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Abstract

Sodium-ion batteries are considered to be an attractive alternative to common lithium-ion
systems due to its low cost and the high availability and even distribution of sodium
resources. Although, so far, many materials have been proposed as suitable positive
electrode materials, there is a relatively limited choice of suitable compounds operating at
low Na* insertion potentials and thus able to serve as negative electrode active materials.
In this work self-organized amorphous titania nanotubular arrays without any additives
and binders are investigated as possible anodes for sodium-ion systems. The formation of
highly parallel self-assembled TiO, nanotubes having various lengths and diameters was
achieved by anodic oxidation of Ti foils in a fluoride containing viscous electrolyte based
on ethylene glycol at potentials between 30-60 V and different anodization times. For
electrochemical characterization, the as-anodized tubes were galvanostatic cycled in Na
half-cells at constant current rates using two different electrolyte formulations, one based
on NaClO, and the other one based on NaPFgs. These TiO, nanotubes-based electrodes
presented excellent cycling stability and high rate capability offering specific capacity
values up to 65 mAh/g and 70 mAh/g at 50 mA/g and 25 mA/g, respectively. Furthermore,
stable cycling performance can be shown for 300 cycles without significant capacity fade.
In this work, also the influence of different electrolyte additives on the formation of
electrochemically passive films on sodium metal was studied. It has been found that VC,
FEC and 2,3,4-trifluorophenylisocyanate are effective corrosion inhibitors in combination
with a 1 M solution of NaClO,4 in PC as electrolyte. For 0.6 M NaPFg in @ EC:DMC mixture
(3:7) VEC is the most suitable.



Kurzfassung

Natrium-lonen Batterien stellen aufgrund ihrer niedrigen Kosten als auch der hohen
Verflgbarkeit und gleichmaRigen Verteilung der Natrium Ressourcen eine attraktive
Alternative zu den herkdmmlichen Lithium-lonen Systemen dar. Obwohl bereits eine
Vielzahl an Kathodenmaterialen erforscht wurde, existiert nur eine geringe Auswahl an
Materialen, die Natrium lonen bei geringen Potentialen aufnehmen kénnen und damit als
geeignete negative Elektrodenmaterialien in Frage kommen. In dieser Arbeit werden
selbstorganisierte, amorphe TiO,-Nanordhren ohne Zugabe von Zusatzstoffen und
Bindemitteln als mdgliche Anodenmaterialien vorgeschlagen. Die Synthese dieser TiO,-
Nanordhren unterschiedlicher Lange und mit verschiedenen Durchmessern erfolgte dabei
durch anodische Oxidation von reinen Titanfolien bei Potentialen zwischen 30-60 V fur
unterschiedliche Zeiten. Als Elektrolyt wurde Ethylenglykol mit einem Zusatz von NH4F
verwendet. Zur elektrochemischen Charakterisierung diente galvanostatische Zyklisierung
in Natrium Halbzellen bei konstanten Stromraten unter Verwendung von zwei
verschiedenen Elektrolyten. Solche auf TiO,-Nanoréhren basierende Elektroden zeigten
hervorragende Zyklenstabilitit und hohe Leistungsfahigkeiten, wobei spezifische
Kapazitaten von 65 und 70 mAh/g bei Stromraten von 50 und 25 mA/g erreicht wurden.

In dieser Arbeit wurde auch der Einfluss verschiedener Additive auf die Bildung von
Passivierungsschichten auf Natriummetall untersucht. Es hat sich gezeigt, dass VC, FEC
und 2,3,4-Trifluorophenylisocyanate effektive Korrosionsinhibitoren in Kombination mit
einer 1 M Lésung von NaClO4 in PC als Elektrolyt sind. Fir eine 0,6 M Lésung von NaPF;
in einer EC:DMC Mischung ist VEC am besten geeignet.
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Introduction

1 Introduction

Apart from the already well-established Li-ion technology, an emergent area of interest in
advanced electrochemical energy storage is constituted by the sodium-ion technology'™.
It is interesting to notice that research on Li-ion and Na-ion systems was done in parallel
in the early 1980s°, however investigations of sodium-ion batteries were almost
abandoned after the commercial success of Li-ion systems. Reasons for the renewed
interest in these systems are based on various economical and political interests, such as
very low cost and very good availability of sodium or the even distribution of Na resources
compared to economically viable lithium containing minerals. Although sodium-based
batteries are in general expected to have lower specific capacity and energy than Li-ion
battery systems, Na-ion technology may be a solution of choice for medium and large
scale applications such as household or grid-relevant batteries, where low cost as well as
an extended cycle-life would represent very valuable assets®. However, sodium chemistry
in Na-ion galvanic cells differs from lithium making it seldom possible to directly translate
the knowledge accumulated in the last two decades for lithium to the sodium-based
systems.

Historically, the first compounds that were shown to reversibly intercalate sodium ions
were various sodium bronze phases®. Since then, these materials have been significantly
improved® and a large variety of other new compounds emerged, such as transition metal
fluorides’, phosphates® and fluorophosphates®, olivines'®, NASICON framework
compounds’ etc. All these materials will undergo a reaction with sodium at high potentials
vs. Na*/Na reference redox couple making them suitable as positive electrode (cathode)
materials.

On the other hand, there is a relatively limited choice of suitable compounds that can
serve as negative electrode (anode) material. From the beginning, it was noticed that
battery systems based on sodium metal as negative electrode material are more
complicated to use than metallic Li anodes due to the low melting point of Na (97.7 °C), its
higher reactivity with air, moisture, organic compounds etc. and its pronounced tendency
to form dendrites during Na plating when the cell is recharged'?. Thus, high performance

host materials that are able to reversibly insert sodium ions at low potentials are needed.

13-15 16-19

So far few hard carbon materials , some Sn-Sb/C intermetallic nanocomposites as
well as Sn-Cu alloys® and nanostructured Ge?' were reported to present significant
sodium storage capacities. However, many of these materials have less than optimum
cycle life. Recently also the use of titanium-based materials?* for negative electrodes in

Na-ion batteries was demonstrated. The sodium titanate phase Na,Ti;O; was shown to
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have one of the lowest sodium insertion potential for an oxide material®. Another
interesting material is titania, which has relatively re-emerged as a possible negative

electrode material for Li-ion batteries®2°

showing high rate capability and excellent
availability. Although some initial reports showed that anatase titania cannot reversibly
insert sodium®, very recently, nanostructured TiO, was in fact demonstrated to be able to
serve as host material for sodium ions®'.

In this work a detailed electrochemical study of sodium insertion into self-organized
amorphous titania nanotubes prepared by anodic oxidation from non aqueous electrolytes
based on ethylene glycol is presented. The highly parallel self-assembled titania
nanotubular arrays were tested using common electrochemical techniques in the absence
of any other additives such as conductive agents or binders. Galvanostatic cycling
experiments were carried out routinely for over 200 cycles at constant current rates of 50
mA/g and 25 mA/g in the potential ranges of 0.8-2 V and 0.1-2 V using two different
electrolyte formulations namely 1 M NaCIlO,4 in PC and 0.6 M NaPFg in EC:DMC (3:7 per
weight%). The morphology and the structure of the nanotubes were characterized by
means of SEM and XRD analysis.

The second aim of this work was to study the effect of different electrolyte additives on the
formation of surface passivation films on sodium metal electrodes using electrochemical

impedance spectroscopy.
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2 Theoretical Part

21 Rechargeable Sodium-lon Batteries

21.1 General

Rechargeable batteries are nowadays indispensable and constitute an integral part of
many advanced technologies and devices. For instance, lithium-ion batteries dominate the
market of portable electronics®. They attract a significant interest because of their high
voltage they can supply and thus their high energy density. The high voltages and energy
densities are a direct consequence of the very low redox potential of the Li*/Li redox
couple (E°uisiiy = -3.04 V vs. SHE)? and the small atomic mass of lithium (6.941 g/mol)'.
Thanks to their long cycle life and also good rate capability of advanced systems?, lithium-
ion batteries are also proposed and currently developed as a key technology for electric
vehicles and stationary storage applications®. However, to meet the demand for large
scale stationary energy storage, much more lithium needs to be used in the future. Since
the abundance of Li in the Earth crust is low and many global reserves are located in
geographically constrained and political unstable areas, the price for lithium will probably
rise at some point, making large scale energy storage very expensive'.

Sodium is a low cost element of high natural abundance' that can easily and cost-
effectively extracted from low toxic resources and minerals'?. Sodium shares with lithium
many similar chemical and physical properties as the element Na can be directly found
below Li in the periodic table. Thanks to the low standard potential of the Na*/Na redox
couple (E°nNa+ma) = -2.71 V vs. SHE)?, sodium-based batteries may be a reasonable
alternative to lithium-ion batteries for large scale storage applications as well as other
markets'. Until now, sodium-based electrochemical storage technology has already been
successfully utilized in sodium/sulphur and Na/NiCl, ZEBRA batteries, both working at
high temperatures®. Considering this existing experience with sodium and the already
advanced knowledge in the field of lithium-ion technology, the design and realization of a
room temperature sodium-ion (Na-ion) cell seems plausible and justified.

However, there are obvious fundamental differences between Li and Na related to
chemical reactivity and ionic properties such as ionic radius, solvation and ionic mobility,
diffusion properties etc. Thus, most of electrode materials as well as electrolyte
formulations, developed for Li-ion technology, cannot be directly adopted and translated to

sodium-ion battery systems.
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Indeed, sodium has a lower gravimetric capacity (1165 mAh/g compared to 3829 mAh/g
for lithium) as well as a 300 mV higher standard reduction potential than Li, leading to
lower operating voltages and lower energy densities in comparison to lithium.
Furthermore, Na has a larger ionic radius (1.02 A compared to 0.76 A for Li) and also a
three times larger mass. Therefore, the channels and the interstitial sites of the
intercalation materials must be wide enough to successfully incorporate the larger Na*
cations’. All these differences lead to different interactions between the intercalation host
material and the sodium ions, influencing the thermodynamic as well as the kinetic
properties of sodium-ion batteries'®. Thus, the development of new electrode materials,
for both positive and negative sides, as well as new stable electrolyte formulations is

necessary to reach a competitive basis with the current Li-ion battery systems.

2.1.2 Build-up of a Sodium-lon Battery

A battery is the combination of several electrochemical cells, connected either in series or
parallel, or both, in order to meet the required electrical output. Each of these cells is
made up of three major components>*:

1. A negative electrode (also commonly referred to as anode) that sources electrons
to the external circuit and is hence oxidized during cell discharge. A good negative
electrode should be stable in contact with the electrolyte, should be able to insert
ions reversibly, has a high electrical and ionic conductivity, be easy to fabricate
from available precursors and be reasonably low priced™.

2. A positive electrode (cathode) acts as a sink of electrons from the external circuit
and is thereby reduced during cell discharge. The positive electrode should exhibit
the following properties: stability in contact with the electrolyte within its working
potential range and an advantageous working potential®.

3. An electrolyte that acts as transport medium for charges, in this case sodium ions,
between the positive and the negative electrode. Usually, the electrolyte consists
of a liquid, such as solvents or water, in which different salts, alkalis or acids are
dissolved in order to provide ionic conductivity. Sometimes, also solid electrolytes
are used as ionic conductors. Some key properties that a good electrolyte should
present are: high ionic conductivity while having only insignificant electronic
conductivity, thermal stability that is associated with a safe behaviour, low
production costs and, very important, no reactivity with the electrode active
materials®>.

In the cell the positive and the negative electrode are mechanically spaced using a

separator material that is however permeable to the electrolyte®.
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2.1.2.1 Negative Electrode Materials

Compared to metallic Li anodes, battery systems based on sodium metal as negative
electrode material are even more problematic to use at ambient temperatures due to the
low melting point of sodium (97.7 °C), dendritic metallic Na formation during cell charge
process as well as the high chemical reactivity and unstable passive layer in most of the
known electrolytes. These phenomena will induce a poor cycle life of sodium metal
electrodes, may lead to short-circuits and other important safety hazards that would make
such a cell impractical'.

