literature, ap-
proximately 160mAh/g have been found for template free VOx-NT [22] and values
around 80mAh/g, 120mAh/g or 150mAh/g for cations exchanged VOx-NT, de-
pending on the cations nature (Na, K or Ca). The theoretical capacity is 370mAh/g,
for the unlikely total reduction of V5+ to V3+. Slight differences are encountered
between the electrochemical properties of these vanadium oxides batches. These
differences might arise from small deviations from the 4.4+ mixed valency or due to
different water content in the vanadium oxide nanotubes. Therefore, the properties
of VOx-NT as a cathode material in lithium batteries are satisfactory, although
they still need to be improved.

Lithium doped vanadium oxide nanotubes have been obtained through electro-
chemical synthesis. In this way, precise lithium concentration has been obtained
for LixVOx-NT, where 0≤ x ≤0.6. Initially LixVOx-NT batch#5 with x=0, 0.05,
0.1, 0.15 and 0.6 have been studied. Using three different local spin probe tech-
niques like ESR, NMR and µSR, together with static magnetic susceptibility, an
interesting and unexpected result for a low-spin vanadium oxide has been proved.
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Optimal lithium concentration of 10% drastically changes the magnetic properties
of the compound. The undoped VOx-NT show paramagnetic response at 300K.
By doping, the number of magnetic sites has been increased. Moreover, the 10%
lithium doping turns the compound into a strongly magnetic material exhibiting
high temperature ferromagnetism, due to formation of nanosize interacting ferro-
magnetic spin clusters around the intercalated Li ions. Such clusters behave as an
ensemble of superparamagnetic particles with a broad size distribution whose big
magnetic moments can be easily aligned by a moderate magnetic field even at room
temperature. The robustness of the ferromagnetic spin structure may be suggestive
of its collective polaronic nature as it has been discussed in [151]. In the undoped
VOx-NT Vavilova and coworkers [136] described the high temperature magneti-
zation as being governed by strongly AFM dimers interactions with a spin gap of
700K. In the LixVOx-NT with x=0, 0.05, 0.1, 0.15 and 0.6 these strong interactions
seem not to be present. If the Curie-Weiss fit is applied for these doped samples,
the only parameter that gradually changes with the doping level, is the effective
magnetic moment (except χ0 for x = 0.1 doping level). By doping, more magnetic
sites are created, resulting in a higher effective magnetic moment for higher doping
levels.

LixVOx-NT batch#13 with x=0, 0.05, 0.1, 0.155, 0.2 and 0.4 has been studied as
well by means of static magnetic susceptibility. Differences between the two different
batches of undoped VOx-NT appear, probably due to different oxidation state of
the V ions and water content. Presence of strong AFM has not been found in neither
undoped nor doped VOx-NT in the second case. By doping with lithium, the same
result of increasing the effective magnetic moment has been achieved. A clear non-
linear field dependence of the magnetization has been observed for Li0.1VOx-NT in
fields up to 2T, at room temperature (300K). This non-linearity is not present in
the undoped VOx-NT but it is visible in Li0.05VOx-NT and it has the maximum
signature at Li0.1VOx-NT. It can still be observed in Li0.155VOx-NT. These results
show a clear dependence upon doping of a big magnetic moment which can be easily
aligned by a relatively small magnetic field, even at room temperature.
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Sr2CuO2Br2

5.1 Cuprate Superconductors

In 1986, Bednorz and co-workers discovered the High Temperature Superconduc-
tivity (high Tc SC) in the BaxLa5−xCu5O5(3−y) system with x = 1 or 0.75 and
y > 0 [152]. The appearance of superconductivity in this kind of material was unex-
pected. Many layered compounds have been synthesized in order to elucidate details
of the magnetic properties of this kind of materials.

Figure 5.1: Schematic doping phase diagram of electron and hole-doped high-Tc.
Adapted from Ref. [153].

The common feature in all high Tc superconductors is the set of n number of
CuO2 planes, separated by the nonmetallic charge reservoir layers [154]. High Tc
SC can contain one CuO2 plane per unit cell (single-layer compounds, for example
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La2−xSrxCuO4 or Nd2−xSrxCuO4), or two layers of CuO2 planes (double-layered
compounds, for example BiSr2CaCu2O8 or YBa2Cu3Oy), and even a larger number
of n planes [155]. High Tc superconductivity is achieved when a sufficient density of
electrons (yielding to electron doping) or holes (yielding to hole doping) is inserted
into cuprate compounds with special physical properties, by chemical substitution
or deviations from O stoichiometry. The transition temperature Tc is influenced by
the number n of CuO2 planes. It increases with increasing the number of CuO2

planes per unit cell.

Fig. 5.1 illustrates the phase diagram of both electron and hole doped superconduc-
tors. La2−xSrxCuO4 represents one example for a hole doped superconductor. The
undoped compound La2CuO4 is a Mott insulator. In La2CuO4, La has the oxida-
tion state +3, O has −2, and therefore the resulting oxidation state for Cu is +2,
with 3d9 electronic configuration. Having one hole in the d shell, band theory for
a half field band would imply a metallic behavior. In fact, due to strong electron-
electron repulsion effects the compound is an AFM insulator. La2CuO4 has a Neél
temperature TN of approximately 300K, and shows strong AFM correlation above
this temperature [154]. When La3+ is replaced by Sr2+ resulting in a hole-doping
process, the Cu2+ AFM ordering is drastically suppressed as visible in Fig. 5.1, in
the low hole-doping region. Above x≈0.02 the AFM ordering is completely sup-
pressed, but according to Kastner et al. two-dimensional short range correlations
are present [156]. An optimal doping level, x = 0.15 is established for the highest
Tc=40K in La2−xSrxCuO4. The SC dome in Fig. 5.1, the hole-doped side, can be di-
vided in an under doped and an over doped region. When the number of introduced
holes x is lower than the doping level for which the maximum Tc was obtained it
represents the under doped region. In this region the Tc increases with increasing
the doping level. After the doping level where Tc is maximum, it follows the over
doped region, where Tc decreases with increasing the doping level. When T>Tc the
pseudo gap region is present with an onset T? which decreases with increasing the
doping level. This pseudo gap was related to superconducting pairing at T>Tc [155].
The region in the phase diagram, outside this pseudo gap region it is represented by
the so-called strange−metal region, possibly characterized by a quantum critical
point lying under the SC dome [154]. Transport experiments suggested that the
high-field non superconducting state is described by an insulator for x lower than
the optimal doping level, and by an metal when x is higher than the doping level
at which Tc is maximum [157].

A candidate for an electron doped superconductor is represented by
Nd2−xCexCuO4. It contains single CuO2 planes, separated by oxygen layers. For
x = 0 the Cu valency is +2. Nd2−xCexCuO4 has no apical oxygen, as in the case of
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La2−xSrxCuO4. When x electrons are added to the CuO2 planes, the AFM transi-
tion is persistent until higher doping levels than for hole-doped electrons (x≈0.14).
Right after this, the superconductivity appears until x<0.2. As shown in Fig. 5.1,
the SC dome in the case of electron-doped superconductors is more narrow than
the one for hole-doped superconductors.

Doping with either holes or electrons a 2D Mott insulator still remains a challenge of
discovering all possible contributions and the interplay of different magnetic states.
Nevertheless, the magnetic properties of copper oxides compounds are clearly influ-
enced by strong electron-electron correlations, like for example the Coulomb repul-
sion [158].

When searching for new methods to modify the electronic structure of crystals, the
one where an alkaline-metal would be intercalated in order to obtain electron doped
superconductors seemed a promising method. By doping, electrons are transferred
from the alkaline-metal ions to the host compound. The electronic structure is then
altered by the intercalation between the layers of the guest species that act as elec-
tron donors or acceptors. One example in this direction is given by β-ZrNCl, which
when doped with 16% of lithium becomes superconducting with Tc of 12.5K [159].
The compound contains ZrN double layers as shown in Fig. 5.2, each of which sand-
wiched between two close-packed Cl layers. When doping with Li, electron transfer
occurs to the ZrN layers, and semiconducting β-ZrNCl is changed into a metallic
superconductor.

This compound is part of the β-M’NX family with M ′= Zr, HF and X= Cl,
Br, I. All these compounds can be intercalated with lithium, resulting in super-
conducting materials with Tc of about 12.5K [159] for Li0.16β-ZrNCl and 25.5K
for Li0.48(THF)yHfNCl [161]. LixASr2Nb3O10 [162] with A= Rb,Cs as well as
LixSr2CuO2X2 with X= Br, I [163] are examples of the perovskite structures
which become superconducting by doping with lithium using electrochemical tech-
niques. Layered niobates LixACa2Nb3O10 (A=K,Rb,Cs) with triple layered per-
ovskite structure NbO6, show superconductivity below 5K [162]. Li-intercalation by
a chemical technique using n-butyl lithium leads a Tc of approximately 1K [164].
In contrast, an electrochemical technique used for Li intercalation increases in some
cases the superconducting transition temperature to 5 -6K [162, 163]. Interestingly,
the value of Tc is independent on the amount of Li intercalated into the structure.
However Tc in these compounds is much lower than for high Tc superconductors
although the structures are similar.

Sr2CuO2X2 is a member of the Ruddlesden-Popper phases, a layered perovskite with
a K2NiF4 structure. Its structure is similar to that of (La,Sr)2CuO4, and shown in
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Figure 5.2: Crystal structure of LixZrNCl: red represents Li, light blue Zr, blue N, and
green spheres represents Cl ions [160].

Fig. 5.3. (La,Sr)2CuO4 consists of single CuO2 planes separated by two rock salt
layers, forming CuO6 elongated octahedra exclusively sharing corners. Out-of-plane
oxygen ions (apical oxygen) at the apices of the CuO6 octahedra in this compound
are replaced by X− ions in Sr2CuO2X2, therefore the similarity between the two
compounds. The (La,Sr) are replaced by Sr. In the rock-salt layer of Sr and X,
Sr2+ ions shift slightly towards the nearest CuO2 plane. In contrast, the X− ions
shift away from the CuO2 plane. This effect appears due to the larger radius of X−

compared to O2− and the smaller Coulomb attraction between Cu2+ and X−. In
this way, X−- X− double layers are formed. The electro positive Li+ ions can be
intercalated between these electronegative layers, which are weakly bound through
the van der Waals force.

In A2CuO2X2 systems with A= alkaline earth metal and X= halogen, with apical
halogen ions X, both Sr2CuO2F2+x with Tc of 46K [168] and (Ca,Na)2CuO2Cl2
with Tc of 26K [169] are hole doped superconductors. Hole doped carriers were
attempted to be introduced into Sr2CuO2Cl2 by substitution of Sr sites with Na
without any success. The Cu-O bond length of Sr2CuO2Cl2 may be too long for
hole-doping [170].
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(a) (b)

Figure 5.3: Crystal structure of a) Sr2CuO2X2 with X= Br, Cl, I [163] and b)
(La,Sr)CuO4, adapted from Ref. [165].

The type of carriers that can be doped into the CuO2 planes changes from hole-like
in (La,Sr)2CuO4 to electron-like in LixSr2CuO2X2 due to the increase of the a-axis
length from 3.78 Å in (La,Sr)2CuO4 to 3.97 -3.98 Å in Sr2CuO2X2. This indicates
that a longer a axis is important for the appearance of electron-doped superconduc-
tivity [170–172].

In this chapter, the electrochemical testing of Sr2CuO2Br2 will be shown. Using
electrochemical techniques, LixSr2CuO2Br2 with different doping level x have been
synthesized. The effect of doping on the magnetic properties of the compounds will
be analyzed in terms of static magnetic susceptibility.

5.2 Properties of electrochemically doped
LixSr2CuO2Br2

5.2.1 Electrochemical characterization and synthesis

The Sr2CuO2Br2 polycrystalline host compound used in this work was synthesized
as in [173]. SrCuO2 was prepared by reacting stoichiometric amounts of SrCO3 and
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Figure 5.4: Cyclic voltammograms for: a) this work, on Sr2CuO2Br2 with 0.05 mV/s and
0.02 mV/s sweeping rate; b) Sr2CuO2X2, X= Br, Cl with 0.1 mV/s [163].

CuO powders. These were mixed, ground and heated in air at 925◦C for 10h. The
powder was then pulverized, pressed into pellets and sintered at 950◦C for 20 h. After
the single phase SrCuO2 was obtained, it was mixed with a stoichiometric amount of
SrBr2, pressed into pellets and then sintered at 825◦C for 24 h. The Sr2CuO2Br2 was
then mixed with naphtalene of 30 wt%, pelletized and then sintered again at 600◦C
for 6 h to obtain porous Sr2CuO2Br2 suitable for lithium intercalation. However,
because the pellets would have been too thick for the electrochemical experiments,
in this work they were grinded and powder was placed in the Swagelok cell used for
the experiments.

Cyclic voltammetry

In order to investigate the electrochemical behavior of Sr2CuO2Br2, cyclic voltam-
metry and potentiostatic experiments were performed. All the experiments were
performed in the two-electrode Swagelok-like cell. After testing the material, gal-
vanostatic experiments were performed in order to obtain the final lithium interca-
lated LixSr2CuO2Br2 used for magnetization measurements.

Fig. 5.4 shows a comparison of CV of Sr2CuO2Br2 cycled in a two electrode type cell
using LiPF6 in DMC/EC, and data from literature, where a three electrode type
set up and LiClO4 dissolved in Propylene carbonate (PC) as electrolyte, were used.
Kato and coworkers have used pelletized material while in this work the material
used, without any additional carbon, was ≈20mg of powder placed onto the positive
current collector. The result of CV experiments of the work at hand are shown in
Fig. 5.4(a). The starting potential was 3.02V in the case of the experiment done with
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0.05mV/s, and 2.4V in the case of 0.02mV/s sweeping rate. In both experiments,
the potential was linearly scanned between 0.3V and 3.05V, starting with discharge,
i.e. lithium insertion. The two experiments were performed on two different cells.
Once the discharging of the cell is started, both experiments show a steep increase of
the reduction current at approximately 1.6V. The current peak reaches a maximum
at ≈1.35V, showing clearly that here the electron transfer has its maximum, and
therefore the lithium intercalation into the structure takes place. The peak position
remains nearly at the same potential for the two performed experiments. In the case
of 0.05mV/s this peak has a pronounced shoulder around 0.9V. For the second case,
with 0.02mV/s sweeping rate a peak around 1V is found. This might be due to side
reactions and secondary reactions in the experiment, like electrolyte decomposition
or weak short circuits. Upon charging, no matching oxidation peak is found. That
implies that the intercalated Li during the discharging process remains there when
the material is charged. Therefore, no significant lithium extraction takes place
during oxidation of the compound, i.e. the Li intercalation is not reversible below
3V.

The main reduction peak present in Fig. 5.4 takes place at different potential, for the
experiments performed in this work, and for those from the literature. In Fig. 5.4(a)
the electron transfer is positioned at ≈1.35V, whilst in the literature it is at much
lower potential, i.e. 0.8V. This difference can be well explained by considering the
different setup used for the two experiments, the electrolyte with lower ionic con-
ductivity and viscosity used for results from the literature, as well as the sample size
that can decrease the electronic conductivity of the positive electrode. Moreover,
Kato et al. have used a setup that causes higher polarization which in turn shifts
reactions to lower potentials. The shoulder that is present around 1V in Fig. 5.4(a)
is not seen in the data from literature. The rapid increase of the reduction current
in Fig. 5.4(b) was assigned to Li deposition on the electrode surface which usually
occurs close to 0V.

Electrochemical synthesis

Using information from the CV experiments, one can conclude that the Li interca-
lation reaction takes place at voltages were the pronounced reduction peak is found
i.e. between 1.6V and 1.1V.

Fig. 5.5 shows the result of galvanostatic experiments performed for synthesizing
LixSr2CuO2Br2. The electrode material contained pure Sr2CuO2Br2. The starting
potential for the four different cells are slightly different, ranging from 2.2V to
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Figure 5.5: Galvanostatic synthesis of LixSr2CuO2Br2.

3.13V, possibly due to small short circuits or similar side effects that might appear
while handling the cell. In all experiments, the constant current was applied until
the desired amount x of Li per formula unit was intercalated. Therefore, x = 0.05,
0.1 and 0.15 doping level in LixSr2CuO2Br2 were obtained. Different experimental
conditions, i.e. usage of the 1/2 inch (red curve) and 1 inch (green curve) diam-
eter swagelok cell lead to different Potential- Composition curves as can be seen
in Fig. 5.5. Clearly, all the curves show the same general behavior, with a slight
minimum at approximately 1.6V. They do not coincide due to slight variations of
the construction of the electrochemical cell indicated also by different values of the
starting potentials, but in all cases the lithium intercalation process takes place in
the same potential range.

The galvanostatic mode used in the synthesis of material in Fig. 5.5, was performed
with a small constant current applied (≈0.03mA), and it resulted in a slow Li
intercalation process (one Li per formula unit intercalated in 100 hours). This route
has been chosen to allow a homogeneous lithium intercalation. Contrary, for similar
experiment in the literature, a constant potential was applied (potentiostatic mode)
matching the potential of the reduction peak found in the CV experiment (see
Fig. 5.4(b)), i.e. 0.5V. This method takes the system away from the equilibrium
potential of ≈3V and causes a very fast Li intercalation, which for this system
might affect the properties of the intercalated material.
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5.2.2 Magnetic properties of LixSr2CuO2Br2

Type I superconductors exhibit zero dc electrical resistance and perfect diamag-
netism. They are perfect diamagnets for applied fields lower than the critical tem-
perature Tc and critical field Bc, and become normal in higher temperature and
fields. Many of the pure metals are Type I superconductors. Type II superconduc-
tors are usually made of metal alloys or complex oxide ceramics. Type II supercon-
ductors are also perfect conductors of electric current, with zero resistance, but their
magnetic properties are more complex. A type II superconductor totally excludes
magnetic flux in the Meissner state when the applied magnetic field is below the
lower critical field Bc1. Flux is only partially excluded when the applied field has
a value in between Bc1 and Bc2. When the applied field is higher than the upper
critical field Bc2 the material is in its normal state [174].

Undoped Sr2CuO2Br2

Figure 5.6: The magnetic unit cell of Sr2CuO2Cl2. Black, white, red, green and blue
spheres represent Cu(⇑), Cu(⇓), O, Cl and Sr atoms. The spins of the Cu
atoms are shown as arrows [175].

A good example of a spin-1/2 square lattice Heisenberg antiferromagnet (AFM)
model system is given by the body-centered tetragonal K2NiF4-type compound
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Sr2CuO2Cl2 [173, 176, 177]. This material is isostructural with the one studied in
this chapter, Sr2CuO2Br2, containing flat CuO2 sheets where adjacent CuO2 sheets
are separated by two nonmagnetic SrCl layers [178]. The Sr2CuO2Cl2 compound
undergoes a 3D AFM phase transition below TN= 25 1± 5K [175] with a magnetic
structure (see Fig. 5.6) similar to that of La2CuO4. AFM long-range order of the
Cu2+ spins is a well known property common to a variety of insulating members
of the cuprate family of superconductors. Above the Néel temperature TN , the
temperature dependent magnetic susceptibility χ(T) of these compounds is very
similar to each other and is dominated by strong superexchange interactions between
the Cu2+ spins in the CuO2 planes [179–181].

Different attempts to measure the magnetization of the undoped Sr2CuO2Br2 used
in this work were performed. The compound is relatively sensitive to air. Therefore,
its magnetization for both the undoped and the doped material was measured using
the sealed quartz tube as described in section 3.2. Using the SQUID no reasonable
magnetic signal arising from the investigated material was found. In order to get
information about the undoped compound, zero field (ZF) Muon Spin Relaxation
(µ+SR) measurements were performed by H-H. Klauss and coworkers in the Paul
Scherrer Institut in Villingen, Switzerland.
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Figure 5.7: Muon spin precession frequency versus temperature for Sr2CuO2Br2. Note
that the lines are guides to the eye. Courtesy of H.-H. Klauss and cowork-
ers [182].

In Fig. 5.7, the muon study, namely the muon spin precession frequency versus tem-
perature, measured for Sr2CuO2Br2 is illustrated. In ZF µ+SR, if the muon site is
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localized below TN , i.e. no muon diffusion occurs, the temperature dependence of
the muon precession frequency reflects the sublattice magnetization [183]. ZF µ+SR
on Sr2CuO2Br2 shows a spontaneous muon spin precession frequency of ≈15MHz
indicating magnetically long range ordered phase below 230K. Below this tem-
perature, long-living oscillations in the muon polarization are characteristic of long
range static magnetic order. This frequency totally disappears above 230K, indicat-
ing the disappearance of the long range magnetic order above the Néel temperature
TN≈230K. Below 80K a second frequency of 22MHz with a signal fraction of 20%
of the total signal amplitude is found, indicating a spin reorientation transition at
this temperature. This can be explained by either an intrinsic effect of possible spin
reorientation in the material or, by an effect of a possible change of the muon sites
at low temperatures. The internal field at the muon sites can be affected by either
a dipolar field from the Cu-spins or by the hyperfine field due to the finite electron
spin density at the µ+ site (fermi contact interaction). In this kind of material the
contribution of the hyperfine field is likely to be small, therefore, the contributions
to the local field are most probably mainly from the Cu moments in several nearest
cells.

Similar studies of temperature dependence of the muon spin precession frequency
have been performed on Sr2CuO2Cl2 having the same crystallographic structure as
the compound studied in the present work. Here, the frequency is sharply reduced
above 250K and totally disappears at approximately 270K, in agreement with neu-
tron experiments from which TN≈250K was found [176]. The muon spin preces-
sion frequency observed above 60K splits into two lines below this temperature.
A peak around 50K in the magnetization versus temperature measured in H=3T
suggested that the splitting mentioned above is caused by some intrinsic changes
of the magnetic structure of Sr2CuO2Cl2, probably a Cu-spin reorientation. The
second frequency line in Sr2CuO2Br2 and Sr2CuO2Cl2 differs, being larger for the
first one. This might be due to either a different muon site or a different magnetic
structure 80K.

In conclusion, the temperature dependence of the muon spin precession frequency
of Sr2CuO2Br2 exhibits properties similar to the 2-d spin-1/2 Heisenberg antifer-
romagnet Sr2CuO2Cl2. The substitution of Br or Cl for the apex oxygens leads to
different properties compared to La2CuO4, e.g. larger c-axis parameter (20% larger
than in other cuprate compounds) and smaller Madelung potential at Cu site for
introducing an electron [177, 183]. The Neél temperature for Sr2CuO2Br2 used in
this work has been established to 230K using ZF µ+SR studies.
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Doped LixSr2CuO2Br2

Although Sr2CuO2Cl2 was one of the first candidate for an electron doped super-
conductor, this material was not successfully doped by now [163, 184, 185]. In this
work, Sr2CuO2Br2 was successfully intercalated with lithium, i.e. electron doped,
using the electrochemical techniques described earlier in this thesis. Galvanostatic
experiments were performed and different doping levels were achieved: x = 0.05,
0.1 and 0.15 in LixSr2CuO2Br2.

The magnetic properties of LixSr2CuO2Br2 were investigated with a SQUID mag-
netometer. The samples were inserted into the SQUID at 120K. The temperature
was then decreased to 2K with no applied field. At this temperature a very small
field H was applied and the first zero field cooled (ZFC) magnetization M was mea-
sured up to 50K. After the last point was measured at this temperature, the field
was maintained and the temperature was decreased again to 2K, and here the field
cooled (FC) measurement started up to 50K. The field dependence of the magneti-
zation for different temperatures was measured at low fields, between −200Oe and
200Oe. For 2K, the field dependence was measured up to 1T.