Finding a suitable negative electrode intercalation material for NIBs is also a significant
challenge, since reaction pathways, chemistries and structures are different when sodium
instead of lithium is used. Fig. 1 shows a synthetic view of the possible negative electrode
materials for sodium-ion batteries. The most important are described and discussed in

more detail below.
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Fig. 1. Voltage vs. capacity plotted for different negative electrode materials for sodium-ion batteries; (adapted

from Ref. 12)



Theoretical Part

21.211 Carbon-Based Materials

Graphite, which is the most commonly used negative electrode material for Li-ion
batteries, cannot act as an insertion material in sodium-ion systems, since Na* does not

1,34,35

intercalate between the graphite layers Presently, many other non-graphite

3637 carbon fibers®, carbon blacks®® and

carbonaceous materials (petroleum cokes
polymers*®) with different morphologies, such as nanowires*', hollow carbon spheres*,
porous nanosheets* as well as template-made carbons* have been demonstrated to
insert Na. Hard carbons***®, however, promise to be the best alternative to graphite as
sodium can be successfully reversible inserted into the nanoporous voids of the
disordered graphene stacks'? leading to an electrochemical sodium insertion potential

relatively similar to that of the Na metal itself®.
2.1.2.1.2 Alloys

Alloy materials have attracted significant interest as negative electrode active materials

2. 3n*"*® a5 well as Sb-based

because of their relatively high theoretical specific capacity
materials*® exhibit very good cyclability, when they are used in sodium-ion batteries.
Furthermore, Sn/C*®, Sb/C*' and SnSb/C'" nanocomposites, which show good rate
capability, high capacities and good stability during cycling, were proven as negative
electrode materials. However, sodium insertion in these alloy materials is accompanied by

large volume changes, which lead to unstable electrodes®.
2.1.2.1.3 Metal Oxides and Sulfides

Titanium oxides promise to be a good choice as anode material because of their non-

toxicity, low costs and their low redox potential'?

. Sodium titanate Na,TizO;, for example,
can reversible insert two sodium ions at a low voltage of 0.3 V vs. Na?*®. However, this
material shows unsatisfactory cyclic and rate performance®. Sodium insertion is also
observed in amorphous TiO; nanotubes with a diameter > 80 nm taking the larger size of

Na® cations into account®

. Due to their low intercalation potential for Na, vanadium
oxides®**® have been proposed as negative electrodes too, but their high sensitivity to
oxygen as well as the voltage fluctuations during cycling are challenging and difficult to
tackle?. Through conversion reaction mechanisms of some metal oxides, for example
NiC0,0,°*, Sb,0,%, further host materials for Na ions are accessible.

Regarding the sulfides, TiS,*®, TaS,”°, MoS,* as well as Ni;S,*® and FeS,> phases are

also a possible option as negative electrode materials for sodium-ion batteries.
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21.21.4 Organic Compounds

In order to meet the increasing demand for low-cost electrode materials from sustainable
resources, batteries based on organic compounds promise to be a good solution thanks to
their high structural diversity, reasonably low costs and recyclability. Nevertheless, some
inherent disadvantages exist such as a poor electronic conductivity, poor cycleability and
a relatively small volumetric capacity. For moment, disodium terephthalate shows the best
performance in sodium-ion battery systems, but more research must be done to overcome

the above mentioned problems’.
21.21.5 Phosphorous-Based Compounds

Recently, amorphous red phosphorus/carbon composites have been developed as
negative electrodes. With this material the highest reversible capacity can be achieved

among all already existing negative electrodes for sodium-ion batteries®.

2.1.2.2 Positive Electrode Materials

Materials that can reversibly insert sodium ions at a voltage of at least 2 V vs. Na*/Na are
considered to be suitable for use as positive electrodes for sodium-ion batteries. To
ensure a good battery cycling performance over a long period of time, the volume
changes of the material during sodiation and de-sodiation should be as small as possible’.
Compared to negative electrode materials and electrolytes, research on positive
electrodes has been more successful providing a large number of possible materials (see
Fig. 2).

Oxide-based materials ( )
Phosphate/flouride-based materials ()

+ N
m 4‘0 Na1sVOPO4Fo.5 &_:\";\J PO4)2F3
&)
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Fig. 2. Voltage vs. specific capacity plotted for positive electrode materials for NIBs; (adapted from Ref. %)
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21.2.21 Oxides

Layered structure oxides of the type NaMO, (M= transition metal) exhibit high capacity,
relatively low material costs, when a convenient transition metal is used, as well as high
energy densities doubled by high intercalation potentials, which make them promising
materials for positive electrode systems®®. In these oxides, the sodium ions can usually be
found between the layers of the edge-shared MOg octahedra, analogue to the Li ions in
the LIMO, compounds. Since the layered oxides may present many crystallographic
configurations as a function of the transitional metal nature, various intercalation sites
between the layers are possible for the sodium cations resulting in different
electrochemical performances of each type. Although Na layered oxide materials seem to
resemble their lithium counterparts, some differences in the structure occur due to the
larger size of sodium®. This may also mean that materials that might be unusable in
lithium-ion batteries may actually work as positive electrode materials in sodium-ion
batteries. Na,NiO,®!, NaCr0,**®* and Na,Co0O,* have been currently investigated as
potential positive electrodes. In order to improve their electrochemical performance,
layered oxides with various transition metal mixtures® such as NagsgNiosC0040,*° and
Nag 66Mno.33C00.6602°" have also been developed.

Furthermore, the oxides with a tunnel-type structure'®, such as the orthorhombic
Nao.44sMn0,%%%° are also promising positive electrode materials. They offer better cycling
stability, since stress due to structural changes can be better tolerated®. For instance,
Nag.44sMnO, nanowires’® have been recently investigated. A-MnO,’" shows electrochemical
activity to reversible Na insertion, although a total rearrangement of the lattice is
necessary in order to intercalate Na in these structures’.

From the oxides containing iron, nanocrystallized Fe;04% as well as a-Fe,03” can be
mentioned. Vanadium oxides, either available in a channel-type (3-NasV.0s) or layered-
type structure (a-V,0s and Na.xV3Og) can be used as positive electrode materials’.
However, a combination with pre-sodiated anodes or metallic Na is necessary, since

these oxides are synthetized in the charged state and do not contain sodium’.
21.2.2.2 Phosphate-Based Materials

Phosphate-based materials are promising candidates for positive electrodes in sodium-ion
batteries, since phosphates are characterized by high thermal and structural stability,
good safety and higher redox potential in the case of transition metals resulting from the
relatively strong oxygen-phosphorus bond and the inductive effect of the polyanions PO4*
412 To overcome the negative aspects such as the low conductivity (ionic and electrical),
nanosized phosphate materials are used in order to decrease the diffusion lengths of the

ions'?.
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Among all electroactive phosphate materials olivine NaFePQO, shows the highest specific
capacity. Amorphous FePO,/C nanocomposites have been investigated. They were found
to offer improved kinetics and less structural changes during cycling®.

Na,M,(PQO4); NASICON type compounds, containing transition metals (V, Fe, Ti, Nb) in
their structure, can also serve as positive electrode materials. Their three-dimensional
open framework provides large interstitial spaces for sodium diffusion’>’®. In particular,
the vanadium containing NazVy(PO4); phase is considered as a possible electrode
material’”"®. However, since vanadium is toxic and relatively rare, more research has to
be done on abundant and non-toxic elements”.

Combining phosphates with fluorides leads to a new structural class of host materials for
Na ions®. Particularly, sodium vanadium fluorophosphates as well as sodium iron-
manganese fluorophosphates have been identified and proved to be promising
electroactive materials®.

Furthermore, pyrophosphates Na,MP,O; (M= Co, Fe, Mn, etc.) attract attention as
possible positive electrodes for Na-ion batteries due to their very strong 3-D framework
providing multiple sites for the Na insertion. However, since the pyrophosphate anions

(P,0O,)* are bigger than phosphates, lower theoretical specific capacities are achieved®.
21.2.2.3 Other Positive Electrode Materials

NaMSO,F materials’®, where M is a transition material, are reported as possible positive
electrodes. In spite of their high Na* ionic conductivity, Na extraction from their structures
is not energetically favored’.

Layered sulfides, such as Na,TiS,*, provide large voids for sodium intercalation, however
their working voltages are low compared to that for layered oxides or poly-anionic
compounds”.

Perovskite-type transition metal fluorides of the type NaMF3®' (M=Fe, Mn, Ni), especially
those with iron as a transition metal, can be mentioned as possible electrode materials.
However, they exhibit slow kinetics resulting in low energy conversion efficiencies®.

Since materials with open frameworks and hence large interstitial spaces are a good
choice to handle the larger size of Na* ions, Prussian Blue derivates, KMFe(CN)s (M= Mn,
Fe, Co, Ni, Zn)82 and NaXMnFe(CN)683, are also proved compounds that can function as
Na® host materials in sodium-ion batteries. Besides their non-toxicity, possible synthesis
from low-cost cations as well as their very good electrochemical properties are

advantageous®.
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Finally, polymeric electrodes represent another class of electroactive materials for Na-ion
batteries. They exhibit good cyclability doubled by a good rate capability, since the
polymer matrix is more flexible than the inorganic lattice, avoiding thus significant

structural changes occurring during the insertion of the larger sodium ions®.

2.1.2.3 Electrolytes

Electrolytes play an important role for the proper functioning of any battery system since
they can also dramatically influence the electrochemical performance of a cell, its
calendar and shelf life and even dictate the cell overall intrinsic safety characteristics and
limitations. To be considered as a good electrolyte (i) no reactivity with the other cell
components should occur, (ii) the ionic conductivity should be high and (iii) the
electrochemical as well as the thermal stability window should be large enough to allow
cell operation. The ionic conductivity, one of the most important factors affecting the
performance of a battery, is influenced by the viscosity of the electrolyte (lower viscosity
means higher ion mobility), the number of Na* cations and counter ions transported and
the degree of salt dissociated (determined by the solvent’s dielectric constant). To comply
with the large electrochemical window, the electrolyte should be able to withstand both
very high (oxidation) and low (reduction) electric potentials. Also for liquid electrolytes
melting points lower and boiling points higher than the temperature range, in which the
battery operates, are necessary. Additional factors that must be considered are costs and
toxicity®.

For the use in sodium-ion batteries different combinations of sodium salts (NaClQ,,
NaPFg, NaTFSI) with solvents (DEC (diethyl carbonate), DMC (dimethyl carbonate), DME
(dimethyl ether), EC (ethylene carbonate), PC (propylene carbonate), THF
(tetrahydrofuran), triglyme) and/or solvent mixtures (EC:DMC, EC:DME, EC:PC and
EC:triglyme) have been investigated. It has been found that NaClO4 or NaPF; dissolved in
PC or in the EC:PC mixture are most suitable for electrolytes in sodium-ion batteries.
Propylene carbonate possesses the advantages of high chemical stability, high dielectric
constant, low melting point as well as high boiling point that make it an attractive solvent
for the use in batteries®. Ethylene carbonate shows a high dielectric constant value too,
however its main disadvantage is the high melting point of 36.4 °C. But in combination
with PC as co-solvent no electrolyte solidification occurs within the ambient temperature

range®.
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21.2.3.1 Electrolyte Additives

Currently, sodium-ion batteries show a limited lifetime. One of the reasons behind this is
the continuous degradation of electrolyte during cycling. However, it has been learned
from Li-ion systems that cyclability can be improved and further electrolyte
reduction/oxidation could be avoided, when a stable passivation layer, consisting of
insoluble electrolyte decomposition products, is formed on the electrode surfaces®®. This
so-called solid electrolyte interphase (SEI) is on one hand electronically insulating
preventing further electrolyte decomposition and hence improving the electrolyte stability,
while on the other hand ionically conducting for the Li* cations. Since the main
components of the SEI layer are the solvent and salt, organic and inorganic degradation
products, their composition has a strong influence on the ionic conductivity, stability and
thickness of the film®®.

Since Na-ion negative electrodes show very unstable SEI layers compared to lithium-ion
batteries®, the use of carefully chosen electrolyte additives may be one possibility to
facilitate the formation of a stable layer. For lithium-ion systems many electrolyte additives
have been already developed to improve the formation of the passivation layer; their use
may also possibly lead to stable SEI layers in sodium-ion batteries. However, not much
research has been done on that till now. Generally, these additives can be divided into

two groups, depending on how the support the generation of the SEI*

. The required
concentration of the additive in the main solvent should be low. Usual additive

concentrations are approximately 1% v/v or below®®.