Temperature dependence of the magnetic susceptibility

The temperature dependence of the magnetic susceptibility (χ = M/H) in ZFC
and FC conditions for LixSr2CuO2Br2 has been measured in 2Oe and 20Oe applied
field. In ZFC conditions, when such a small field is applied, it is reasonable to assume
that the superconductor (SC) exhibits diamagnetic shielding or flux exclusion. This
means that the magnetic field fails to penetrate the material. Ideally χ = −1/4π
(in CGS units or -1 in SI units) for complete flux exclusion. Under FC conditions,
the field is applied when the material is still in the normal state, at a temperature
above Tc. After cooling below Tc in this conditions, and then starting to record
the susceptibility χ as a function of the applied field, the SC exhibits the Meissner
effect or flux expulsion.

For the same applied field and the same temperature, T < T c a type II SC expels
less flux when it is FC than it excludes when it is ZFC. The difference between
the amount of excluded flux and the amount of expelled flux is the trapped flux
sometimes called the pinned flux. Therefore, the magnitude of χ is smaller for the
Meissner effect (FC) than for the diamagnetic shielding (ZFC) [186].

The diamagnetic susceptibility resulting from the superconducting shielding cur-
rents for Li0.15Sr2CuO2Br2 is illustrated in Fig. 5.8. Values of the susceptibility χ
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Figure 5.8: Temperature dependence of the magnetic susceptibility for
Li0.15Sr2CuO2Br2 in 2 Oe applied field measured on warming for ZFC
(open circles) and FC (closed circles). The transition temperature Tc≈9.2 K
is evidenced by the arrow. The Tc has been chosen as the first point situated
on the dashed line.

taken from the ZFC experiment measured in 2Oe applied field are higher than those
measured in 20Oe (not shown in the figure). This might be a sign of superconduct-
ing grains weakly coupled by Josephson contacts. This was established also for high
Tc superconductors such as La1.85Sr0.15CuO4 [187]. In units of 4π the magnetic sus-
ceptibility is −0.18 at 2K for x = 0.15, as shown in Fig. 5.8 in the scale on the right
hand side of the graph. This indicates that the susceptibility in this case represents
18% of a perfect diamagnet susceptibility.

Similar results, illustrated in Fig. 5.9, on Li0.15Sr2CuO2Br2 have been performed by
Kajita et al. They established a superconducting behavior below Tc= 8K [163, 171,
172]. The superconducting transition temperature Tc shows almost no dependence
on the lithium doping level in this material.

The value of the susceptibility at 2K performed in the work at hand, illustrated in
Fig. 5.8 is roughly twice than that in Fig. 5.9, indicating a stronger superconductivity
in the Li0.15Sr2CuO2Br2 studied in this work. In addition, the Tc obtained in this
work slightly increases compared with results from literature.
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Figure 5.9: Temperature dependence of the magnetic susceptibility for
Li0.15Sr2CuO2Br2 in 3 Oe applied field measured on warming for ZFC
(open circles) and FC (closed circles). The inset indicates the transition
temperature Tc=8 K. Adapted from [171].
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Figure 5.10: Hysteresis loops obtained in low applied fields for Li0.15Sr2CuO2Br2 at
T=2 K.
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The superconductivity of the LixSr2CuO2Br2 was also analyzed by means of the
field dependence of the magnetization. The studied compound is the same that
gave the diamagnetic response in Fig. 5.8. Fig. 5.10 illustrates the hysteresis loop
measured at T=2K between −200Oe and 200Oe. At low fields M(H) is linear and
diamagnetic, i.e. smaller than zero. Then M(H) turns upwards, changes the slope
and reaches a minimum at approximately 80Oe. In the field dependence of the
magnetization when the field limit is reached, i.e. 200Oe and then decreased, a
strongly irreversible behavior is seen. This can be understood by the presence of
superconducting grains coupled weakly by a network of Josephson contacts. At low
fields, the shielding is governed by Josephson currents. When the shielding currents
are higher than the critical Josephson currents, the flux can penetrate the region
between the superconducting grains. At higher fields each grain is screened indi-
vidually and therefore, the shielded volume is reduced as it is shown in Fig. 5.11 in
fields higher than approximately 0.18T. Upon reducing the field the flux is trapped
between the grains, giving rise to hysteresis effects as can be seen in Fig. 5.10. From
these measurements the lower critical field Bc1 can be determined [167, 188]. Bc1
is reached at fields for which the magnetization versus the field deviates from the
initial linearity [189]. From Fig. 5.10, Bc1 of approximately 40Oe is derived. Usu-
ally, careful field dependences of the magnetization have to be completed in order
to estimate Bc1. Hence, the result above is a rough determination.

Fig. 5.12 illustrates the field dependence of the magnetization for temperatures rang-
ing from 2K, starting on top, in the left hand side down to 10K. As the temperature
is increased towards the critical temperature Tc≈9K, the magnetization versus the
applied field decreases and it becomes almost linear and paramagnetic in field, for
temperatures T > T c. This can be seen in the measurement at T=10K. This be-
havior suggests that the magnetic phase of the normal state is antiferromagnetic.
As it has been shown from µ+SR experiments one can actually expect this behav-
ior. However, the data imply the presence of a small ferromagnetic signal with a
remnant magnetization of 1.45 ·10−5µB. One possible explanation for this might
be represented by spin canting, due to a non-collinearity of AFM alignment of Cu
neighboring spins in the undoped compound. This contribution to M(H) is also vis-
ible at higher fields for T=2K as visible in Fig. 5.11. Therefore, one can say that the
compound is not completely superconducting but also contains antiferromagnetic,
normal conducting regions. Over the measured temperature range it is clear that
the behavior is that of a typical type II superconductor, modified by a constant
background slope resulting from the antiferromagnetism, plus possibly weak ferro-
magnetism arising from spin canting. This kind of behavior has been observed also
for other high Tc superconductors, e.g. (Y0.8Ba0.2)2CuO4 [190].
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Figure 5.11: Hysteresis loop obtained in high applied fields for Li0.15Sr2CuO2Br2 at
T=2 K. The inset is a guide for an estimation of the upper critical field
Bc2.

Material Instability

Different attempts to obtain superconducting materials by lithium doping of
Sr2CuO2Br2 were undertaken. The magnetization showed a clear dependence on
the time between the electrochemical synthesis and the measurements. The SC be-
havior for the sample with x = 0.15 shown earlier in this chapter has been measured
right after the electrochemical synthesis was performed.

In Fig. 5.13 the temperature dependence of the magnetic susceptibility for the sam-
ple with x = 0.05 and x = 0.15 measured in a field of 7 Oe, 3 days after the synthesis
is shown. In the inset of the figure the susceptibility of the sample with x = 0.15
measured right after the synthesis (green curve) is compared to the sample that was
stored 3 days (blue curve) in a Ar-dry box before the measurement was performed.
As a result χ(T=2K) of the aged sample is approximately 17 times smaller than the
fresh sample, with a superconducting volume fraction of 0.09% compared to 18%.
When synthesising the LixSr2CuO2Br2, it might be that the lithium intercalation is
not homogeneously in the sample. Therefore, part of the sample might have enough
intercalated Li in order to show superconducting behavior. Over time and thermal
equilibrium, the superconducting fraction in the sample might be affected, and the
SC will not be found anymore. It is possible also that the SC appears for a restricted
doping level, which might be affected by lithium diffusion.
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Figure 5.12: Hysteresis loops obtained in low applied fields for Li0.15Sr2CuO2Br2 at
2 K ≤ T ≤ 10 K.

5.3 Conclusion

Sr2CuO2Br2 has a similar structure with (La,Sr)2CuO4, the mother compound
of hole doped superconductors La2−xSrxCuO4. Electrochemical experiments per-
formed on Sr2CuO2Br2 in this work present superior results than similar achieve-
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Figure 5.13: Temperature dependence of the magnetic susceptibility in 7 Oe applied field
for LixSr2CuO2Br2 for x = 0.05 and 0.15. ZFC measurement is represented
by the open circles while the FC by the closed circles. The inset shows χ(T)
for the fresh (green curve) and aged (blue curve) 0.15 doping level.

ments in the literature. Using muon spin relaxation measurements, long range mag-
netic order in the undoped Sr2CuO2Br2 has been established below TN≈230K.

LixSr2CuO2Br2 was synthesized by electrochemical techniques and showed clearly
type II superconductivity for x = 0.15. The superconductivity was studied by means
of temperature dependence of the susceptibility measured in low fields and field de-
pendence of the magnetization measured at temperatures ranging from 2 K to 10 K.
The superconducting transition temperature was established at approximately 9 K.
From these measurements one can see that the material consists of superconducting
grains weakly coupled by Josephson contacts. The lower critical field was approxi-
mated to 40Oe. A coexistence between superconductivity, antiferromagnetism and
weak ferromagnetism due to spin canting was deduced from magnetization versus
field experiments at various temperatures and low fields.

Using electrochemistry as the method to synthesize lithium doped Sr2CuO2Br2,
superconductivity with 18% superconducting volume fraction has been successfully
obtained. The data presented here, represent the beginning of a future work on this
compound, by means of magnetization studies, as well as possibly other methods,
such as µ+SR among others.
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6 Electrochemically doped MnO2
nanostructures

6.1 Manganese oxide compounds

One dimensional objects such as nanowires and nanorods represent a big challenge
for synthesis due to their peculiar properties and potential applications. The advan-
tages of nanomaterials were described in detail at the beginning of this work. Special
attention was attributed to manganese oxide, along with its various derivative com-
pounds. These materials have stimulated notable interest due to their outstanding
flexibility associated with novel chemical and physical properties for possible ap-
plications, such as molecular sieves, catalysts, magnetoresistance devices, lithium-
insertion solid state batteries, cathodes and anodes in aqueous electrochemical ca-
pacitors [191–196]. The low cost and the abundance of this material represents a big
advantage for its usage as cathode material, as well as its safety to over-charge con-
ditions compared to intensively used LiCoO2 or LiNiO2 [197]. This advantage comes
from having the thermodynamically stable nature of Mn(IV ) in the MnO2, whilst
Co(IV ) in LiCoO2 or Ni(IV ) in LiNiO2 are thermally unstable [198]. The common
material MnO2 is known to be non-toxic and versatile. Compared with vanadium
compounds, these materials have higher electrode potentials, around 3.9V versus
Li/Li+ for MnO2 compared with 3.2V for VOx-NT.

A short review of structural forms of manganese compounds, together with possi-
ble synthesis routes is given in the first part of this chapter. The electrochemical
properties of α-MnO2 nanostructures will be analyzed, and similarities with exper-
iments from the literature will be checked. Using electrochemical techniques, differ-
ent doping levels in Lixα-MnO2 will be synthesized. The effect of lithium doping in
Lixα-MnO2 will be characterized by means of static magnetic susceptibility.

Apart from well known nanostructured layered materials that intercalate guest
species between the interlayers, there are other inorganic compounds with high
lithium storage capacity after electrochemical lithium doping. Manganese dioxide
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6 Electrochemically doped MnO2 nanostructures

compounds are currently under study as positive electrodes for lithium batteries.
They became very interesting after being used in natural form MnO2 from dif-
ferent sources as a depolarizing agent in the Zinc/Ammonium Chloride/Carbon
battery by Leclancheé in 1866. Later on, synthetic, chemically prepared MnO2 in
the Leclancheé batteries improved their performance. A major step was done by
using electrochemically prepared material using alkaline electrolytes in commercial
batteries [199]. Manganese oxide materials can provide up to 5V versus metallic
lithium [200]. The voltage of the cell depends on the formal valence state of the Mn
ions, as well as on the relative energy of the lithium sites in the various derivatives
of this compound.