2.1.2.3.1.1 Reduction-Type Additives

This type of additives exhibits a similar oxidation potential, but a higher reduction potential
compared to the electrolyte solvent. The result is that these additives are preferentially
reduced forming a solid insoluble product, which covers hereafter the surface of the
negative electrode, before the electrochemical reduction of the main solvent starts. This
kind of additives contains one or more C=C bonds in their structure. Examples are
vinylene carbonate (VC, 1), fluoroethylene carbonate (FEC, 2) and vinyl ethylene
carbonate (VEC, 3)%'.
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Fig. 3. Examples of chemical structures of reduction-type additives

An electrochemically induced polymerization constitutes the basis of the mechanism®”:

First, the reduction of the vinyl group takes place, generating a radical anion. Then, this
anion has the possibility to react with the main solvent, the electrolyte salt, other vinylene
compounds or with all of them, resulting in solid insoluble products as a temporary SEI
nuclei, on which reduction products from other components of the electrolyte can then
grow. This leads to a SEI layer consisting of polymerization as well as reduced products®®.
The activity of these polymerizable additives depends on the strength of the adhesion of
the polymer on the electrode surface and the efficiency of the reductive polymerization®’.

Fluoroethylene carbonate, however, does not contain a reducible vinyl group in its
structure. But by the loss of a HF molecule, FEC is converted into a vinylene carbonate

molecule that can then participate in the polymerization mechanism, as shown below®’:

T — O
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2.1.2.3.1.2 Reaction-type Additives

This kind of additives do not undergo any reduction processes in contrast to the previously
described additives, but they can either eliminate intermediates of the electrolyte solvent
reduction, such as radical anions or can react with final products, such as alkoxides and
dicarbonates resulting in more stable SEI products. Examples are halogenated aromatic
isocyanate compounds, such as 4-fluorphenyl isocyanate (4) and 2,3,4-trifluorophenyl

isocyanate (5)%.

F ¥

4 5

Fig. 4. Examples of chemical structures of reaction-type additives

These isocyanates are in fact multifunctional additives, as they can fulfil several functions.
First, the isocyanate molecules can react with oxygen groups (such as carboxyl and
phenol) that are chemisorbed on the surface of the negative electrode forming more

stable products as below®’:

Ar——N=—=C=—0 /
NH
%—CM

O

\J
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¥

OH Ar

Since these have a higher affinity for the occurring electrolyte decomposition products,
nucleation and growth of the SEI is promoted and further solvent reduction is inhibited.
Second, the isocyanate group shows a high reactivity to acidic HF and water in the

electrolyte®:

F—0

Ar

N=—=C=—7=0 O 0
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Given that these impurities are responsible for the dissolution of the positive electrode
materials and the further decomposition of the SEI components, capacity fading can be

thus minimized, when the isocyanate additives scavenge them®.

2.1.3 Operation Principle of a Sodium-lon Battery

The operation principle of a sodium-ion battery is based on a so-called intercalation
process. This means that the negative electrode material as well as the positive electrode
act as an intercalation host, where the sodium ions, referred to as the guest-ions, can be
reversibly inserted or removed. When a sodium-ion cell is charged, the electrons flow
through the external circuit from the positive electrode, which is oxidized, to the negative
electrode, where reduction takes place. At the same time, sodium-ions are de-
inserted/removed from the positive material and migrate through the electrolyte towards
the negative material, where they are inserted. On discharge the process reverses. The
positive electrode is now reduced and the negative electrode oxidized, resulting in a de-
insertion process of the Na* ions from the negative material and in an incorporation of the
same species in the positive material®®. The charge-discharge process is graphically

illustrated in Fig. 5.
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Fig. 5. Schematic of insertion/de-insertion processes in sodium-ion batteries taking place at the positive and

negative electrodes.
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2.2 TiO,-Nanotubes

2.21 General

In the last decades, one-dimensional nanostructured materials (nanowires, nanofibers,
nanorods and nanotubes) have attracted a great deal of attention in science and
technology due to the combination of extraordinary geometrical features and exciting
properties. For instance, much effort has been invested in the formation of carbon
nanotubes, which may play an important role in microelectronic applications. In the
context of advanced materials research and development, the synthesis and
characterization of transition metal oxide nanostructures become more and more
important, opening unmatched opportunities towards photochemical, electronical,
biomedical and environmental applications®. In particular, TiO, nanotubes have attracted
significant interest. These nanotubular structures, that usually feature a large surface area
and a highly defined geometry®’, possess unique properties such as non-toxicity, high
oxidative power, resistance to corrosion, potential photocatalytic activity, environment-

friendliness and even biocompatibility characteristics® %

. Moreover, it is possible to
modify and tune these properties, resulting in a wide range of already proven applications
including self-cleaning coatings®, dye-sensitized solar cells®, gas sensing®, switching
electrochromic devices®, rechargeable batteries®, electrocatalysis®’, photocatalysis® and
biomedical applications®.

Among various routes that have been developed to fabricate nanotubular TiO, systems
such as sol-gel processes'®, soft- or hard-templating approaches’® or hydro/solvothermal

102

methods ™, electrochemical anodization in fluoride-containing electrolytes seems to be

most effective to produce self-organized TiO, nanotube layers®'%

. Under optimized
conditions, highly ordered, vertically aligned and closely packed tubes can be formed'®.
Furthermore, simple fabrication techniques and low costs constitute important advantages

of this technique'®.

2.2.2 Formation and Growth of TiO, Nanotubes by Anodic Oxidation

As mentioned above, self-organized TiO, nanotubes can be obtained by anodic oxidation
of metallic Ti in fluoride-containing electrolytes. Today, organic electrolytes, such as
ethylene glycol or glycerol that contain both ammonium fluoride as a F" ion source and
small amounts of water, have been proven and are commonly used'®. The anodization
process is carried out at constant voltage in a simple electrochemical configuration as

shown in Fig. 6.
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F containing electrolyte

Fig. 6. Experimental set-up for the anodization process.

This leads to the oxidation of the Ti metal [Eq. (1)] and the formation of a compact oxide
film [Eq. (2)] as initiation layer on the titanium substrate due to the reaction of the formed
Ti** ions with the O? ions provided from the water in the electrolyte. Parts of this initial

layer can sometimes be found on the tube tops after anodization®.

Ti — Ti* + 4e (1)

Ti** + 20% — TiO, (2)

After this initiation step, further growth of the oxide layer takes place, controlled by the
high-field transport of the mobile Ti** and O ions through the oxide film. Since the
migration of these ionic species happens simultaneously, growth of new oxide occurs at
both the metal/oxide and the oxide/electrolyte interfaces, depending only on the rate of
migration of the involved ions. At the interface between metal and oxide the inward
migrating O% ions react with the Ti metal [Eq. (3)]'%, resulting in the formation of a
compact and stable TiOzgo, while at the oxide/electrolyte interface reaction between the

106

outward migrating titanium ions and water occurs [Eq. (4)]  and a less-dense oxide layer

is formed®.

Ti(s) + 20% — TiO4(s) + 4e” 3)

Ti** + 2H,0(l) — TiO, + 4H" (4)

16
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In Fig. 7 the processes during oxide growth are schematically shown:

electrolyte

TiO2

Fig. 7. Schematic representation of the high-field transport of the mobile Ti*" and 0% ions through the oxide

film and the resulting oxide growth.

The as mentioned anodic reactions often go along with oxygen evolution at the anode [Eq.
(5)], in which the amount of oxygen evolved depends on the water content in the

electrolyte*®:

HoO(I) — Oy(g) + 4H" + 4e" ()

Simultaneously, as counter reaction, evolution of hydrogen takes place at the cathodic
side [Eq. (6)]"%:

2H,0(1) + 2e” — Hy(g) + 20H" (6)

Since anodization is carried out under a constant voltage, further growth of the oxide layer
leads to a decrease of the involved electric field, making the process self-limiting. Hence,
the applied voltage alone defines the final thickness of the initial compact oxide film'"’.

While this first stage in the electrochemical formation of nanotubular structures is
independent of the fluoride ions present in the electrolyte and can be compared with the
growth of barrier-oxide layers observed for example on Al, the subsequent formation of
the nanotubes can be directly related to the presence of F" ions. These fluorides can affect
the further anodization process in two ways. On one hand, they can form a water-soluble
[TiFs]* complex with the Ti** ions arriving at the oxide/electrolyte interface [Eq. (7)] and on

the other hand dissolution of the formed TiO, can occur. [Eq. (8)]'%
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Ti* + 6F — [TiFg]* (7)
TiOy(s) + 6F + 4H" — [TiFe]* + 2H,0 (8)

These two solvation mechanisms of the Ti** in the form of [TiFs]> complex ion prevent
further formation of new oxide at the oxide/electrolyte interface and ensures a permanent
chemical etching of the formed TiO; at a rate dependant on the F™ concentration'®. As a
result, an initial nanoporous structure on the surface is obtained'®. Henceforward,
chemical dissolution occurs faster at the pore bottoms, making them gradually deeper'®.
Another important factor that has to be mentioned is that the F" ions are small and can
therefore be transported through the oxide layer in competition with the migrating oxygen
ions. Since the migration rate of the F ions is twice as high as for the oxygen species, an
accumulation of the fluoride ions at the metal/oxide interface can be observed, leading to
the formation of a fluoride-rich layer there®''°. Fig. 8 illustrates the transport processes

that occur during this phase of anodization:

electrolyte
[TiF1*~
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N
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Fig. 8. Schematic representation of the transport processes in the presence of fluorides.

Finally, the transition from the initially formed nanoporous structure to the tubular structure
takes place. It has to be noted here that, by the conversion of the titanium metal into the
corresponding oxide, a volume expansion (Pilling-Bedworth ratio of 2.43) occurs that
leads in combination with electrostrictive forces, originating from the high electric field
intensity, to the generation of localized stress at the interface between metal and oxide.
This stress induces a so-called plastic flow, which pushes the oxide material up the pore
walls, so that newly formed oxide grows vertically from the surface of the metal. All this
happens in such a way that the originally formed oxide layer at the oxide/electrolyte
interface builds up now the inner-tube wall of the generated nanotube and the fluoride rich

layer, that was initially located at the metal/oxide interface, can now be found at the outer
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wall'®. Additionally, further accumulation of fluoride ions at the cell boundaries between
neighbouring tubes occurs, since the same flow also pushes the inward-migrating F" ions
towards these interfaces®. During the formation of these tubular structures the resulting
tubes still stick together, containing a fluoride-rich layer between them and hence showing
hexagonal shapes. But since this fluoride species, which can be found at the tube bottom
and along the complete tube length, are sensitive to chemical dissolution, etching of the
cell boundaries occurs, leading to the separation into individual tubes'®. From now on the
length of the formed nanotubes increases until a steady-state situation is achieved, where
the growth rate of the tubes is identical to their dissolution rate’®. All the stages from

initiation to growth are summarized in Fig. 9:

compact TiO, layer initial nanoporous structure
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self-organized nanotubes
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Fig. 9. Successive steps leading to the formation of the self-organized nanotubular structure.

The stages that are passed through during the anodization process can also be
recognized and described on current-time characteristic curves as illustrated in Fig. 10.
This curve can be divided into three regions, marked with I-lll. In the first region (I)
exponentially decay of the current occurs corresponding to the formation of the initial
compact oxide layer. Afterwards (region Il), the current increases again due to the
generation of a nanoporous structure and their transformation into the nanotubular form,
resulting in a larger active area and hence in an increased current. Finally, the progressive
growth of the nanotubes can be seen in region lll. Here the current is shared between the
growing tubes, while the total electrochemical reaction front at the metal-oxide interface is

constant, thus leading to a constant current value'*®"%.
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current density

time

Fig. 10. Characteristic current-time curve for the anodization process.