Structural forms of MnO2

Among the large class of hexagonal close-packed (hcp) structure IVMX2 com-
pounds, MnO2 is the one that presents a complex series of structures, summarized in
Table. 6.1. This could be possible due to small ionic radius of Mn4+ (r=0.53Å) which
places the MnO2 to the lower limit of rutile structure stability. The 3d3 electronic
configuration of Mn4+ stabilizes octahedral coordination. Bi12MnO20 represents one
of the rarely examples of Mn4+ tetrahedrally coordinated by oxygen of [201]. All
MnO2 structures consists of a distribution of Mn4+ cations in the interstices of rel-
atively close-packed networks of oxygen atoms. The structural complexity of these
materials is also given by their redox chemistry which permits closely related com-
positions with variable amounts of Mn4+, Mn3+ and even Mn2+.

The manganese oxides can be devided into several groups such as chemically pure
and structurally well characterized ones with close-packed structures (pyrolusite β-
MnO2, ramsdellite MnO2, spinel λ-MnO2), tunnel and layer stuctures (hollandite
α-MnO2, psilomelane, todorokite, phyllomanganates), the “nsutite family” (nsutite
γ-MnO2, ε-MnO2) and reduced forms (groutite α-MnOOH, groutellite, feitknechtite
β-MnOOH, manganite γ-MnOOH, δ-MnOOH, pyrochroite Mn(OH)2). All these
possible forms of manganese oxide differ one from each other by the space group
symmetry, valence of the manganese ion and way of linkage of the MnO6 octahedra.
Some of MnO have tunneled structure, with different possible dimension for the
tunnel.

The tunnel and layered structures are more important for this work since the com-
pound studied here is supposedly hollandite α-MnO2 (but actually a slight mixture
of this structure and γ-MnO2). These minerals species have compositions close to
MnO2, but they are not chemically pure manganese dioxide, usually containing
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6.1 Manganese oxide compounds

Mineral Space Group Z a(Å) b(Å) c(Å) β, γ(◦)
Pyrolusite(β) P42/mnm 2 4.3983 - 2.873 90
Ramsdelite Pbnm 4 4.533 9.27 2.866 90
Nsutite(γ) [intergrowth] 4 4.45 9.305 2.85 90
Birnessite P3m1 1 2.84 - 7.27 120
ε-MnO2 P63/mmc2 1 2.80 - 4.45 120
Spinel(λ) Fd3m 16 8.029 - - 90
Hollandite(α) I2/m4 2 10.026 2.8782 9.729 91.03
Psilomelane C2/m 2 13.929 2.8459 9.678 92.39
Todorokite P2/m 8 9.764 2.8416 9.551 94.06
Manganite(γ) B21/d7 8 8.88 5.25 5.71 90
Groutite(α) Pnbm 4 4.560 10.700 2.870 90
Groutellite [Pnbm] 4 4.700 9.531 2.864 90
Feitkneichtite(β) P3m1 1 3.32 - 4.71 120
Pyrochroite P3m1 1 3.322 - 4.734 120

Table 6.1: Crystallographic characteristics of Manganese Oxides, oxyhydroxides and hy-
droxide polymorphs - adapted from [199].

different amounts of intercalated species such as M+ or M2+ cations or water mo-
lecules. The water content of the tunnel structure MnO2 is related to the tunnel size
and to the nature of the interstitial cation. α-MnO2 exists in nature in forms such
as hollandite (BaMn8O16) and cryptomelane (KMn8O16). The structure shown in
Fig. 6.1 consists of interlinking double chains of MnO6 octahedra and an interstitial
space comprised of one dimensional channels of relative dimension (2x2) and (1x1)
that extend in a direction parallel to the c axis of a tetragonal unit cell.

Figure 6.1: Crystal structure of α-MnO2 [19].
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6 Electrochemically doped MnO2 nanostructures

The intercalated cations, Ba2+ and K+ reside in the center of the (2x2) channels
and improve the stability of the material. The presence of these cations obstruct
lithium diffusion within this structure, prohibiting the application of α-MnO2 as
electrode material [202]. In the absence of these large cations the structure can be
stabilized by water molecules located in the same (2x2) channels. The water can be
removed, without the structure collapsing. This would still give to the material a
strong tendency of reabsorbing the water if exposed to air.

γ-MnO2 is part of the “nsutie family”, and it represents a series of synthetic phases,
applicable in lithium batteries technologies: natural MnO2, electrochemical MnO2 or
chemical MnO2. The structural model for γ-MnO2 was given by De Wolff, based on
observation that rutile and ramsdellite structures have similar arrangements along
a and c axis and differ only by the width of the infinite chain of MnO6 octahedra
along b axis. Therefore, γ-MnO2 can be described by irregular inter growth of ele-
ments of ramsdellite MnO2 domains of size (2x1) and pyrolusite β-MnO2 domains
of size (1x1) [203] as it is shown in the crystal structure illustrated in Fig. 6.2 [19].
This information resulted from diffraction patterns were confirmed by high resolu-
tion transmission electron microscopy as well [204]. Due to the mixture of the two
structures, the long range ordering along b direction is missing, therefore this makes
it difficult to study this material with conventional powder diffraction techniques.

Among MnO2 structures, γ-MnO2 is the most used as electrode material in lithium
batteries. Predominantly, it is used in aqueous Zn/MnO2 cells, and in primary
Li/MnO2 cells [199]. During discharging, the Li ions are inserted mainly in the
(2x1) channels of the ramsdellite domains. The system might deliver a high discharge
capacity of 250mAh/g in the first cycle, which decreases in time [205].

The most popular manganese oxide compound used in lithium battery technologies
is LiMn2O4 [25, 48, 49]. Its structure contains cubic close packed arrays of oxygen an-
ions. The Mn cations occupy half of the octahedral interstitial sites, and Li cations
occupy one eighth of the tetrahedral sites. The interstitial space in the [Mn2]O4
framework represents a diamond type network of tetrahedral and surrounding octa-
hedral sites, sharing edges and faces in order to form 3D diffusion pathways for Li+

ions diffusion [206]. The electrochemical Li+ deinsertion from the tetrahedral sites
of LiMn2O4 is reversible and takes place at 4V vs Li/Li+. The cubic symmetry
of the structure does not change during cycling, and the structure experiences a
minimal contraction of the unit cell over a wide ranges of compositions [207].
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6.1 Manganese oxide compounds

Figure 6.2: Crystal structure of γ-MnO2 showing the mixture between the ramsdellite
and pyrolusite structures [19].

Synthesis routes

Many synthesis routes have been developed to prepare this large variety of man-
ganese oxides, such as thermal [208], refluxing [194, 209, 210], hydrothermal [211],
sol-gel [212, 213], electrochemical [19] or solid-state reaction [214]. In most of these
synthesis techniques the formation of different tunneled structures has been con-
trolled by adjusting the pH with H2SO4 or NaOH solution [210]. More precisely,
a hydrothermal preparation of α-MnO2 nanowires has been achieved by oxidiz-
ing MnSO4 in KMnO4 [215] and (NH4)2S2O8 [216], in which cation concentrations
were very important for the formation of the tunnel structures. Muraoka et al syn-
thesized single phase α-MnO2 from hollantide-type (NH4)xMn8O16 and quenching
from 440 ◦C during heating in flowing Ar [208]. Needle like α-MnO2 crystals have
been prepared by ozone-oxidation of Mn2+ in high concentrations of H2SO4 [194].
γ-MnO2 nanowires can be synthesized through a coordination-polymer-precursor
route [217]. Another method to obtain this material is through a hydrothermal treat-
ment of commercial granular γ-MnO2 crystals [218]. Pure δ-MnO2 nanorods were
prepared by the sol-gel method [219]. α-, γ-, δ-MnO2 have small molecules or ions
as integral parts of the structure, whilst, β-MnO2 is relatively pure MnO2 [220]. β-
MnO2 nanorods can be synthesized by calcinating λ-MnOOH nanorod precursors by
carefully controlling the temperature, time, and heating speed of the process [221].
Liu et al. developed an easier synthesis of β-MnO2 by a simple refluxing route using
MnSO4 · H2O, Na2S2O8 and NaOH as the raw materials [222]. MnO2 has also been

113



6 Electrochemically doped MnO2 nanostructures

prepared by Co and Al substitution through an electrochemical synthesis under
hydrothermal conditions [223].

6.2 Properties of electrochemically doped MnO2

nanostructures

Batteries made of MnO2 compounds can reach a potential of 5V, depending on the
Mn valence and available Li sites in the structure. Higher voltages arise from a diffi-
cult removal of the Li ion from a particular site while charging. During discharging
the sites with the deepest energy storage will be occupied first. Most of the MnO2

structures can retain one Li per formula unit until the rock salt LiMnO2 is reached.
This reaction would involve the complete reduction of Mn4+ to Mn3+ and that
would deliver a theoretical capacity of 308mAh/g [200]. The α-MnO2 framework
can accommodate a significant amount of lithium while initially discharging to 2V,
with a discharge capacity of 210mAh/g, corresponding to nearly 0.7 Li per Mn.
The capacity decreases upon cycling, and this might be related to an instability
of the (2x2) channels during electrochemical cycling. Mn and O ions are relocated
from the framework into the channels to stabilize the structure [200]. This diffusion
of Mn would result in stabilized LixMnO2 structure with defect rock salt character,
similar to those created when cycling thin films of LiMn2O4.

6.2.1 Electrochemical characterization and synthesis

The material studied in this work was α-MnO2 without any large cations stabilizing
the structure. Different synthesis routes for obtaining this structure were described
earlier. The material used in this work was prepared after the synthesis route de-
scribed by Wang et al. [216]. The goal was to obtain a 1D nanostructure without
the presence of catalysts or templates, by a low temperature hydrothermal method
through the oxidation of Mn2+ by S2O82−. Equal amounts of MnSO4·H2O and
NH4S2O8 (0.008mol) were placed in distilled water at room temperature in order
to obtain a homogeneous solution. Then the mixture was transferred into a Teflon-
lined stainless steel autoclave, sealed and kept at 120 ◦C for 12 h. The result of the
reaction was a black solid product that was filtered, washed with distilled water
to remove residual parts, and then dried for another 12 h in air. This process can
also be used to obtain β-MnO2 nanorods. For α-MnO2, 0.015mol of ((NH4)2)SO4,
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(a) (b)

Figure 6.3: Nanostructure morphology of αMnO2 checked with TEM and SEM tech-
niques.

is included in the reaction. The nanostructured product was observed with Scan-
ning Electron Microscopy (SEM) and Transmission Ellectron Microscopy (TEM),
see Fig. 6.3.

The material contains thin fibers of several micrometers in length and several
nanometers in diameter. The SEM image shows that both microspheres [224] and
orchid-like [225] nanostructures are present in the structure, formed by multiple
nanorods radiating from the center of each structure. As it will be discussed below,
the (2x2) tunneled structure α-MnO2 might contain some γ-MnO2 impurities.

Cyclic Voltammetry

In order to investigate the electrochemical behavior of α-MnO2, cyclic voltammo-
grams were performed, followed by potentiostatic or galvanostatic experiments. All
the experiments were performed in the two-electrode Swagelok-like cell. 5-10wt% of
Carbon SP were added for better electronic conductivity of the material. Approxi-
mately 20mg to 30mg of this mixture was used for each experiment. After testing
the material, galvanostatic or potentiostatic experiments were performed in order to
obtain the final lithium intercalated LixMnO2 used for magnetic investigations. The
first experiment on this material was performed without any additional Carbon. The
result is placed in Fig. 6.4. The gray curve from the figure does not show reasonable
oxidation/reduction peaks which are expected from the literature. Therefore, the
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material was mixed with 10% Carbon and a new experiment was performed. First,
the material is discharged. As the discharge starts a process of electron transfer is
visible, with a maximum around 2.8V. This is attributed to reduction of Mn4+ to
Mn3+. During lithium intercalation a small feature can also be seen at potentials
of 3.4V. As it will be discussed later, this is a sign of γ-MnO2 impurity. While
charging the material, the electron peak transffer indicating the oxidation of Mn3+

back to Mn4+ is found at higher potentials, with a reached maximum around 4V.
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Figure 6.4: Cyclic voltammogram of the first cycle for MnO2 without (gray curve) and
with (red curve) additional Carbon. In both cases a scan rate of 0.05 mV/s
was used.