2.2.3 Influence on Geometry, Morphology and Composition of the

Tubes

The geometry and morphology of the formed TiO, nanotubes can be influenced by the
anodization conditions including applied voltage, anodization time, fluoride concentration,
used electrolyte and the water content’®. The key factor that has an impact on the
diameter of the tubes is the anodization voltage. A linearly diameter dependence on the
applied potential can be observed'®. This can be explained by the more intense etching
of the oxide layer at higher voltages leading to larger pores in the nanoporous structure"".
Another geometric feature that can also be affected by the applied voltage is the length of
the nanotubes'”. Since the growth of the oxide layer is determined by a high-field
mechanism with a growth rate of 2-2.5 nm TiO,/V, thicker nanotubular layers can be
obtained, when higher potentials are applied’'?. However, at a constant voltage, the tube
length is basically defined by the anodization time'” for short to medium anodization
durations. In the case of long-lasting anodizations, the maximum length of the tubes is
limited and it is achieved, when the stationary state between TiO, electrochemical
formation and its chemical dissolution is reached®. Furthermore, an inhomogeneous
structure at the nanotube tops can be observed at extended times resulting from a more
progressive etching of the tubes, as they are exposed to the fluoride containing electrolyte
for a longer period of time. This inhomogeneous top structure is often referred to as
“nanograss”'®. However, some ways have been developed to prevent such extensive
etching of the tube tops®""">1".

Depending on the concentration of fluorides in the electrolyte, different morphologies can
be obtained on the titanium substrate. At low concentrations (= 0.05 wt%) a compact

oxide film is formed, since insufficient F~ ions are present in the electrolyte and the
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chemical dissolution of the formed oxide cannot be initiated. If the fluoride content is high
(= 1 wt%), all of the formed Ti*" is immediately solvated as [TiFs]* and thus no oxide layer
is formed. Only for fluoride concentrations between these values nanotube formation
takes place®.

A dissimilar morphology and composition of the nanotubes can be observed during
anodization in different electrolytes. Tubes that are formed in aqueous electrolytes show a
non-uniform shape with sidewall ripples at the tubes and a length of only a few
micrometers. This effect is related to the large amount of water contained in these
electrolytes, since water accelerates the etching of the TiO, compared to its formation,
resulting in shorter tubes and larger distances between the tube walls'®. Furthermore,
also a V-shaped morphology is obtained in aqueous electrolytes due to the permanently
thinning of the tube tops®. On the contrary, anodization in organic viscous electrolytes'®,
because of their low water content''®, leads to smooth tube walls as well as long tubes, as
chemical dissolution is much slower in them'®. The used electrolyte also influences the
composition of the nanotubes, since the contained ions can be easily incorporated into the
oxide of the tube walls'”’. As a result, an inner carbon-rich layer can be found, when
organic electrolytes are used, while in aqueous electrolytes more hydroxides are found on

the inner than on the outer tube wall*®°.

2.2.4 Properties of the Nanotubes

TiO, nanotubes show several unique and outstanding properties making them very
interesting for many applications. In the following section some relevant properties are

addressed.

2.2.4.1 Crystallographic Structure

TiO, can naturally occur in three different crystalline phases, namely rutile, anatase and
brookite. In addition, also an amorphous form can be obtained, when TiO, nanostructures
are synthetized at room temperature using different methods, such as anodic oxidation or

sol-gel techniques®. Moreover, some high-pressure titania polymorphs''®

and a synthetic
phase, named TiO,(B)*"""", exist. Among all these crystal structures rutile presents the
highest stability in the bulk phase, while anatase is considered to be thermodynamically
most stable at nanoscale, because the lower surface energy of anatase determines a

better phase stability in this range®.
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Regarding TiO, nanotubes, which are typically amorphous after electrochemical
formation, a conversion into crystalline rutile and anatase phases can be observed, if the
anodization is carried out at extended times or higher voltages®''®""®. The influence of
the annealing process on the obtained crystallographic structure will be precisely outlined
in2.2.5.1%.

2.2.4.2 Electrical and Optical Properties

Due to the amorphous TiO, nanotubes relatively wide band-gap of 3.2-3.5 eV'?*'# the
electrical as well as the optical properties can be strongly influenced by present defects
that create additional electronic states in the band-gap either near to the conduction band
or the valence band. Particularly, the formation of Ti*" species (e.g. during heat treatments
in reducing atmosphere) near to the surface region plays an important role, as they can
provide additional states close to the conduction band of TiO,%. As a result, a high density

of charge carriers (10'®-10" cm™)'**

can be achieved, a property that is responsible for the
enhanced conductivity and higher photoresponse®.

Compared to conventional TiO, nanoparticles, the transport of charge carriers is much
lower in TiO, nanotubes due to the higher density of the above mentioned bulk states®.
However, the diffusion length for electrons under UV illumination is 30 times higher in the
nanotubes based on a reduced surface recombination probability®*'?°,

Another optical feature that attract attention is the high refractive index of the nanotubes in
the crystalline anatase (n= 2.5)'?® and rutile (n= 2.9)"* form, making them very interesting

for the creation of photonic meta-materials®'?’.

2.2.4.3 Reactivity

TiO, nanotubes show a relatively high reactivity that can be explained by their high
surface area, the directionality of the tubes, the presence and high density of structural
and electronic defects and the possibility to stabilize particular crystal phases and
orientations®. Hitherto, high activity toward CO,, CO, H, and alkane adsorption has been
demonstrated®; recently, it also has been shown that adsorption of oxygen'®, a
requirement for many surface reactions, on crystalline anatase TiO, nanotubular layers
may be possible — a remarkable attribute not observed on other pure crystalline rutile and
anatase materials until now'®.

One important reactivity feature related to electrochemistry is the ability of titania
nanotubes to insert small cations, when an external reduction potential is applied, a
process occurring simultaneously with the reduction of Ti* to Ti** in the TiO, lattice [Eq.
)%
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Ti"O,+ e + Y' — Ti**O,Y (9)
(Y=H*, Li*, Na")

Since the formation of Ti** leads to additional electronic states in the band-gap, as already
mentioned in section 2.2.4.2, changes in optical properties and conductivity can be
observed, such as the blackening of the tubes. Given that this process is reversible, TiO,
nanotubes can be exploited for applications in the field of electrochromic devices and
rechargeable batteries'®.

The TiO, nanotubular system also proves beneficial, when it is used as substrate in noble
metal catalysis. On one hand the nanotubular structure can prevent aggregation of the
catalyst on the surface leading to higher specific reaction rates and reactivity,
accompanied with a reduced loading of the expensive catalyst, while on the other hand, a
high overpotential for the O, evolution reaction can be induced thus bringing forth more

facile and faster catalytic reactions®.

2.2.5 Modification of the Nanotube Properties

Modifications are necessary to adapt the TiO, nanotubes for various applications that
depend on specific chemical, optical and electronic properties. This can be done by (i)

annealing, (ii) doping, (iii) filling and decoration and (iv) attachment of monolayers®.

2.2.5.1 Annealing

TiO, nanotubes are typically amorphous after electrochemical formation, but conversion
into anatase or rutile can be achieved via heat treatments either under oxidizing (O, or air)
or reducing (N, or Ar) conditions'®'?*'% \When annealed at lower temperatures (< 350
°C), the transition from the amorphous to the crystalline anatase phase takes place™’,
since anatase is thermodynamically more stable due to its lower surface energy in this
temperature range'?. However, the temperature at which the phase transformation starts,
also depends on the used annealing atmosphere. While under oxidizing conditions
anatase is already present at 250 °C, transition into anatase is much slower in argon or
nitrogen™'. With further increasing annealing temperature the crystalline rutile phase
starts to form, with the result that the TiO, nanotubes are completely converted into rutile
at 900 °C. It is interesting to say that at higher temperatures also thermal oxidation of the
titanium substrate underneath the tubes can appear, resulting in a thin rutile layer there.
This thermal oxide layer is the thicker, the more oxidizing the atmosphere and the higher
the annealing temperature is®. Furthermore, when annealed at temperatures > 450 °C,

cracks in the tube walls start to emerge caused by stress occurring during annealing. Both
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effects, the rutile layer as well as the cracks have a negative impact on the conductivity of
the tubes, when annealed above 450 °C, since cracks result in larger diffusion lengths and
also rutile shows lower electron mobility than the crystalline anatase phase'®. It should be
noted that annealing time and heating rate also have an influence on the resulting crystal
structure. For long-standing annealing processes, collapsing of the tubes can be
observed, for instance when they are heated above 650 °C*.

Fluoride and carbon species as well as hydroxide groups, that are incorporated into the
tube wall during anodization, can also be driven out to an amount < 1% by annealing.
Since fluoride ions are corrosive, toxic and have a detrimental impact on optical and
electronic properties, their elimination positively influences the properties'**.

In conclusion, one can say that annealing processes at lower temperatures are carried out
to improve conductivity and enhance the optical features, since anatase is more
conductive than the amorphous phase and annealing introduces additional states in the

band-gap that are necessary for an adequate photoresponse®.

2.2.5.2 Doping

Due to its wide band-gap of approx. 3.2 V, TiO, can only absorb UV light® and thus its
direct application in the field of solar energy is limited'”’. Therefore, additional species that
are electronically active - so-called dopants - have to be introduced in the structure to
decrease the band-gap, resulting in a considerable response to visible light. Several
methods have been developed to get doped TiO, nanotubes, amongst others (i) ion
implantation, (ii) thermal treatment in an atmosphere containing the doping species as a
gas, (iii) using an alloy as a substrate for anodic oxidation of the nanotubes and (iv)
treatment of the tubes in a melt/solution of the dopants®.

At the moment, nitrogen proves to be the best dopant for TiO, nanotubular structures,
since it decreases the band-gap by introducing an additional state near to the valence
band. However, some more elements such as Cr, Mn, Fe, V or C and S have been

explored as possible doping species®.

2.2.5.3 Filling and Decorating

Filling and decoration of the TiO, nanotubes with a secondary material such as metals,
polymers or semiconductors, result in tubes with enhanced or rather additional properties.
For example, deposition of TiO, nanoparticles outside the tube wall improves efficiency of
solar cells due to the increased surface area, while Fe3;O, deposited into the tubes
introduces additional magnetic properties. Generally, modification by filling and decoration
can have the following beneficial effects: (i) improved charge transfer due to surface

plasmon effects, (ii) introduction of suitable states in the band-gap to simplify charge
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injection and (iii) catalysis for charge-transfer reactions®. At the moment,

electrodeposition seems to be an adapted method to decorate or fill TiO, nanotubes'?.

2.2.5.4 Attachment of Monolayers

A condensation reaction between the hydroxyl groups on the TiO, surface and silanes,
phosphonates or carboxylates leads to a covalent attachment of these groups on the
surface. This is done (i) to get biochemical and chemical sensors, (ii) to obtain modified

biocompatibility and (iii) to change the wettability of the surface®.

2.2.6 Used Methods and Techniques

2.2.6.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is a versatile and convenient electroanalytic method to gain qualitative
information about electrochemical reactions including electron-transfer reactions, redox
and adsorption processes. For instance, the transfer coefficient, the rate constant as well
as the location of the redox potential can be determined using this technique'*®. Generally,
the CV consists of scanning the potential, applied to the WE, with a constant scan rate
from an initial value E; to a defined limit E, (switching potential), where the scan is
reversed, sweeping back the potential to the value of E; (see Fig. 11)"*. This potential
sweep can be done once or repeated many times. The scan rate as well as the values for
the initial and switching potential can be varied after each cycle. It is also possible to apply
a delay at the vertex potentials, include open-circuit periods etc’*®. The current response
to the applied voltage is obtained and recorded. This can be displayed in a so-called cyclic

voltammogram'®.

cycle

E;

applied potential

E, E¢

Fig. 11. Potential as a function of time for a CV experiment.
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2.2.6.2 Galvanostatic Cycling with Potential Limitation (GCPL)

Galvanostatic cycling with potential limitation represents a technique used to investigate
the behaviour of a battery electrode during the intercalation/de-intercalation process. The
experiment is carried out by applying a constant current (expressed as current intensity
per mass of active material (mA/g) or using the C-rate convention) within predetermined
potential range limits. The charge or the discharge of the material takes place alternately
depending on the sign of the imposed current’®. The current is switched from oxidizing to
reducing current and vice-versa upon reaching the pre-set potential limits and this cycle
can be repeated many times. This technique provides information about the specific
capacities of electrode materials, their initial and subsequent irreversible capacities as
well as the capacity fading during long term cycling or over a large number of cycles. Also,
useful information about the insertion/de-insertion overpotentials at various kinetic rates
(determined by the value of the applied current) can easily be obtained by observing the

polarization effects during charge and discharge.