When studying the electrochemical behavior of the MnO2 nanostructures using
different scan rates, Fig. 6.5 is obtained. On the same cell two experiments with
scan rates of 0.01mV/s (green curve) and 0.02mV/s (red curve) were performed.
The other experiments shown in Fig. 6.5 were performed using a fresh cell each
time. If in the case of VOx-NT this kind of experiments differ mainly in current
intensities, the MnO2 differ more. It seems that the electrochemical behavior is
either sensitive to the rate used for cycling or also to the way the cells are handled
during mounting. The starting potentials for these 4 examples are around 3.9V,
the exception is for the blue curve with a scan rate of 0.03mV/s where this values
lies around 3.7 V. From this variation in the initial potential values, one can say
that the material is very sensitive to small short circuits or other effects than can
influence its electrochemical behavior. The cut off potentials for these experiments
were either 1V-4.8V for the scan rates of 0.01mV/s and 0.02mV/s, 1.8V-4.8V for

116



6.2 Properties of electrochemically doped MnO2 nanostructures

scan rate of 0.03mV/s or 1.5V-4.8V for scan rate of 0.05mV/s. While discharging
the material a couple of peaks appear starting with the one at 3.38V, indicating
that first electron transfer process evolves here. It is most obvious in the green
curve performed with a scan rate 0.01mV/s. In the next fastest scan rate is not
a peak anymore but a pronounced shoulder which vanishes after increasing the
cycling speed to 0.05mV/s. This indicates that some features present here during
discharging of the MnO2 electrode material depend on the speed taken for the
experiment.

1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5
-0,4

-0,2

0,0

0,2

0,4

0,6

C
ur

re
nt

 (m
A

)

Potential vs Li/Li+ (V)
  

 

 

0.01 mV/s
0.02 mV/s
0.03 mV/s
0.05 mV/s

3.38V

2.9V2.6V

Figure 6.5: Cyclic voltammograms for MnO2 mixed with Carbon, using different scan
rates.

The next possible electron transfer can be described by the peak around 2.9V,
visible in the first two experiments (green and red curve). For the 0.03mV/s curve
this is present as a shoulder and in the last curve it is not visible anymore. A peak
around 2.6V it is visible in the first three experiments, and it differs only in the
current intensity. The reduction peak in the case of the orange curve performed
with a scan rate of 0.05mV/s is a broad one with a maximum around 2.8V. The
potential sweeping when 0.05mV/s scan rate is used might be too fast. That might
explain why different features present in CVs obtained with scan rates smaller than
0.05mV/s, are visible in the CV performed with 0.05mV/s in a shape of a broad
peak. For the oxidation part of the experiment the peaks for the scan rates used are
positioned at slightly different values. For the first three scan rates used, it looks
like the main electron transfer process shifts towards lower values with increasing
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scan rates. For the experiment performed with a scan rate of 0.03mV/s the main
oxidation peak shows two peaks, possibly due to influence of γ-MnO2.
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Figure 6.6: Cyclic voltammograms for MnO2 mixed with Carbon, using a scan rate of
0.02 mV/s. Results shown for cycle 1, 2, 3, 4, 6 and 8.

For a better understanding of the electrochemical behavior of these nanostructures,
a set of 9 cycles were performed between 1.8V- 4.8V using a scan rate of 0.02mV/s.
For clarity, only cycles 1, 2, 3, 4, 6 and 8 are illustrated in Fig. 6.6.

The electrochemical behavior described by the Fig. 6.6 is different from an α-MnO2

cyclic voltammogram found in literature [19, 20]. The first cycle in Fig. 6.6 has
several peaks while discharging. A very stable electron transfer process is indicated
by the feature present at 3.3V. A reduction peak of α-MnO2 at this voltage is
not known. Over cycling it does not change its position. Around 2.8V and 2.58V
another two reduction peak are present indicating that the electron transfer takes
place in two steps. Over the nine performed cycles these two peaks loose intensity
and tend to transform into a broad peak as evidenced by the eighth cycle in Fig. 6.6.
The electron transfer during charging the material seems to take place in two steps,
indicated by the two peaks found in the first charging cycle, at 3.04V and 3.16V.
The peak at 3.04V transforms during cycling, becoming a faint shoulder in the
eighth cycle of the experiment. The peak at 3.16V does not significantly change: in
the first three cycles it has almost the same position and in the following cycles it
slightly shifts to 3.2V. A broad peak is found at 4.3V and it vanishes upon cycling.
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(a) (b)

Figure 6.7: Cyclic voltammograms of the first two cycles with a scan rate of 0.005 mV/s:
a) γ-MnO2; b) α-MnO2 (taken from [19]).

The multiple peaks in both reduction and oxidation of the material, different than
results from similar experiments in literature, suggest the idea of a impure α-MnO2.

The peaks present in the electrochemical testing of the α-MnO2 have been compared
with results on the same material described by Hill et al, illustrated in Fig. 6.7. Hill et
al. used for their work a very low scan rate for the experiment. The electrolyte used
was the same as the one described for this work, therefore no differences between
the two experiments can be assigned to influences of different electrolytes. Their
electrode material was mixed with 20 wt.% Carbon and 10 wt.% PVDF binder. In
Fig. 6.6 the feature present at 3.3V is not known to appear in CV of α-MnO2. This
suggest that this might be due to the presence of γ-MnO2 in α-MnO2 nanostructures
studied in this thesis. A prove for this lies in results of γ-MnO2 studied by Hill et al.,
which has a pronounced peak at 3.3V in the first discharging cycle. In the following
cycle it disappears. The authors attributed the difference in the CV shape between
the first and second cycle, to irreversible transformation during Li intercalation in
the first discharging cycle of γ-MnO2.

Most probable, the two reduction peaks found at 2.8V and 2.58V in Fig. 6.6 are
the effect of a mixture of α-MnO2 and γ-MnO2. For α-MnO2 described in Fig. 6.7
by Hill and coworkers, a broad peak and a shoulder are found around the same
voltage values, and they do not significantly change during cycling. Interestingly, a
peak around 2.8V is also described in Fig. 6.7 for the second cycle of γ-MnO2. The
presence of γ-MnO2 (with (1x1) and (2x2) tunnels) impurity in the α-MnO2 studied
in this work might give rise to different lithium sites available for the electrochemical
reactions. That might explain the sign of electron transfer in Fig. 6.6, evidenced by
peaks found in CV of both mentioned structural forms of MnO2. The reduction
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Figure 6.8: Discharge capacity as a function of cycle number for a) this work, values
taken from Fig. 6.6; b) heat treated α-MnO2 and 0.15Li2O·MnO2 [20].

peaks at 2.8V and 2.58V are significantly changing during the cycles shown in
Fig. 6.6. During cycling, the effect of the γ-MnO2 seems to decrease. The reduction
of α-MnO2 nanostructure in the eighth cycle includes only one peak, as found for
for other α-MnO2. Different transformations over cycling in the electrochemical
behavior of a structural form of manganese oxide has been established also for
0.15Li2O·MnO2 [20]. These transformations indicate a structural change from the
α-MnO2 framework structure to a defect rock salt structure [200]. Such a structural
modification upon lithium intercalation can not be excluded in the case of α-MnO2

nanostructures studied in this work.

The oxidation peak from both γ-MnO2 and α-MnO2 in Fig. 6.7 are around 3.1V.
The difference between them is that for the first kind of structure the peak is narrow
and has a much higher current intensity than the reduction peak, whilst for the α-
MnO2 the peak is broad and its current intensity is rather symmetric with the
one from the reduction peak. For the material described in Fig. 6.6, the oxidation
peak is not much higher in current intensity than its reduction pair. Perhaps the
transformation from the two oxidation peaks into a broad one is the sign of less
influence of γ-MnO2 upon cycling, as suggested also by the reduction part of the
CV described in Fig. 6.6.

The capacity loss over cycling for α-MnO2 nanostructures studied in this work is
shown in Fig. 6.8(a). The initial discharge capacity is 219mAh/g (the theoretical
capacity of this compound is 308mAh/g). This value increases in the second cycle
to 227 mAh/g and in the following cycles it continuously decreases until it reaches
179mAh/g in the ninth cycle. These values are slightly higher than those of heat
treated (in order to remove water from the structure) α-MnO2 and lithia stabilized
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6.2 Properties of electrochemically doped MnO2 nanostructures

0.15Li2O·MnO2 illustrated in Fig. 6.8(b) [20].Galvanostatic studies of α-MnO2 and
γ-MnO2 studied by Hill et al. have initial discharge capacities of 130mAh/g, and
180mAh/g, respectively which stabilizes to 145mAh/g and 150mAh/g after 20
cycles. Slightly higher values for these materials were presented elsewhere [226]. α-
MnO2 studied in this work shows good rechargeability, yielding 180mAh/g after
nine cycles. These values are higher than others found in literature as described
above. This might be due to the larger surface area of the nanosized structured
electrode material. The capacity loss suggests that a small part of the inserted Li
helps the structural stability of the α-MnO2, and therefore this amount is difficult
to be extracted once it was inserted into the structure.

Electrochemical synthesis

In order to electrochemically synthesize Lixα-MnO2, 20 -30mg of powder were
cycled in potentiostatic or galvanostatic mode. Four different doping levels were
achieved: LixMnO2 with x = 0.05, x = 0.1, x = 0.3 and x = 0.8. The result of this
synthesis is illustrated in Fig. 6.9. For the potentiostatically synthesized LixMnO2

the electrode material was discharged with a speed of C/100, starting from the
initial potential value towards lower potentials until the desired doping level was
achieved. For the galvanostatic synthesis of Li0.8MnO2 a slower speed was used
(C/200), while a constant current was maintained until 1.6V.

The arrows on the graph mark two slight changes (plateaus) in the voltage profile
of this compound, which might indicate a structural change during cycling as it
was also suggested elsewhere [200, 227]. As shown by the figure, the material can
accommodate a significant amount of Li, Li0.8MnO2 yielding a high capacity of
235mAh/g representing three quarters of the theoretical capacity expected for this
material.

6.2.2 Magnetic properties of LixMnO2 nanostructures

Magnetic properties of manganese oxide

Manganese oxides have been considered to be an interesting material that might
present innovative properties rising from the electronic states of the transition metal
atom: Mn2+ (3d5), Mn3+ (3d4), Mn4+ (3d3) etc, based on large electron correlations.
One interesting aspect of these materials is given by the coexistence of two types
of d electrons, in the t2g and in the eg orbitals. Ferromagnetism in these materials
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Figure 6.9: Potentiostatic (x = 0.05, 0.1, 0.3) and Galvanostatic (x = 0.8) synthesis of
LixMnO2.

is known to appear due to coupling between the localized magnetic moments (t2g)
with the eg states interacting by double-exchange.

LiMn2O4 represents one of the manganese compounds intensively studied from the
magnetization point of view. λ-MnO2 can be obtained if lithium is extracted from
this material. If lithium is inserted into LiMn2O4 then Li2Mn2O4 is created. The
magnetic properties of this family of compounds are governed by the interactions be-
tween the Mn ions, depending on the Mn valence in the [Mn2]O4 network [228]. For
example, Li2Mn2O4 has a distorted tetragonal symmetry resulting from collective
Jahn-Teller distortion of the high-spin Mn3+ (S = 2). The magnetic susceptibility of
Li2Mn2O4 shows no evidence of Curie-Weiss behavior up to 600K, suggesting short
range AFM correlations ascribed to the geometrical frustration in the tetragonal Mn
sublattice [229]. In LixMn2O4, it was proven that the 90 ◦ Mn4+- O2−- Mn4+ inter-
action results in FM coupling, according to the Goodenough-Kanamori-Anderson
rules. That is explained by an empty eg orbital of Mn4+ (t3

2geg0) overlapping with
a half filled t2g orbital (both Mn4+ and Mn3+ have half filled t2g orbitals). This
interaction takes place through an O 2p orbital that σ bonds with an eg orbital on
one Mn atom, and π bonds with a t2g orbital on the neighboring Mn atom. On the
other hand, Mn3+- O- Mn3+ and Mn4+- O- Mn3+ (in 180 ◦ geometry) interaction
results in AFM coupling, required by the Pauli exclusion principle [228]. In contrast,
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6.2 Properties of electrochemically doped MnO2 nanostructures

LiMn2O4 spinel formally contains a mixture of Mn3+ and Mn4+. Its magnetic prop-
erties show paramagnetic behavior down to 4.2K. Above 140K a large AFM Θ of
−260K is present (Θ is obtained by fitting the data in the high temperature range
with the well-known Curie-Weiss law χ = C

T−Θ [139]). After partial Li extraction
from this compound, the spinel structure is maintained, and the Mn has an oxida-
tion state of 4+. The Curie temperature Θ lowers in dilithiated form to −70K [230].
Spin-glass-like behavior was observed in LiMn2O4 and its delithiated form λ-MnO2,
indicating the presence of frozen spins [231]. This behavior was explained by the
AFM tetrahedral network in Mn2O4 sublattice combined with magnetic disorder
given by mixed valence of Mn3+ and Mn4+ that induces competing AFM and FM
interactions. Discharging LixMn2O4 resulted in cubic phase of λ-Li0.07Mn2O4 with
Θ of −74K and Li0.94Mn2O4 with Θ=−250K. Charging the same compound, the
tetragonal Li1.82Mn2O4 with Θ=−770K was obtained. One can see from these
results that the Curie temperature increases with increasing the x in LixMn2O4
suggesting that the AFM interactions are stronger as the concentration of Mn4+

decreases (FM interaction between 90 ◦ Mn4+- O- Mn4+ decreases). Greedan and
coworkers established the magnetic properties of orthorhombic LiMnO2 for the first
time [232]. By measuring the temperature dependence of the magnetic susceptibility
until 800K, they found a Θ value suggesting that the Curie-Weiss fit is not valid in
this case (Θ=−1056K and much higher than the highest measured temperature).
They also reported long range AFM ordering below 261K and short range magnetic
correlations noticeable in the susceptibility broad peak at 350K [232]. In contrast
to this variety of different properties, all these forms of manganese dioxide exhibit
common features in the magnetic susceptibility studies. They all show a thermal
hysteresis of the susceptibility as shown in Fig. 6.10, i.e. ZFC and FC measurements
diverge below 100K in the case of LiMnO2 [232] or 65K for LiMn2O4 [229]. This
splitting of ZFC and FC data was attributed to a FM component of the magne-
tization in the studied systems. Another common characteristic of these systems
is a peak in the ZFC magnetization at TN , indicating AFM ordering in the low
temperature regime. This peak can be found at 16K in λ-Li0.07Mn2O4 [231] or at
30K-32K in different forms of LiMn2O4 [233]. The irreversibility of the ZFC and
FC experiments, together with the maximum in the ZFC are characteristics of spin
glasses [234]. In most of the cases below the temperature were ZFC and FC split,
the FC magnetization detains an abrupt increase and sometimes even a saturation.
This behavior was attributed to ferromagnetic component of the magnetization in
these compounds.

Magnetic properties of β-MnO2 (pyrolusite) were studied as well. Liu et al. studied
β-MnO2 nanorods (50 nm- 80 nm in diameter), which in their case showed ferromag-
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Figure 6.10: Reciprocal magnetic susceptibility of Li2Mn2O4 measured in 1 T applied
field [230].

netic behavior at low applied fields with a coercivity of 144Oe [222]. The system did
not reach a saturation magnetization up to an applied field of 3000Oe. The FM re-
sponse was again attributed to Mn4+- O2−- Mn4+ FM interactions. β-MnO2 (Mn4+)
nanorods covered with a thin layer of α-Mn2O3 (Mn3+) show a superposition of bulk
magnetic properties of β-MnO2 and α-Mn2O3, and FM influences of the interface
layer between these two phases. A splitting of the ZFC and FC magnetization is
present here as well as in previously described manganese oxides. The splitting is
significantly affected by the external applied field indicating a thermally unstable
magnetic system. The field dependence of the magnetization at low temperature
shows FM behavior, described by a small hysteresis found at 5K. The FM compo-
nent that induces this behavior is not present at 55K or higher temperatures [235].
Jana and coworkers synthesized β-MnO2 in nanosphere and nanorod shape. Field
dependent magnetization studies indicate the superparamagnetic nature of these
materials, with a blocking temperature TB of 4K in the case of nanorods and 40K
for nanospheres. This shows that the magnetic properties of β-MnO2 are sensitive to
size and shape [236, 237]. Transport and magnetic properties of single crystals of the
magnetic conductor β-MnO2 (with rutile structure) showed metallic behavior due
to n-type carriers resulting from an off-stoichiometry β-MnO2−δ. The system has
a helical magnetic long-range order below TN of approximately 92K. The Curie
temperature in this material was −783K [238]. A slightly higher TN=100K was
found in the dandelion-like β-MnO2 three-dimensional nanostructure [239].
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Only few magnetic studies were performed in the case of α-MnO2. Single crystals of
the hollandite α-MnO2 with K+ as a foreign cation, i.e. K≥0.07α-Mn>0.93O2 shows
AFM behavior with a Néel temperature TN=24.5K. The mole ratio between the
K and Mn was less than 7% [240]. Another example of studied α-MnO2 is repre-
sented by the K0.087 α-MnO2 nanotubes, studied by Luo et al.. Field dependence
of the magnetic susceptibility together with hysteresis effect, thermoremanent mag-
netization and memory effect were studied for this compound. The ZFC and FC
measurement diverge, as seen in other manganese oxides, below 50K. An AFM
Curie temperature of −303K was established by fitting the magnetic susceptibility
above 150K. The geometrical frustration arising from the triangular lattice and the
mixed Mn3+/Mn4+ oxidation state [241], together with informations given by the
measurements mentioned above suggested that this compound has a a spin-glass
behavior below 33.1K. The spin glass behavior for manganese oxide compound has
been also established for the hexagonal Na0.7MnO2 [242]. Although not identical
with the K0.087α-MnO2 nanotubes, this has the same environment for the Mn ion.
In both cases the Mn is located in the center of an oxygen octahedron, and Mn
ions show geometrical frustration due to the triangular arrangement. In both com-
pounds, the intercalation of large cations, i.e. Na and K, induces a mixed valency
of Mn3+ and Mn4+.
Another hollandite structure, Ba1.2Mn8O16 shows a magnetic transition at
40K [243]. Presence of a small ferromagnetic component is suggested by magnetic
hysteresis loop at 5K, presumably arising from the ordered spins tilting within
the low symmetry structure. The paramagnetic behavior between 150K and 300K
resulted in Θ= −385K. The magnetic transition is far below the Curie tempera-
ture, therefore magnetic frustration due to the triangular structure of Mn ions and
competing AFM and FM interactions was suggested in this compound.

Manganese oxides have interesting magnetic properties, in which the Mn sublattice
plays a important role, as well as the mixed valency of the Mn ions. Frustration, as
well as AFM and FM competing interactions are present in most of these manganese
oxides.

Magnetic properties of undoped and doped α-MnO2 nanostructures

Undoped α-MnO2 nanostructures

α-MnO2 has a tunnel structure (size 2x2) formed by MnO6 octahedra sharing their
corners. The Mn4+ atoms situated in the center of the MnO6 octahedra are triangu-
larly arranged. This spin arrangement often leads to geometrical frustration due to
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the fact that in a equilateral triangle, the situation when only two of the three spins
constraints can be satisfied simultaneously, may appear. This geometrical frustra-
tion can be defined by a factor equal to Θ/TN [244]. If this factor is higher than
10 the system is strongly geometrically frustrated. In the case of α-MnO2 studied
in this work this factor is approximately 15 indicating the geometrical frustration,
known in other manganese oxides as well.

The magnetic properties of the α-MnO2 nanostructures used for this work were
established elsewhere [137].
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Figure 6.11: Temperature dependence of the FC and ZFC magnetic susceptibility, in the
left hand side, and ZFC inverse susceptibility, in the right hand side of the
graph. The measurement was performed in 10 kOe applied magnetic field.
The red line represents the Curie-Weiss fit in high temperature regime.
Adapted from Ref. [137]. The inset represents the ∂χ/∂T of the FC sus-
ceptibility. The T?≈18 K is estimated from the minimum of this derivative,
as indicated by the arrow in the inset.

Fig. 6.11 shows the FC and ZFC magnetic susceptibility measured in 10 kOe applied
magnetic field. First, the system was cooled down to 2K, then the magnetic field was
applied and the measurement has been performed while warming up to 370K, re-
sulting the ZFC measurement. At 370K the field was maintained, the system cooled
again to low temperature and FC measurement was performed while warming. In
the right hand ordinate of Fig. 6.11, the inverse susceptibility is plotted together
with the Curie-Weiss fit (χ = C

T−Θ) performed in the temperature rangeThe Curie

126



6.2 Properties of electrochemically doped MnO2 nanostructures

constant taken from this fit is 1.90 emuK/mol, and it implies an effective moment of
the Mn ions peff=3.9µB, which is close to the theoretical value of the effective mo-
ment 3.87µB, for Mn4+ (3d3, S=3/2). The negative sign of the Curie-temperature
Θ=−300K implies that a strong AFM coupling between the Mn spins is present, as
expected from the Goodenough-Kanamori-Anderson rules. In the left hand ordinate
of Fig. 6.11, the ZFC and FC magnetic susceptibilities of α-MnO2 are illustrated.
In the inset of Fig. 6.11 the derivative of the FC measurement is shown, in order
to extract information about the AFM transition temperature. The AFM ordering
temperature is attributed to domain formation, and it is established as the minimum
of the ∂χ/∂T , as shown in the inset of Fig. 6.11. This criteria of establishing the
transition temperature will be used here in the future. For α-MnO2 nanostructures
studied in this work, T?≈18K, compared to 24.5K for single crystal, needle-like
α-MnO2 [240]. The difference in the T? between single crystal and nanostructured
α-MnO2 might come from smaller grain size of the material in the nanostructured
material. The triangular geometry of the Mn atoms in α-MnO2 is expected to result
in a geometrical frustrated system. Indeed, taking into account the high value of
the Curie temperature, −300K and the transition temperature T?≈18K, one can
obtain the frustration factor for α-MnO2 f≈15.
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Figure 6.12: Field dependence of the magnetic susceptibility measured at different tem-
peratures. Adapted from Ref. [137].
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The field dependence of the magnetization for α-MnO2 nanostructures, illustrate
a small hysteresis present at very low temperatures (2K) without saturation of
the magnetic moments up to the highest magnetic field of 50 kOe, as shown in
Fig. 6.12. This is consistent with the temperature hysteresis below T? in Fig. 6.11. At
higher temperatures (300K) the hysteresis is not present. The small hysteresis at low
temperature indicates the presence of a FM component in the system. Frustration
together with competition between AFM (between Mn4+- Mn4+) and FM ( between
90 ◦ Mn4+- O- Mn4+) interactions are known characteristics of materials with spin
glass behavior.

Doped LixMnO2

Using electrochemical techniques, four doping levels for α-MnO2 nanostructures
were obtained, namely 0.05, 0.1, 0.3 and finally 0.8. For each doping level, tem-
perature dependence of the magnetic susceptibility and field dependence of the
magnetization were studied. All the samples were measured in the quartz tubes
described in the Chapter 3.2.