2.2.6.3 Chronoamperometry (CA)

Chronoamperometry is an electrochemical method that measures the current response of
an electrochemical system, when a potential pulse is applied. CA is carried out by
changing the potential of the WE from an initial value E; to a potential E4, at which a
faradaic process (charge transfer through the electrified interface) takes place, and
holding this value for a period of time t; '*°. In addition to this single potential step, the
potential can also be returned to a final potential E¢ followed by a time period t,, resulting
in a double potential step experiment (Fig. 12, left side). The resulting current is recorded

as a function of time (Fig. 12, right side)"’.

o current

: potential

to time t t t time

Fig. 12. (left) Potential and (right) current as a function of time for a CA experiment.
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In the first few ms of the experiment the capacitive current’”’, that represents only the
charge/discharge behaviour of the electrode’s electrical double layer without involving any
chemical reactions there, is the dominant phenomenon'®®, resulting in a current decay
with 1/t dependence’’. On the other hand, at longer times the faradaic current, that
results from charge-transfer reactions at the surface of the electrode, prevails. The

current—time dependence in this region can be described using the Cottrell equation®®,

. nFAcg/Dy o
l=——

Vrt
where n is the number of electrons transferred, F is the Faraday’s constant (96485 C/mol),
A is the electrode area (cmz), Co is the concentration of the electroactive species (moI/m3),
Dy is the diffusion coefficient (cm?/s) and t is the time (s)'*". As a result, the current decays

12
al

in diffusion controlled processes as a function of t" in this region'®.

By using this relation it is possible to determine either the diffusion coefficient (from the

slope of i versus t"?)'%

of electroactive species or the electrode surface area, when the
other parameters are known'’. Chronoamperometry can also be used to study

mechanisms of electrode processes.

2.2.6.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a powerful tool for the characterization of
electrochemical systems. Information can be obtained about electrode-electrolyte
interfaces, their structure and the electrochemical reactions taking place there. This
technique measures the impedance (Z) of an electrochemical cell by applying a sinusoidal
ac (alternating current) perturbation at the working electrode, usually in the form of an
alternating potential and analysing the ac current response as a Fourier series. Since
electrochemical impedance is normally carried out at small ac signals, a pseudo-linear
response is obtained, meaning that the resulting current is also sinusoidal with similar
frequency, but phase shifted’®.

The applied potential signal has the general form
E; = Ey sin(wt) (2)

where t is the time, w represents the radial frequency, Eq is the amplitude and E; is the

potential at t"*®.
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The resulting current signal |; is phase shifted (¢) and has a maximum amplitude 1o%.

I; = Iy sin(wt + ¢) 3

When now an expression similar to the Ohm’s law is used, the impedance (Z) can be

expressed as:

P E, 7 sin(wt) 4
_I_ Osin(wt + ¢) S

where Z, represents the magnitude'*®.

With the Euler’s relationship,

exp(jop) = cos¢p + jsing (5)

the impedance can then be represented as a complex function consisting of a real and an

imaginary part'®:

Z(0) = & _ E, exp (jwt)
I Iyexp (jwt + ¢)

= Zy(cos¢ + jsing) (6)

Impedance data are often graphically presented in the so-called Nyquist and Bode
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plots . While in the Nyquist plots the imaginary part is plotted versus the real part of the
impedance, the Bode plot shows the modulus of the impedance as a function of the log
frequency’®. The Nyquist representation has the great advantage that the shape of the
resulting curves delivers insight into possible mechanisms, although no information about
the frequency is shown'®. On the contrary, in the Bode plots the frequency dependence is
clear and immediately visible'®. Therefore, in practice, both plots are used.

To evaluate the processes and electrochemical phenomena taking place at the working
electrode, electrical equivalent circuits are usually used to model the impedance response
of the electrode being investigated. This is done by constructing at first an electrical circuit
composed of elements such as ideal resistors (R), capacitors (C) and inductors (L)'
connected in series or in parallel, since, in most cases, the EIS data cannot be fitted using
a single circuit element’. In order to account for real systems that mostly do not behave
like common RLC circuit elements, special virtual circuit elements such as the constant
phase element (CPE) and the Warburg element (Z,,) can also be introduced. In such an

equivalent circuit model, the resistor may for instance represent the resistance to charge



Theoretical Part

transport, a capacitor may model the ideal behaviour of an electrical double layer, while
an inductor may model adsorption and desorption at the electrode surface as well as the
formation of a passivation layer'*®. The Warburg element is used to depict diffusion or
mass transport at the electrode. After choosing a suitable equivalent circuit that can
account for the physical and chemical phenomena taking place in the electrochemical cell,
the impedance response data is fitted to this circuit in order to determine the specific
parameters associated with the circuit elements used. With a validated equivalent circuit,
information about the resistance of the electrolyte, the capacitance of the double layer, the

diffusion coefficient of electroactive species etc. can be determined.

2.2.6.5 X-Ray Diffraction (XRD)

XRD analysis is a powerful nondestructive method to obtain information about crystalline
materials including phases, structures, and crystal orientations as well as other structural
parameters such as crystallinity, amorphicity, crystallite size and crystal defects. Since
crystalline solids are built up of planes of atoms that are separated by a distance d,
diffraction of incident x-rays in specific angles at each set of atomic planes can occur'.
As a result an x-ray diffraction pattern is obtained that is specific for each crystalline

material and can therefore be used as fingerprint for its characterization.
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3 Experimental Part

3.1 Formation, Modification and Characterization of TiO,

Nanotubes

3.1.1 Synthesis of the Tubes by Anodic Oxidation

Titanium foils (Sigma Aldrich) with a thickness of 0.25 mm and a purity of 99.7% were
used as substrates for the anodic growth of the TiO, nanotubes. These foils were cut into
small square pieces of 12.5 mm x 12.5 mm and ultrasonically cleaned in acetone,
isopropanol and methanol, in this order, for 10 minutes, in each of the above-mentioned
solvents. Subsequently, these samples were rinsed with distilled water and dried with
compressed air.

For anodization, an electrochemical cell in a two-electrode configuration having the
titanium foil as working electrode and a stainless steel plate as counter electrode was
used (Fig. 13). In this cell, the sample was pressed against a copper or brass ring to
ensure a good electrical contact, while leaving a surface area of approx. 0.708 cm? of the
titanium exposed to the anodization bath, which consisted of 0.4% NHsF, 2% distilled
water and 97.6% ethylene glycol. In order to dissolve the ammonium fluoride crystals
completely in the ethylene glycol/water mixture, the solution was stirred over night before

used.

Fig. 13. Photographs of the electrochemical cell in a two-electrode configuration used for anodization with the

titanium foil as working electrode and a stainless steel plate as counter electrode. (a) Components needed for

the assembling of the cell. (b) Assembled electrochemical cell.
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For the experiments the cell was connected to a precision dc power supply (Agilent
E3610A) and anodization was carried out at several constant potentials (30, 40, 50 and 60
V) and for various time intervals (30 min, 1 h and 2 h). After the anodization step, various
cleaning procedures were used on the as-anodized samples depending on the applied
voltage. Those anodized at 50 and 60 V were only rinsed with distilled water followed by
carefully drying with compressed air, while the samples anodized at 30 V were cleaned
following one of the two treatments explained below. They are either rinsed with distilled
water and EtOH alternately and then dried with compressed air; this cleaning method was
denoted as A1. Or, they were first rinsed with distilled water and dried with compressed air
and then, after a waiting time of 20 min, ultrasonically cleaned in distilled water for 15 sec
and dried again. This is described as cleaning procedure A2. The samples prepared at 40
V were subjected to one of the five following treatments. Method one (B1) corresponds to
the cleaning applied to the samples anodized at 50 or 60 V. Cleaning technique B2 is
similar to B1, however rinsing was carried out with distilled water and EtOH alternately
before drying. For the third approach (B3), the samples were first rinsed with distilled
water and EtOH alternately and dried with compressed air and then, after 20 minutes,
ultrasonically cleaned in distilled water for 15 seconds and dried again with compressed
air. In the fourth method (B4) compared to B3, rinsing was carried out only with water and
the subsequent cleaning in the ultrasonic bath was extended to one minute. For the last
approach (B5) the anodized samples were rinsed with distilled water, then immersed in
EtOH for one hour and finally dried on air. All the cleaning methods mentioned above are

summarized in Table 1.

Table 1. Cleaning procedures used for the samples after anodization depending on the applied voltage.

anodization voltage cleaning treatment after anodization

30V treatment A1:

1. rinsing with distilled water
drying with compressed air
waiting for 20 minutes

ultrasonically cleaning in distilled water for 15 seconds

o > N

drying with compressed air
treatment A2:

1. rinsing with distilled water/EtOH alternately

2. drying with compressed air
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40V treatment B1:

1. rinsing with distilled water

2. drying with compressed air
treatment B2:

1. rinsing with distilled water/EtOH alternately

2. drying with compressed air

treatment B3:

rinsing with distilled water /EtOH alternately
drying with compressed air again

waiting for 20 minutes

ultrasonically cleaning in distilled water for 15 seconds

o b 0N~

drying with compressed air again

treatment B4:

—_

rinsing with distilled water
drying with compressed air
waiting for 20 minutes

ultrasonically cleaning for 1 minute

o > N

drying with compressed air
treatment B5:

1. rinsing with distilled water
immersing in EtOH for 1 h

drying on air

50V and 60 V 1. rinsing with distilled water

2. drying with compressed air

Furthermore, also a two-step anodization mechanism was accomplished. For this, one
titanium sample was anodic treated at 40 V for 2 hours and cleaned by rinsing with water
and drying with compressed air. Then, the nanotube layer on the surface was removed
using an adhesive scotch tape (see section 3.1.2.) and the same titanium foil, after
ultrasonically cleaning in acetone, isopropanol and methanol for 10 minutes, was
anodized again, in the same conditions. Finally, the as-prepared samples were rinsed with
distilled water and dried with compressed air. All the experiments were carried out at room

temperature at approximately 24 (=1) °C.
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3.1.2 Mass Determination of the Nanotube Layers

The anodized samples used for mass determination were just cleaned by rinsing with
water and drying with compressed air. A scotch tape from 3M was employed to determine
the mass of the nanotubes on the surface. The procedure was as follows: In the first step
a small piece of the scotch tape was weighed out using a microbalance. Then the
adhesive side of the tape was pressed onto the surface of the anodized titanium foil.
Finally, the adhesive strip was peeled off from the surface and with the nanotube layer
sticking on it, weighted again. The whole procedure is graphically illustrated in Fig. 14.
However, mass determination has to be carried out directly after drying, otherwise it is not

possible to remove the nanotube layer.

T [ B ‘ =T ] TTT1 { [ «—— TiO; nanotubes
|

—=—

I scotch tape

‘-{-‘- ~_— TiO7 nanotubes

‘ scotch tape

— TiO, nanotubes

Fig. 14. Schematical representation of the mass determination using a scotch tape. First, a small piece of a
scotch tape was weighted. Then, this tape was pressed with its adhesive side on the nanotube layer. Finally,
the scotch tape with the nanotube layer on it was peeled off from the surface of the titanium foil and weighted

again.
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3.1.3 Heat Treatment of the “as-grown” Nanotubes

To study the influence of heat treatments on the structure of the as-anodized samples,
annealing was carried out in a horizontal pipe furnace at different temperatures (100 °C,
200 °C, 300 °C and 350 °C) for 1 hour or 2 hours either in air or under argon flow with a
heating rate of 5 °C/min. For the experiments done in argon the furnace was first
evacuated for about 30 minutes and then streamed with argon gas to obtain a pure

atmosphere for the subsequent annealing process.

3.1.4 Structural and Morphological Characterization

Scanning electron microscopy (Oxford Instruments, INCA X-act PentaFET Precision
TESCAN) was employed for the morphological characterization of the pristine TiO,
nanotubes. In order to obtain cross-sectional and bottom-view images of the nanotube
layers, samples were scratched at the surface prior to characterization.

To examine the amorphous or crystalline nature of the as-anodized as well as the
annealed samples, x-ray diffraction analysis was performed. For the heat-treated ones,

XRD measurements were done after each annealing temperature.