Fig. 6.13 shows the temperature dependence of the magnetic susceptibility measured
in ZFC and FC conditions in applied magnetic field of 10 kOe, for Lix α-MnO2

nanostructures. From top to bottom, the results for x = 0, 0.05, 0.1, 0.3 and 0.8
are shown. The result of the electrochemical doping showed that for the maximum
doping level x = 0.8, relatively three quarters of the theoretical capacity of Mn4+

reduction to Mn3+ has been achieved. For x = 0.3, approximately 30% of the
theoretical capacity was obtained. These informations confirm the amount of lithium
intercalation into the α-MnO2. The result of doping the system with electrons is
formation of a mixed valency, Mn4+/Mn3+, due to reduction of the Mn4+ (S=3/2)
to Mn3+ (S=2). At a first glance, the temperature dependence of the magnetic
susceptibility looks similar for all Lix α-MnO2 nanostructures. The cusp in the ZFC
measurements might be attributed to domain wall movement. The separation of the
ZFC and FC measurements at low temperatures is a sign of weak FM in the system.
The lines in Fig. 6.13 represents the Curie-Weiss fit in high temperature range.

Using the position of the minimum in the derivative of the FC susceptibility, as
illustrated in Fig. 6.13, the transition temperature T? has been established for all
doping levels. The doping dependence of the transition temperature is shown in
Fig. 6.14(a). For the undoped α-MnO2, the data show T?≈20K. T? reaches 40K
for Li0.8MnO2. The frustration factor can be calculated for all doping level, except
the sample with x = 0.8. It slightly decreases with doping since T? is increasing
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Figure 6.13: Lixα-MnO2 nanostructures. Temperature dependence of both ZFC (full
symbol) and FC (empty symbol) magnetic susceptibilities measured in
10 kOe applied magnetic field for x = 0, 0.05, 0.1, 0.3 and 0.8. The in-
set in (a) illustrates the transition temperature T?. The same criterion was
used to establish this transition for all the other doping levels.
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Figure 6.14: a) Transition temperature for LixMnO2 with x = 0, 0.05, 0.1, 0.3 and 0.8,
obtained from derivative of FC magnetic susceptibility measured in 10 kOe;
b) The ZFC magnetic susceptibility measured at 5 K, 100 K and 350 K in
applied field of 10 kOe.

while θ is rather not affected by doping. With introducing more electrons in the
structure, T? increases and becomes broader. This can be observed also in Fig. 6.13
where the FC susceptibility for Li0.8MnO2 is almost straight at low temperatures,
while the undoped MnO2. has a visible shoulder.

Fig. 6.14(b) is a resume of Fig. 6.13. The doping dependence of the ZFC magnetic
susceptibility measured in 10 kOe, at three different temperatures (5K, 100K and
350K) are presented. At low temperatures, after 5 and 10% lithium doping, the
susceptibility decreases, and it increases back for 30% lithium doping, close to the
value of the undoped compound. For the highest doping level it decreases again. In-
terestingly, at high temperatures, for low doping levels, the susceptibility decreases,
and then increases with doping. Moreover, at high temperature of 350K, for the
highest lithium concentration, the magnetic susceptibility is 0.003 emu/mol com-
pared to 0.002 emu/mol in the case of the undoped α-MnO2. This extra magnetic
moment might arise from a FM contribution on top of the paramagnetic behavior
expected at this high temperatures, or signature of Pauli susceptibility as it will be
discussed later.

Table. 6.2 summarizes the fit results of temperature dependences of the magnetic
susceptibility, using the Curie-Weiss function (χ = C

T−Θ). The values of the undoped
MnO2 are slightly different than those mentioned earlier from [137], possibly due
to slight differences in the composition or homogeneity of the samples, as well as
different sample holder. (For example, residual water can be easily trapped in the
tunnel structure and therefore might affect the composition of the material, due to
Mn3+ formation [245].). Using the value of the Curie constant from Table. 6.2 the
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effective moment for x = 0 can be estimated to peff=3.67µB, indicating a valency
for the Mn atom higher than 4. This might be influenced by the presence of Mn
ions in a higher state, e.g. Mn5+ (peff=2.83µB). Considering this, the valency in the
undoped MnO2 is approximately 4.2. If one considers that in Li0.05MnO2, 5% of the
Mn4+ become Mn3+, and 95% remain Mn4+, this should give an effective moment
of 3.73 (taking peff for Mn4+ equal to 3.67µB, as obtained from the experiment).
If in this way, the expected effective moments are calculated for all doping levels,
obtaining 3.79 for Li0.1MnO2 and 4.03 for Li0.3MnO2. As shown by Table. 6.2, the
measured effective moments are lower than those expected. These differences might
arise from either unknown impurities, residual components of the starting materials
used for synthesis (MnSO4. H+-H+ interactions) or water intercalation that modifies
the oxidation state of the Mn. The “impurification” of the α-MnO2 with γ-MnO2

does not modify the valency of the Mn in α-MnO2, but it can provide additional
magnetic sites, that can interact in a non trivial way. For Li0.8MnO2 the Curie fit
would result in a value of the Curie temperature much higher than the maximum
measured temperature, therefore in this case the Curie fit can not be applied. From
the results of the Curie fit one can see that the Curie temperature, indicating strong
AFM correlations does not variate upon doping.

LixMnO2 C ( emuK/mol ·Oe) θ( K (±≈2) pexpeff (µB/f.u.) ptheff (µB/f.u.)
x = 0 1.69 −303 3.67 3.87
x = 0.05 1.41 −297 3.35 3.91
x = 0.1 1.42 −297 3.37 3.96
x = 0.3 1.73 −298 3.71 4

Table 6.2: Fitting results in high temperature regime using the Curie-Weiss function
for ZFC magnetic susceptibility for LixMnO2 with x = 0, 0.05, 0.1 and 0.3.
The last column in the table indicates the theoretical values for peff for the
different doping levels.

Fig. 6.15 illustrates the field dependence of the magnetization measured at a tem-
perature of 2K between −5T and 5T. For the undoped α-MnO2 a small hysteresis
is visible, as mentioned earlier, indicating a very weak FM-like behavior of the mea-
sured magnetization presumably due to a non-collinearity of AFM alignment of
neighboring spins, which results in spin canting. Upon doping, the hysteresis effect
is clearly diminishing. Interestingly, for 0.05, 0.1 and 0.3, the hysteresis seems to
be independent on the lithium concentration into the compound. For the highest
doping level, compared with the others, the hysteresis is almost not visible. The
not too small values of the magnetization as well as the missing hysteresis and the
clear linearity of theM(H) curve for Li0.8MnO2 indicates the absence of strong FM
moments,
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Figure 6.15: Field dependence of the magnetization for LixMnO2 with x = 0, 0.05, 0.1,
0.3 and 0.8 measured at T=2 K.

Upon doping, the starting valency Mn4+ in α-MnO2 would reduce to Mnn+ where
3≤ n ≤4. As the result of the Curie fit revealed, in the α-MnO2 the actual valency is
Mn3.73+. For the low doping levels, this valency decreases to ≈3.4, and for x = 0.3
it increases again around the same value of the starting compound.

Li0.8MnO2 Fig. 6.16 shows the FC magnetic susceptibility for both the undoped
α-MnO2 nanostructures and Li0.8MnO2 measured at different magnetic fields. Fol-
lowing the results of the derivative for both samples, with x = 0 and x = 0.8, one
can estimate that the transition temperature T? slightly changes. For the undoped
α-MnO2, at 100Oe applied field, T?=13K, and it shifts to 18K in 10 kOe magnetic
field. dT

?

dB is larger than zero, indicating the presence of FM-like behavior. This is in
agreement with the increase of the magnetic susceptibility at low temperatures in
the undoped α-MnO2 illustrate in Fig. 6.11. For Li0.8MnO2, at 100Oe applied field
T? is at much higher temperature, of 35K, and much broader. It reaches 40K when
10 kOe magnetic field is applied. The applied field influence on χ(T) for Li0.8MnO2

seems to be less than for the undoped compound. Perhaps the AFM transition T?
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6.2 Properties of electrochemically doped MnO2 nanostructures

is affected by the creation of Mn3+ magnetic sites, and therefore maybe by the
presence of direct exchange FM interactions. The formation of Mn3+ may influence
the frustration in Li0.8MnO2.
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Figure 6.16: Temperature dependence of the magnetic susceptibility (FC) for MnO2 and
Li0.8MnO2 in different applied magnetic fields.

Fig. 6.17 illustrates the ZFC and FC magnetic susceptibility measured in 100Oe,
1000Oe, and 10 kOe for Li0.8MnO2. For each field, first the ZFC and then the FC
measurement was performed, both on warming. The first measurement was done
with 100Oe, then 1000Oe and finally with 10 kOe. The splitting of the ZFC and
FC measurement is present, as it was also seen in the undoped MnO2, shown in
Fig. 6.11. Below roughly 50K the ZFC and FC in Li0.8MnO2 diverge, for all three
applied fields. The abrupt increase of the FC susceptibility from the point where it
does not coincide with the ZFC anymore, is attributed to a FM component in the
system, as also described for other manganese oxides.

In Fig. 6.14(b) is shown that at high temperatures, the magnetic susceptibility for
Li0.8MnO2 is higher than the in the undoped compound. The Curie fit could not
be applied in the case of Li0.8MnO2. An extra magnetic moment in high temper-
atures of χ(T) for Li0.8MnO2 might arise from delocalized electrons (conduction
electrons from the eg orbitals) that turn over when a magnetic field is applied. Such
a contribution from conducting electrons, i.e. Pauli susceptibility, would imply a
temperature-independent additional contribution to the susceptibility.
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Figure 6.17: Temperature dependence of the magnetic susceptibility, both ZFC and FC
for Li0.8MnO2 in different applied magnetic fields.

Finally, the field dependence of the magnetization at different temperatures for
Li0.8MnO2 is shown in Fig. 6.18. A very small hysteresis is found at a low tem-
perature of 2K, which completely disappears already at 25K, and a totally linear
behavior is seen at 300K, indicating the antiferromagnetism in the system.

In the beginning of this section, while describing general properties of manganese
oxides the type of correlations between combinations of Mn4+ and Mn3+ were men-
tioned. In α-MnO2, AFM (between Mn4+- Mn4+) and FM (between 90 ◦ Mn4+- O-
Mn4+) interactions are known to govern the magnetic behavior of the compound.
When Mn is in a mixed oxidation state, possible interactions between the magnetic
spins are more complicated. The AFM superexchange interaction between Mn3+-
O- Mn4+ is a well known interaction in manganese oxide with mixed valency of the
Mn atom [246]. When two Mn ions, Mn3+ and Mn4+ are separated by one O2−, a
exchange interaction between these two Mn ions, mediated by the oxygen, appears.
The electron from the eg orbital of Mn3+ can hope back and forth between its initial
position and the empty site of the eg orbital of Mn4+. The induced exchange Mn3+-
O- Mn4+ leads to a parallel spin alignment, and therefore results in FM coupling of
Mn spins [247]. Therefore, in the compound studied here, by doping, more possible
FM interactions between Mn3+ and Mn4+ might be expected from super-exchange
interactions.
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Figure 6.18: Field dependence of the magnetization for Li0.8MnO2 measured at 2 K,
25 K and 300 K.

From the field dependence of the magnetization, the reduction of the FM component
which induces a hysteresis in the undoped α-MnO2 is seen. This might be influenced
by spin-canting of two neighbours which are AFM coupled. For Li0.8MnO2 most of
the Mn4+ are reduced to Mn3+. One can assume that the 90 ◦ FM interactions
Mn4+- O2−- Mn4+ in the α-MnO2 nanostructures are less present when doping. As
a result, the AFM interactions are more favorable. For the highest doping level, the
impossibility of fitting the results with the Curie-Weiss fit, induces the idea of Pauli
paramagnetism contribution at high temperatures. Clearly, the magnetic properties
of the doped α-MnO2 are very complex, due to many possible interactions and other
kind of contributions.

The complexity of manganese oxide compounds is very well known. For example,
in Fig. 6.19 the electronic phase diagram for La1−xSrxMnO3, Nd1−xSrxMnO3 and
Pr1−xCaxMnO3 is shown. As the hole concentration x changes in these compounds,
depending on the measured temperature the systems can change from AFM to
FM, or from paramagnetic insulating (PI) state they can change to paramagnetic
metallic (PM), or spin-canted insulating states (CI) etc. All these variations in
physical properties are influenced by the doping level.

The static magnetic studies shown in this chapter, are not enough to clearly elu-
cidate the effect of doping on the Lixα-MnO2. A good establishment of the crys-
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6 Electrochemically doped MnO2 nanostructures

Figure 6.19: The magnetic and electronic phase diagram of different manganese ox-
ides, which reveal, the complexity of this kind of compound. Adapted from
Ref. [248].

tallographic structure, before and after the lithium doping, impurity effects as well
as a theoretical model of possible interactions between the Mn spins in the doped
α-MnO2 nanostructures might give in the future deeper interpretation of the doping
effect in this material.

6.3 Conclusion

The tunneled structure α-MnO2 nanostructures (with (2x2) tunnel dimension) have
been studied in this chapter. The structure is formed by MnO6 octahedra which
share their corners in order to form the (2x2) tunnel. The Mn4+ atoms are situ-
ated in the center of the MnO6 octahedra and they have triangular arrangement.
The electrochemical studies performed on this compound displayed a mixture be-
tween the α- and γ-MnO2. This was revealed from cyclic voltammograms performed
over nearly ten cycles, which showed features arising from both structural forms of
the manganese oxides. The system is clearly sensitive to the scan rate used for
electrochemical experiments. The specific discharge capacities are approximately
200mAh/g, lower than the theoretical capacity for α-MnO2, 308mAh/g, but higher
than similar experiments from the literature.

Using electrochemical techniques, four doping levels have been achieved in LixMnO2

with x = 0.05, 0.1, 0.3 and 0.8. The temperature dependence of the magnetic
susceptibility as well as the field dependence of the magnetization were measured.
The low doping levels seem not to change drastically the magnetic properties of the
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6.3 Conclusion

undoped α-MnO2. The frustration factor calculated for x = 0, 0.05, 0.1, 0.3 does
not change significantly. For the highest doping level, spin canting of AFM spins and
Pauli susceptibility of delocalized spins might influence the magnetic properties. It
is clear that by doping, different interactions might appear, due to formation of the
Mn3+, by reducing the Mn4+ upon electrons intercalation. The mixed valency in
the studied compound, and different possible interactions arising between magnetic
spins give a complexity to the magnetic properties of doped α-MnO2.
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7 Conclusions

In this work electrochemical techniques were used to dope conventionally prepared
transition metal oxide compounds. The oxidation state of the transition metal ion
was tuned by intercalation of lithium into the crystal structure, i.e. by electrochem-
ical doping, and the result of this approach was studied. Electrochemical doping
made it possible to reach unusual high and mixed valence states of the transition
metal not accessible by standard solid state chemistry. The effect of lithium dop-
ing on the magnetic properties of the studied materials was investigated by bulk
and local probe techniques. Although the investigation of magnetic properties of
transition metal oxides was the main focus of this work, also the potential of these
materials as cathodes in lithium batteries was explored.

Electrochemistry is a powerful tool that offers the possibility to vary the oxidation
state of transition metal ions and therefore induce among other effects, structural de-
formations which may change the physical properties as shown in the second chapter
of this work. These structural changes influence the lithium’s insertion/extraction
processes in the studied electrode materials. The interplay between electrochemistry
as a synthesis method of novel materials and the study of the physical properties of
these materials may result in a better understanding of the process of lithium ion
diffusion. This, in turn can improve the functionality of alkali-ion batteries made of
transition metal oxides.

Chapter 4 addressed the electrochemical properties as well as the effect of Li-
insertion on the magnetic properties of nanoscale Vanadium oxides, i.e. Vanadium
oxide nanotubes (VOx-NT). Electrochemical Li intercalation was applied to modify
the electronic and magnetic properties of the VOx-NT. Cyclic voltammetry, po-
tentiostatic, and galvanostatic experiments were performed using a two-electrode
Swagelok-type cell. With these techniques, the possibility of using this nanotube
form of vanadium oxide as a cathode material in lithium batteries was investigated.
The specific discharge capacity of VOx-NT studied in this work exhibits values of
approximately 150mAh/g. This capacity is almost half of the capacity expected for
total reduction of V5+ to V3+ (370mAh/g), but among the highest described in the
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literature. Using cyclic voltammetry, an electron transfer process that reduces V5+

to V4+ was found at potentials between 2.5V and 2.8V for all studied VOx-NT,
with one exception (VOx-NT#5). However, the detailed study of the electrochemi-
cal performance of VOx-NT was not the main topic of this work.

The pristine VOx-NT is already a mixed valent oxide with 60% of nonmagnetic V5+

and 40% of magnetic V4+ that shows complex magnetic properties. Electrochem-
ical methods were used to obtain different levels of charge doping, i.e. a variable
lithium amount x was intercalated into pristine VOx-NT to obtain LixVOx-NT
with x ≤ 0.6. The effect of lithium doping on the magnetic properties was studied
with static magnetic susceptibility and three different local probe techniques, i.e.
ESR, NMR, and µSR. Several series of lithium doped VOx-NT were synthesized.
In the first series LixVOx-NT with x=0, 0.05, 0.1, 0.15 and 0.6 was successfully
prepared. This elaborate study lead to the important conclusion that an optimal
lithium concentration drastically changes the magnetic properties of the VOx-NT.
Lithium doping of the pristine VOx-NT increases the number of the magnetic sites,
i.e. V4+(S=1/2). This was indicated by the increase of the effective magnetic mo-
ment of the vanadium ion with doping. Moreover, lithium doping also drastically
changed the magnetic interaction between the vanadium magnetic moments. This
transformed the pristine VOx-NT into a high temperature ferromagnet at an opti-
mal lithium doping of 10% lithium per formula unit of VOx-NT.

The detailed magnetic studies revealed that the charge doping of the VOx-NT and
the structural distortion created around the intercalated lithium cause the formation
of self-assembled nanoscale ferromagnets in VOx-NT. These small ferromagnetic
clusters around the intercalated lithium sites are responsible for the high temper-
ature ferromagnetism of Li0.1VOx-NT . The ferromagnetic clusters behave as an
ensemble of superparamagnetic particles with a broad size distribution and a large
magnetic moment that can be easily aligned by a moderate magnetic field, even at
room temperature. This behavior of the ferromagnetic clusters may suggest their
collective polaronic nature, similar to the scenario proposed for high temperature
ferromagnets in nanoscale diluted magnetic semiconductors. This suggests that an
appropriate tunning of the electronic, structural and magnetic properties of transi-
tion metal oxide nanostructures may result in high temperature ferromagnetism.

Another series of electrochemically lithium doped VOx-NT, with x=0, 0.05, 0.1,
0.155, 0.2 and 0.4 in LixVOx-NT were studied as well by means of static magnetic
susceptibility. Besides the expected increase of the vanadium’s magnetic moment, a
non-linear field dependence of the magnetization was observed for Li0.1VOx-NT in
an applied field of up to 2T at room temperature. This non-linearity is not present
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in the undoped VOx-NT, but visible also in Li0.05VOx-NT and Li0.155VOx-NT.
These results once more show a clear dependence of the magnetic properties on
doping. Also in this series lithium doping induced a large magnetic moment which
could be easily aligned by a relatively small magnetic field at room temperature.
The results presented here show that nanoscaled transition metal oxides have
unique tunable magnetic properties not found in their bulk counterparts.

Another material which was electrochemically modified was Sr2CuO2Br2 (see chap-
ter 5). Its crystallographic structure consists of CuO4 layers and is isostructural to
the hole-doped high-Tc superconductor La2−xSr2CuO4. Electron doping by elec-
trochemical lithium intercalation caused the emergence of superconductivity in this
system. Studies of static magnetic susceptibility revealed that the superconducting
transition in Li0.15Sr2CuO2Br2 occurs at approximately Tc = 9K, with a supercon-
ducting volume fraction of approximately 18% at 2K. The field dependence of the
magnetization for temperatures ranging from 2K to 10K suggests the coexistence
of superconductivity, antiferromagnetism and weak ferromagnetism that could
be due to spin canting. Here, electrochemical doping offers a route to study the
electronic phase diagram of the new electron doped superconductor LixSr2CuO2Br2.

The third material investigated in this thesis is nanoscaled α-MnO2 (see chapter 6).
Its structure consists of tunnels formed by square rings of eight MnO6 octahedra
(2 by 2 octahedra). Oxidation and reduction potentials obtained from cyclic
voltammograms however imply a mixture of α- and γ-MnO2 in the pristine ma-
terial. Upon cycling, the material shows evidence of features from both structural
forms of the manganese oxides. Investigation of the electrochemical performance
yields a specific discharge capacity of approximately 200mAh/g. Although this
value is significantly smaller than the theoretical 308mAh/g, it clearly exceeds
literature data. The main focus, however, was again put on the electrochemical
doping of this material. By lithium intercalation Lixα-MnO2 with x = 0.05,
0.1, 0.3 and 0.8 was obtained. For 0≤ x ≤0.3, the antiferromagnetic order which
evolves in α-MnO2 at T?≈18K was nearly unaffected. In addition, a Curie-Weiss
analysis of the magnetization data revealed a doping independent frustration
parameter Θ/T?≈15. For x = 0.8, the susceptibility could not be described in
terms of a Curie-Weiss law. In contrast, the data imply an increased manganese
magnetic moment up to high temperatures. The origin of this enhanced manganese
magnetic moment, however, remains unclear. Possibly it is due to the interplay of
mixed valent manganese in Lixα-MnO2 and the many possible magnetic exchange
interactions between manganese magnetic moments which can lead to very complex
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7 Conclusions

magnetic properties.

To all three compounds studied in this work, electrochemical doping was successfully
applied to control and modify the oxidation state of the transition metal ion. In this
way, new materials with complex electronic and magnetic properties unavailable
through standard solid state chemistry were prepared.
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Abstract

The physics of transition metal oxides is controlled by the combination and com-
petition of several degrees of freedom, in particular the charge, the spin and the
orbital state of the electrons. One important parameter responsible for the physical
properties is the density of charge carriers which determines the oxidization state of
the transition metal ions. The central objective in this work is the study of transi-
tion metal oxides in which the charge carrier density is adjusted and controlled via
lithium intercalation/deintercalation using electrochemical methods. Lithium ex-
change can be achieved with a high degree of accuracy by electrochemical methods.
The magnetic properties of various intermediate compounds are studied.

Among the materials under study the mixed valent vanadium-oxide multiwall nan-
otubes represent a potentially technologically relevant material for lithium-ion bat-
teries. Upon electron doping of VOx-NTs, the data confirm a higher number of
magnetic V4+ sites. Interestingly, room temperature ferromagnetism evolves after
electrochemical intercalation of Li, making VOx-NTs a novel type of self-assembled
nanoscaled ferromagnets. The high temperature ferromagnetism was attributed to
formation of nanosize interacting ferromagnetic spin clusters around the interca-
lated Li ions. This behavior was established by a complex experimental study with
three different local spin probe techniques, namely, electron spin resonance (ESR),
nuclear magnetic resonance (NMR) and muon spin relaxation (µSR) spectroscopies.

Sr2CuO2Br2 was another compound studied in this work. The material exhibits
CuO4 layers isostructural to the hole-doped high-Tc superconductor La2−xSr2CuO4.
Electron doping is realized by Li-intercalation and superconductivity was found
below 9K. Electrochemical treatment hence allows the possibility of studying the
electronic phase diagram of LixSr2CuO2Br2, a new electron doped superconductor.
The effect of electrochemical lithium doping on the magnetic properties was also
studied in tunnel-like α-MnO2 nanostructures. Upon lithium intercalation, Mn4+

present in α-MnO2 will be reduced to Mn3+, resulting in a Mn mixed valency in this
compound. The mixed valency and different possible interactions arising between
magnetic spins give a complexity to the magnetic properties of doped α-MnO2.
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