3.2 Pouch Cells

3.2.1 Assembling of Pouch Cells

In order to study the electrochemical performance of the anodized TiO, nanotubes as
negative electrode material in sodium-ion batteries, they were assembled in so-called
pouch cells.
For the set-up of such a cell, the following components were required:
* Arectangular piece of a pouch foil (approximately 10.5 mm x 4.5 mm)
* Square pieces of a sealing material (six units per cell)
* Two pieces of a separator material (Freudenberg FS 2190)
* Copper foil (Goodfellow, 0.0175 mm thick, purity 99.9%), cut into a L-shape used
as current collector for the counter electrode
* Two stripes of the same copper foil needed to wire the working and the reference
electrode

All the above-mentioned components are graphically shown in Fig. 15 (a) and (b).



Experimental Part
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Fig. 15. Components needed for assembling of pouch cells.

First, spot-welding was performed to contact the electrochemical treated titanium sample
with the copper current collector. Afterwards, the cut pouch foil was folded in half, creating
a pocket, in which the working electrode (WE, titania nanotube sample supported onto
titanium foil) was embedded and fixed by heat-sealing of the top. A special sealing
material was used at the hot-seal level in order to avoid a short-circuit of the current
collectors through the pouch metallic foil. After this, the two pieces of separator were
placed above the working electrode in the cell. The pre-assembled cell as well as the
current collectors for the counter and the reference electrodes were dried in a Blchi oven
at 60 °C under vacuum over night. Further assembling was carried out in a glove box
under argon atmosphere with O, and H,O vapour concentrations lower than 1 ppm. For
the preparation of Na counter electrode (CE), a small piece of Na metal was put on the L-
shaped copper current collector and rolled between two sheets of transparent Mylar film
until the Na was spread over the entire Cu current collector surface. Excess Na metal,
which was protruding over the edges of the current collector, was cut away. For the
reference electrode, a small piece of sodium was placed at the end of the copper stripe
and fixed by folding the stripe onto the Na metal. Then, the Na-loaded CE was directly
positioned above the WE and the separator in the cell, while the RE was placed between
the two sheets of separator next to the counter and the working electrode. In order to fix
their position, hot-sealing was also performed on the bottom side. The separator was then
soaked with approximately 600ul of the electrolyte solution (either 1 M NaClO, in PC or
0.6 M NaPFg in an EC:DMC 3:7 mixture) using an automatic pipette and closed by hot-
sealing of the last side. A schematic representation of the stacking of the individual

components can be seen in Fig. 16.

35



Experimental Part

Pouchfoil
CE | copper current collector
]
copper current RE separator
collector Becn
Pouchfoil

Fig. 16. Stacking of the individual components in the Pouch cell.

Finally, in order to get a good contact between the electrodes, the cell was opened by
cutting one edge away, evacuated for 20 seconds and sealed again. This last step was
performed outside the glove box. All steps of the above-mentioned assembling process
are graphically summarized in Fig. 17. Prior to electrochemical characterization, the as-
prepared pouch cell was tested for short-circuits and the cell voltage was measured using

a digital multimeter (Fluke 87).

Fig. 17. Steps for assembling of a pouch cell. (a) Placing of the WE and the separator into the pouch foil and
heat-sealing of the top side. (b) Putting cleaned sodium metal on the current collector of the RE and CE (c)
Placing of the counter and reference electrode into the cell and heat-sealing of the bottom side. (d) Filling with
electrolyte and heat-sealing of the last side. (e) Opening the cell by cutting one edge away, evacuating the cell

and sealing it.
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3.2.2 Electrochemical Characterization

Electrochemical measurements of the pouch cells were performed directly after
assembling of the cells. Cycling voltammetry as well as galvanostatic cycling was carried
out utilizing a multichannel MPG-2 potentiostat from Biologic Science Instruments
(Software EC-LAB VIO-34). For the cycling studies the GCPL-technique (Galvanostatic
Cycling with Potential Limitation) was selected. The charge/discharge experiments were
always started with a resting time of 12 hours followed by cycling primarily at 50 mA/g for
100 times continued at 25 mA/g for 100 or rather 200 times. The potential limits were set
either between 0.8-2 V vs. Na*/Na or 0.1-2 V vs. Na‘/Na. To obtain information about the
capacity retention and evaluate the self-discharge characteristic of the titania nanotubes,
another cycling experiment was performed. For that purpose, the pouch cell, after a
resting time of 12 hours, was cycled at 25 mA/g for 10 times followed by doing a half cycle
in order to reach the charged state and resting at this state for 6 hours. After this resting
step, the cell was charged again and the cycle was completed by subsequently
discharging. This procedure was repeated several times, however the resting time was
extended to 12, 24, 48, 120 and 240 hours, namely in this order. Between the last three
resting steps cycling was only done for five times. The potentials were set between 0.8-2
V vs. Na*/Na in this experiment. The capacity retention determination was carried out on
one cell that had already been cycled for 300 times with the former mentioned program
and on one freshly assembled cell.

For the cyclic voltammetry experiments the CVA technique (Cyclic Voltammetry
Advanced) was selected. After a resting time of 12 hours, the potential of the working
electrode was scanned between 0.1-2 V at different scan rates (0.05, 0.1, 0.2, 0.5, 1,2, 5
and 10 mV/s). The initial E; and the final potential E; were set to 1.5 V. For each scan rate,

two cycles were acquired.

3.2.3 Compositional, Structural and Morphological Characterization

The galvanostatic cycled samples had to be cleaned prior to characterization. This was
done by cutting the pouch cell open in the glovebox (Ar atmosphere with an O, and H,O
concentration smaller than 1 ppm) and by removing the cycled samples from the other cell
components. The nanotubes on the titanium foil were then rinsed with propylene
carbonate several times and immersed in PC for 15 minutes. This cleaning step was
repeated twice. For the final rinsing diethyl carbonate was used.

X-ray diffraction experiments were carried out to determine the crystallinity of the cycled

samples. The composition and the morphology of the nanotube layers were obtained
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using a scanning electron microscope equipped with an EDX-detector (ZEISS Ultra 55).
SEM cross-section images were taken from samples that were intentionally scratched just

before placing the sample into the SEM vacuum chamber.

3.3 Swagelok Cells

3.3.1 Analysis of Electrolytes Additives on Passive Layer Formation

using EIS

Two-electrode symmetrical Swagelok cells with sodium metal as both working and
counter electrode separated by two disks of Whatman GF/B glass fibers were assembled
in a glovebox under argon atmosphere with an O, and H,O concentration smaller than 1
ppm. A set-up of such a Swagelok cell as well as a finally assembled one are graphically

outlined in Fig. 18.

Fig. 18. Photographs of the cell parts as well as a finally assembled three-electrode Swagelok cell. In this

case only the CE and WE is used. The third connection just serves as a closing plug.

For the first experiment, a 1 M solution of NaClQ, in propylene carbonate as well as a 0.6
M solution of NaPFg in a mixture of EC:DMC (3:7 by wt%) were used as electrolytes, filling
each cell with 800 ul of the respective electrolyte solution. In order to study the influence
of additives on the formation of a passivation layer on the Na metal, the NaCIO4 as well as
the NaPF¢ based electrolyte were mixed with 1% of one of the following additives: vinyl
carbonate, fluoroethylene carbonate, 4-fluorophenyl isocyanate, 2,3,4-trifluorophenyl
isocyanate and 4-vinyl-1,3-dioxolan-2 one. For each electrolyte/additive combination one
Swagelok cell was prepared adding 800 ul of the respective solution.

Potentiostatic EIS measurements were carried out at 20 minutes, 1 hour, 3 hours, 10

hours, 1 day, 2 days, 3 days, 4 days and 5 days after preparation using the Parstat MC
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potentiostat (Software: Versa Studio). For the experiments done at 20 minutes and 1 hour
after assembling, the frequency range was set from 500000 to 0.1 Hz with an amplitude of
20 mV. For the further measurements the frequency range was extended to 0.01 Hz using

the same value for the amplitude.

3.3.2 Determination of the Diffusion Coefficient

Swagelok cells in a three-electrode configuration with sodium metal as counter and
reference electrode were assembled in a glovebox under argon atmosphere with an O,
and H,O concentration smaller than 1 ppm. For the experiment a copper disk (Goodfellow,
thickness: 0.0175 mm, purity: 99.9%) was used as working electrode. Prior to assembly,
the copper disk was cleaned by sonication in acetone, isopropanol and methanol for ten
minutes followed by rinsing with distilled water and carefully drying with compressed air.
The cell was filled with 800 ul of a 1 M solution of NaCIlO4 in PC and two Whatman GF/B
separator disks were placed between the counter and the working electrode. Additionally,
a third separator was sided above the WE-CE stack.

Chronoamperometry was carried out utilizing a multichannel MPG-2 potentiostat from
Biologic Science Instruments (Software EC-LAB VIO-34). For the CA studies a potential of

-0.1 V versus reference electrode was applied in one step for 20 seconds.

3.4 Sn/TiO, Composites

3.4.1 Preparation of Sn-filled Nanotubes using Electrodeposition

Nanotubes grown by anodic oxidation at 40 V for 2 hours using the procedure described
in section 3.1.1. were employed in the electrodeposition process. After anodization the
samples were rinsed with distilled water, dried with compressed air and then, after 20
minutes, ultrasonically cleaned in distilled water for 15 seconds and finally dried with
compressed air again. In order to carry out electrodeposition, the as-cleaned samples
were fit in an electrochemical cell (the same one that was already used for the anodization
process) so that the whole nanotube layer was exposed to the solutions used for Sn
electrodeposition. This time a platinum gauze served as counter electrode and a calomel
electrode (SCE) as reference. All experimental steps were performed using the Parstat
MC potentiostat (Software: Versa Studio). Different approaches were explored in order to
get the nanotubes filled with Sn.

In the first experiment, filling of the tubes was attempted in the following way: Primarily

reduction of the nanotubes was carried out in 1 M (NH,4).SO, by applying a potential of
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-1.5 V versus SCE. After this, the sample was immersed with several drops of a diluted
SnCl, sensitizer solution (0.85 g SnCl, in 200 ml distilled H,O) for 5 minutes and then
rinsed with distilled water. Subsequently, the nanotubes were soaked in an initiator
solution (0.7 g AgNO3; in 50 ml distilled H,O) for 5 minutes and washed with distilled water.
Finally, Sn electrodeposition was carried out using a pulsing approach with a cathodic
current pulse (-10 mA/cm?for 100 ms) followed by an anodic pulse (+1 mA/cm? for 10 ms)
and a resting time (0 mA/cm? for 3 sec) in a SnCly/sodium citrate solution. The
electrodeposition solution was prepared by mixing a SnCl, (3.5 g SnCl, in 100 ml distilled
H,0) and a sodium citrate solution (0.5 M in 100 ml distilled water). The above-mentioned
pulsing approach is repeated 300 times. Afterwards, the sample was rinsed with distilled
water and carefully dried with compressed air.

The second experiment was performed in the same way, however the SnCly/sodium
citrate solution was stirred at 500 rpm during the Sn electrodeposition step.

In the third approach, filling of the nanotubes was carried out without soaking the sample
in the initiator solution.

In the fourth experiment the pulsed Sn electrodeposition step was directly applied after the
reduction step. No sensitizer and initiation solution was used in this approach.

All experiments were carried out under room temperature at approximately 24 (1) °C.

3.4.2 Morphological Characterization

Scanning electron microscopy (Oxford Instruments, INCA X-act PentaFET Precision
TESCAN) was employed for the morphological characterization of the TiO, nanotubes that
were subjected to the electrodeposition process. In order to obtain cross-sectional and
bottom-view images of the nanotube layers, samples were scratched at the surface prior

to characterization.

3.4.3 Electrochemical Characterization

To study the cycling behaviour of the modified TiO, nanotubes as negative electrode
material in sodium-ion batteries, pouch cells were assembled utilizing the procedure
explained in section 3.2.1. The galvanostatic cycling experiments were performed directly
after assembling using a multichannel MPG-2 potentiostat from Biologic Science
Instruments (Software EC-LAB VIO-34). For the cycling studies the GCPL-technique
(Galvanostatic Cycling with Potential Limitation) was selected. The charge/discharge

experiments were started with a resting time of 12 hours followed by cycling primarily at
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50 mA/g for 50 times continued at 25 mA/g for 100 times. The potential limits were set
between 0.1-2 V vs. Na*/Na.

41



Results and Discussion

4 Results and Discussion

4.1 Masses of the Nanotube Layers

Anodization of the Ti foils was carried at different voltages and for different times, as
explained in the experimental part. To determine the masses of the nanotube layers that
are formed on the Ti samples under the specific anodization conditions, the method
explained in section 3.1.2 was used. In Table 2 the determined masses as well as the
corresponding anodization conditions are summarized. It can be seen that an extension of
the anodization time from 1 hour to 2 hours at the same applied voltage does not result in
a doubled mass, since etching of the tube tops is more advanced at longer anodization
times. However, the determined masses have to be regarded with caution, because the
nanotube layer was peeled off with the Scotch tape directly after the cleaning and drying
process. Therefore, it is possible that remnants of the electrolyte or small amounts of
water from the cleaning procedure are still present in the nanotubes leading to higher
masses. A very precise determination of the masses using this method was not possible.
When the nanotubes on the Ti foils were subjected to an extended drying process at 120
°C under vacuum over night in order to remove volatile rests, the adhesion of the
nanotubes on the Ti foil becomes significantly stronger. The result is that the nanotube

layers cannot be peeled off with the Scotch tape any more.

Table 2. Masses of the nanotube layers formed on the Ti foils under specific anodization conditions.

anodization voltage anodization time mass (mg)
30V 2h 0.56
40V 1h 0.84
40V 2h 1.14
50V 1h 1.69
50V 2h 2.28
60 V 30 min 1.72
60 V 1h 2.77




Results and Discussion

4.2 SEM Images and EDX Analysis

4.2.1 Pristine Samples

As described in the experimental section, TiO, nanotube layers were formed by
anodization of a Ti foil in a mixed electrolyte containing 97.6% ethylene glycol, 2% distilled
water and 0.4% NH4F at different voltages for different durations. Fig. 19 shows selected
SEM images of the resulting TiO, nanotubes in the cross-sectional (a) and top-view (b-d).
It can clearly be seen that anodization leads to the formation of compact, parallel-aligned
nanotubes with smooth tube walls that are closed at the bottom and opened on top.
However, from the top view in Fig. 19 (d) it can be observed that the tube tops do not
show a well-ordered structure over the entire surface, but form some kind of bundled
nanotubes. This bundling of the NTs could be produced during the drying process with
compressed air, since the long nanotubes could stick together due to capillary forces
acting between adjacent tubes. From the SEM image in Fig. 19 (b) it can be seen that the
surface of the nanotubes are partially covered with a compact layer. These are remnants
of the initiation layer that is formed in the first stage of tube growth, as mentioned in
section 2.2.2. However, the formation of bundled nanotubes as well as the presence of
debris of the initial layer can have a negative impact on the intercalation of sodium ions
into the nanotubes, since fewer tubes are available for the insertion process. Therefore,
different cleaning methods were applied to the anodized samples in order to remove
surface debris as described in the experimental part in section 3.1.1. The influence of the
cleaning procedure on the intercalation process is discussed in section 4.4.2.1 in more

detail.



Results and Discussion

N ¥ ‘ :
SEM HV: 200K 146i: & 73 mm SEM HV: 200KV 1463: & B0 mm
Viewfield: 728 ym | SEMMAC: 00ks  2pm HVARTA B A v
SEM MAG: 40.0 kx| Date(rveiy £ 011501 ICRONRSTSTIOTRIN SEM MAG: 50.0 kx | Datefrvcry e (115414

4

SEMHV 200KV | WO 8dmm SEMHV 200K | WO 6 Sdmm
Viewfield: 722 ym | SEMMAG: 40.0ka 2pm Vicwfleld: 722 ym | SEMMAG: 40.0ka  2pm
SEM MAG: 400 kx  Date{micy (115018 THCTO INOOVSTION SEM MAG: 20.0 kx| Datefmicly c (1715412 TTHC O INOOVSTION

Fig. 19. Selected SEM images of self-organized TiO2 nanotubes formed by anodization in a mixed electrolyte
containing 97.6% ethylene glycol, 2% distilled water and 0.4% NH4F at different voltages and for different
durations. (a) Cross-sectional view of a nanotube layer grown at 50 V for 1 h. (b) Top-view of nanotubes
produced by anodization at 30 V for 2 h. (c) and (d) Top-views of the tubes formed during a 2 h anodization at
40 V. The nanotubes formed at 30 and 40 V were ultrasonically cleaned in distilled water for 15 seconds after

anodization.

Fig. 20 (a)-(d) shows SEM images of nanotube layers after anodization at 30, 40, 50 and
60 V. Left images are cross-sectional views of the tubes; right sides show the same
image, however at higher magnification. From these SEM pictures it can be concluded
that the length of the nanotubes increases with the applied voltage at a certain
anodization time ranging in thicknesses from ~4.1 um at 30 V to ~15.1 um at 40 V for a 2
h anodic oxidation and from ~10,2 um at 50 V to ~16,9 um at 60 V, when anodization was
done for 1 h. Also, larger diameters of the tubes can be observed at higher voltages
indicating that intensified etching of the oxide layer occurs at higher potentials, leading to

larger pores in the nanoporous structure during the tube formation process.
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Fig. 20. SEM cross-sectional images of samples anodized at (a) 30 V for 2 h, (b) 40 V for 2 h, (c) 50 V for 1 h
and (d) 60 V for 1 h. Left images show the whole cross-sectional of the nanotube layer; right sides show the

same image, however at higher magnification.
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4.2.2 Cycled Samples

Fig. 21 (a)-(c) shows SEM images of nanotube layers anodized at different voltages for
different durations after galvanostatic cycling in a sodium half-cell using 1 M NaClO;, in
propylene carbonate as electrolyte. Left images are cross-sectional views; on the right
side, the tube tops of the cycled samples can be observed. Fig. 21 (a) shows nanotubes
produced by anodization at 30 V for 2 h after cycling first at 50 mA/g for 100 times and at
25 mA/g for 200 times between 0.8-2 V vs. Na*/Na followed by sodiation/de-sodiation
(cycling) at 50 mA/g and 25 mA/g, in each case for 100 times, in the potential range from
0.1-2 V vs. Na*/Na. In Fig. 21 (b) SEM images of a nanotube layer formed during a 2 hour
anodization at 40 V and galvanostatic cycled between 0.8-2 V vs. Na’/Na at 50 mA/g for
100 times and at 25 mA/g for 200 times can be seen. From Fig. 21 (c) nanotubes obtained
from anodization at 60 V for 30 minutes after cycling at 50 mA/g and 25 mA/g, in each
case for 100 times, in the potential range from 0.8-2 V vs. Na*/Na can be observed. The
cycling process was finally stopped in the charged state for all three samples. As it can be
seen in Fig. 21 (a) and (b), the length of the nanotubes increased from 4.159 um to 15.11
um with increasing applied potential from 30 V to 40 V using the same anodization time.
For the sample prepared at 60 V only a layer thickness of 12.91 um was determined, as
shown in Fig. 21 (c). In this case, shorter nanotubes were obtained in spite of the high-
applied voltage, since anodization was only carried out for 30 minutes. From the cross-
sectional views it can clearly be seen that there is also a large effect of the applied
potential on the tube diameters ranging from approximately 70 nm at 30 V, to 100 nm at
40V and to 130 nm at 60 V.

From the cross-sectional view in Fig. 21 (a) it can be noticed that a thick layer is present
on the tube tops. Since this sample was additionally galvanostatic cycled between 0.1-2 V
vs. Na'/Na, electrolyte decomposition could occur in this potential range, resulting in
decomposition products that tip on the surface of the nanotube layers. Furthermore,
degradation of the electrolyte and hence the formation of such a layer could also be
caused by ageing of the electrolyte after extensive cycling of this sample over 500 times.
A thin layer can also be observed on the surface of the nanotubes shown in Fig. 21 (b),
however this layer is not that pronounced as in Fig. 21 (a).

From the SEM images in Fig. 21 (a)-(c) it can also be observed that intercalation of

sodium ions into the tubes does not destroy the nanotubular structure.
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Fig. 21. SEM images of nanotube layers anodized at different voltages for different durations after

galvanostatic cycling in a sodium half-cell using 1 M NaClO4 in propylene carbonate as electrolyte. (a)
Nanotubes produced by anodization at 30 V for 2 h after cycling first at 50 mA/g for 100 times and at 25 mA/g
for 200 times between 0.8-2 V vs. Na*/Na followed by sodiation/de-sodiation at 50 mA/g and 25 mA/g, in each
case for 100 times, in the potential range from 0.1-2 V vs. Na*/Na. (b) Nanotube layer formed during a 2 hour
anodization at 40 V and galvanostatic cycled between 0.8-2 V vs. Na*/Na at 50 mA/g for 100 times and at 25
mA/g for 200 times. (c) Nanotubes obtained from anodization at 60 V for 30 min after cycling at 50 mA/g and
25 mA/g, in each case for 100 times, in the potential range from 0.8-2 V vs. Na’/Na. The cycling process was
finally stopped in the charged state for all three samples. Cross sectional images on the left side indicate the

thickness of the nanotube layers. From the images on the right side the diameter of the tubes can be obtained.
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As seen in Fig. 22 (a)-(c) on the left side, EDX analysis were performed at the same three
samples at different points along the nanotubes. Additionally, EDX spectra were recorded
from the surface of the nanotube layers during the top-view observation of the sample.
The results obtained from these analyses are listed on the right side in Fig. 22 (a)-(c).
Clearly it can be seen that the amount of sodium detected decreases, when moving from
the top to the bottom of the nanotubes, suggesting that most of the sodium is inserted in
the top parts of the tubes, while the bottom parts are probably under-used. It is very likely
that a fully sodiated state is not reached at the bottom of the nanotubes at these cycling
rates. By comparing the three samples, nearly the same amount of Na can be found in the
NTs. Thus, it can be concluded that sodium ions can also intercalate in small diameter
tubes and not only in larger diameter tubes as previously reported in the literature (see
Ref. 2°).

Also, the nanotubes have a certain fluorine content. This finding is consistent with the
assumption that a fluoride rich layer is formed between the nanotubes in the early stage of
tube growth as mentioned in section 2.2.2. Chlorine in the top parts of the tubes as well as
on the surface of the nanotube layer could only be detected for the samples, on which a
post-cycling thick layer is present on the tube tops, as shown in Fig. 22 (a). Moreover, a
larger amount of sodium was proven on this surface compared to the other samples. This
could indicate that decomposition of the electrolyte, that consists of NaCIlO, in propylene
carbonate, occurs and that the degradation products accumulate on the nanotube tops
forming this thick layer, when galvanostatic cycling was carried out in the potential range
from 0.1-2 V vs. Na*/Na and for more than 500 cycles. This is a remarkable result that
points toward the existence of a sodium-based SEI on the nanotubular electrode. So far,
electrolyte decomposition in Na-ion cells has been known to produce mostly soluble
products and no appreciable SEI was formed. This is one of the first indications that, in
some conditions, it would appear possible to form a stable SEIl. The fact that the layer
appears, when cycling is done down to low electrochemical potentials of the titania
electrodes, goes in line with the SEI formation mechanism by the decomposition of
electrolyte. However, further study would be required in order to evaluate the stability and

the properties of this layer and positively identify it as a SEl-type film.
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elements (at%)
(o} F Na Cl Ti
position 1 62.30 4.41 18.76 0.56 13.97
position 2 55.94 6.26 17.02 0.19 20.59
position 3 53.21 7.06 14.08 - 2565
surface 61.07 1.75 30.29 0.95 5.93
elements (at%)
(o} F Na cl Ti
position 1 61.08 5.07 2494 - 8.90
position 2 55.75 7.04 16.14 - 21.07
position 3 57.71 7.12 13.44 - 21.72
position 4 63.06 5.19 18.58 - 13.17
surface 57.92 487 2344 - 13.77
elements (at%)
o F Na Cl Ti
position 1 61.64 424 20.83 - 13.30
position 2 60.88 7.26 1543 - 16.43
position 3 61.06 8.91 13.42 - 16.62
surface 60.86 471 22.08 - 12.36

Fig. 22. Cross-sectional SEM images of nanotube layers anodized at (a) 30 V for 2 h, (b) 40 V for 2 h, (c) 60 V
for 30 minutes after galvanostatic cycling. The numbered rectangels indicate the areas from which EDX

spectra were recorded. The results obtained from these analyses are given in the tables on the right side.

4.2.3 Nanotubes modified with Sn

As explained in the experimental section, filling of the nanotubes was attempted by
electrodeposition of tin according to four different approaches (1-4). Fig. 23 (a)-(c) shows
SEM images of the nanotube layers after Sn was electro-deposited following the first three
approaches. Left images are top-views of the tubes; right sides show the same image,
however at higher magnification. From the top-view images in Fig. 23 (a) it can be seen
that a reduction of the nanotubes followed by an immersion of the sample in a sensitizer
and initiator solution (approach 1) leads to an electrodeposition of tin with a worm-like
structure. When the solution is stirred during the Sn deposition step (approach 2), larger
Sn particles as well as conglomerates of such particles can be found on the surface of the

nanotube layer, as shown in Fig. 23 (b). From Fig. 23 (c) it can be observed that an
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application of the third approach, where no initiator solution is used, leads to the

deposition of tin in form of small particles.
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Fig. 23. SEM images of samples anodized at 40 V for 2 h after electrodeposition of tin using three different

approaches (1-3). Left images are top-views of the tubes; right sides show the same image, however at higher

magnification.
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Fig. 24 (a)-(c) shows SEM cross-sectional images of the same samples. Additionally, a
nanotube layer in cross-sectional view after Sn was deposited using approach 4, where
only reduction of the tube bottoms and the Sn electrodeposition step was carried out, can
be seen in Fig. 24 (d). From this image it can be observed that the tin particles deposited
on the surface of the nanotube layer are much bigger than the diameter of the tubes.
Therefore, it seems that no filling of the tubes was achieved by this approach. From the
cross-sectional views in Fig. 24 (a)-(c) it is apparent that no Sn can be found in the
nanotubes leading to the conclusion that electrodeposition of tin using the above-

mentioned approaches is not suitable for the filling of the tubes with Sn.
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Fig. 24. Cross-sectional SEM images of the nanotube layers after Sn was electro-deposited following

approach (a) 1, (b) 2, (¢) 3 and (d) 4, as mentioned in section 3.4.1.
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4.3 XRD analysis

4.3.1 Pristine Samples

The XRD patterns of nanotube layers grown by anodic oxidation at 30 V, 40 V and 50 V in
each case for 2 h and at 60 V for 1 h are presented in Fig. 25. For comparison also the
XRD spectrum of the pure Ti foil without nanotubes on it is shown. Only peaks from the
underlying Ti substrate can be seen in the XRD patterns of the pristine samples. From
these XRD analyses it is also apparent that the nanotubes are of an amorphous nature
after anodization, as indicated by a broad “hump” seen in the 2 6 range between 20° and
32°. It has to be mentioned that the intensity of signal of the amorphous phase measured
on the different nanotube layers cannot be compared directly, since also the lengths of the
nanotubes increase with the applied voltage. Consequently, most of the amorphous phase
signal can be detected for the sampled produced by anodization at 60 V for 1 h, while for
the other samples the signal has lower intensity. Finally, from the XRD patterns shown in
Fig. 25 no correlation between the crystallinity or amorphicity and the anodization voltage

can be observed.
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Fig. 25. XRD patterns of TiO2 nanotube layers grown by anodic oxidation at 30 V, 40 V and 50 V in each case

for 2 h and at 60 V for 1 h. For comparison also the XRD spectra of the pure Ti foil without nanotubes on it is

shown.
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Fig. 26 shows the X-ray diffraction patterns of TiO, nanotubes produced by anodization at
40 V for 2 h recorded one day (b), 10 days (c) and 100 days (d) after preparation. For
comparison also the XRD spectrum of the Ti substrate (a) without nanotubes on it can be
seen. From these XRD patterns it can be observed that the amorphous sample does not

crystallize in time.
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Fig. 26. X-ray diffraction patterns of TiO> nanotubes produced by anodization at 40 V for 2 h recorded (b) one
day, (c) 10 days and (d) 100 days after preparation. For comparison also the XRD spectrum of the Ti

substrate (a) without nanotubes on it can be seen.

4.3.2 Annealed Samples

TiO2 nanotube layers grown by anodization at 40 V for 2 h were annealed at 100 °C, 200
°C, 300 °C and 350 °C in argon as well as in air for 1 h in order to study the effect of heat
treatment upon the crystallinity of the samples. Furthermore, the influence of the used gas
on the annealing process was studied. XRD patterns of the samples before and after heat
treatment are shown in Fig. 27 and in Fig. 28. As already mentioned in the previous
section, the as-anodized samples are amorphous in its nature. Amorphous material is still
present up to an annealing temperature of 200 °C. After annealing at 300 °C in air as well
as in argon phase transition from amorphous to anatase can be observed. This
crystallization to anatase is particularly apparent from the peak, which appears at 2 6= 26°
in the XRD patterns of the annealed samples. Further crystalline anatase peaks can be
detected at 37°, 48°, 54° and 55° in the XRD spectra of both heat-treated samples. The

same results can be obtained from the XRD diffraction patterns after annealing at 350 °C
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for 1 h in argon as well as in air, as seen in Fig. 27 and Fig. 28. Summing up, the XRD
results show that heat treatment of the nanotubes at 300 °C and 350 °C in argon as well
as in air leads to a phase transition from the originally amorphous tubes to crystalline
anatase structures. The used gas influences the preferential crystallographic orientation of
the anatase formed, as the relative intensity of the peaks at 26° and 37° differs and
depends by the sample being annealed in air or in argon. This effect opens the path
towards the preparation of favourably oriented nanotubular layer by adjusting the oxygen

partial pressure during the annealing step.
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Fig. 27. XRD diffraction patterns of TiO> nanotubes produced by anodization at 40 V for 2 h before and after
heat treatment in argon at different temperatures for 1 h. In the XRD pattern the peaks marked A correspond

to anatase phase.
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Fig. 28. XRD diffraction patterns of TiO2 nanotubes produced by anodization at 40 V for 2 h before and after
heat treatment in air at different temperatures for 1 h. In the XRD pattern the peaks marked A correspond to

anatase phase.

Fig. 29 and Fig. 30 show optical images of TiO, nanotube layers before (a) and after heat
treatment at 100 °C (b), 200 °C (c), 300 °C (d) and 350 °C (e) in argon (Fig. 29) and in air
(Fig. 30) for 1 h. From Fig. 29 it is clear that phase transition from amorphous titania to
anatase is accompanied by a blackening of the tubes, when annealing is carried out in
argon. The reason for such behaviour is the formation of O? vacancies and the
consequent reduction of Ti*" to Ti*" in the oxygen depleted atmosphere. Indeed, a pure
argon atmosphere would correspond to have reducing conditions; the oxygen loss from
the titania to the surrounding (argon) atmosphere is thermodynamically favourable. Some
colour change can also be observed when the samples are annealed in air, as seen in
Fig. 30. However, the tubes do not turn black after heat treatment at 300 °C in air, which
leads to the conclusion that much more Ti** states are formed during annealing under low
oxygen partial pressure than in air. From the optical images it can also be observed that
the mechanical stability of the nanotube layers decreases with increasing annealing
temperature leading to a partial detachment of the nanotubes from the Ti substrate mostly

occurring at the edges of the anodized region.
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Fig. 29. Optical images of TiO> nanotubes before and after heat treatment in argon at different temperatures
for 1 h: (a) as-anodized; (b) 100 °C; (c) 200 °C; (d) 300 °C; (e) 350 °C
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Fig. 30. Optical images of TiO2 nanotubes before and after heat treatment in air at different temperatures for 1
h: (a) as-anodized; (b) 100 °C; (c) 200 °C; (d) 300 °C; (e) 350 °C

4.3.3 Cycled Samples

Post-mortem X-ray diffraction experiments were carried out on already cycled samples in
order to study the effect of sodiation and de-sodiation on the amorphicity of the
nanotubes. Fig. 31 shows XRD patterns of nanotube layers grown by anodization at 40 V
for 2 h after galvanostatic cycling in a sodium half-cell using 1 M NaClO, in propylene
carbonate as electrolyte. For comparison also the XRD spectrum of the pure Ti foil without
nanotubes on it (Fig. 31 (a)) as well as the XRD pattern of a pristine sample (Fig. 31 (b)) is
shown. Fig. 31 (c) shows the X-ray diffraction peaks of the nanotubes after cycling first at
50 mA/g for 100 times and at 25 mA/g for 100 times between 0.8-2 V vs. Na*/Na followed
by sodiation/de-sodiation at 50 mA/g and 25 mA/g, in each case for 100 times, in the
potential range from 0.1-2 V vs. Na*/Na. The cycling program was finally stopped so the
samples were in the charged (sodiated) state. In Fig. 31 (d)-(e) XRD patterns of nanotube
layers after cycling at 50 mA/g and 25 mA/g, in each case for 100 times, in the potential
range from 0.8-2 V vs. Na‘/Na can be observed. However, for the sample in Fig. 31 (d)
the cycling program was stopped in the charged state, while the nanotubes for Fig 31 (e)
were obtained in the discharged (de-sodiated) state. From the XRD patterns it can be

seen that the nanotubes remain amorphous upon cycling.
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Fig. 31. XRD patterns of nanotube layers grown by anodization at 40 V for 2 h after galvanostatic cycling in a
sodium half-cell using 1 M NaClO4 in propylene carbonate as electrolyte. (c) X-ray diffraction peaks of the
nanotubes after cycling first at 50 mA/g for 100 times and at 25 mA/g for 100 times between 0.8-2 V vs.
Na‘/Na followed by sodiation/de-sodiation at 50 mA/g and 25 mA/g, in each case for 100 times, in the
potential range from 0.1-2 V vs. Na*/Na. The cycling program was finally stopped so the samples were in the
charged (sodiated) state. (d)-(e) XRD patterns of nanotube layers after cycling at 50 mA/g and 25 mA/g, in
each case for 100 times, in the potential range from 0.8-2 V vs. Na*/Na. However, for the sample in (d) the
cycling program was stopped in the charged state, while the nanotubes for (e) were obtained in the
discharged (de-sodiated) state. For comparison also the XRD spectrum of the pure Ti foil without nanotubes

on it (a) as well as the XRD pattern of a pristine sample (b) is shown.
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4.4 Cyclic Voltammetry and Galvanostatic Cycling

441 Cyclic Voltammetry

Fig. 32 (a)-(c) shows cyclic voltammograms of TiO, nanotube layers grown by anodization
at30 Vfor2h(a), 40V for2 h (b) and 50 V for 2 h (¢) in 1 M NaClO,/PC in the potential
range of 0.1-2 V vs. Na*/Na at scan rates between 0.05 mV/s and 10 mV/s, respectively.
As seen in Fig. 32 (a), the CV curve of the sample anodized at 30 V for 2 h at a scan rate
of 0.05 mV/s displays a reduction peak in the range of 0.5-0.8 V vs. Na‘/Na in the first
cycle, which can be attributed to electrolyte decomposition and hence to the formation of a
passive layer on the nanotubes. The absence of this peak in the second cycle as well as
the fact that no corresponding oxidation peak exists, indicates that this decomposition
process is irreversible. This CV result is consistent with the findings of the SEM
investigation on cycled samples, which show the presence of a layer on the nanotube
tops, when galvanostatic cycling of the titania tubes was carried out below 0.8 V, as
already explained in section 4.2.2. The above-mentioned reduction peak also appears in
the CVs of the samples anodized at 40 V and 50 V in the first cycle at the same scan rate,
however shifted to lower potentials and more pronounced. At voltages close to 0.1 V yet
another reduction peak can be observed that is likely related to further decomposition of
the electrolyte solution. However, this peak can only be found at lower scan rates between
0.05 mV/s and 0.5 mV/s.

Further, no definite peaks can be observed in the CV curves of all three samples, since
TiO, nanotubes produced by anodization under this conditions are amorphous (see
section 4.3.1). Thus a plurality of sites for Na-ion insertion exists, having (at least) different
thermodynamic properties and hence showing a different and continuous electrochemical
response. At higher potentials, slightly more accessible sites will be first occupied by
sodium ions, while with decreasing voltage also sites that are more difficult to access will
be available for the insertion of sodium ions, resulting in an increase of the reduction
current with decreasing potential, as shown in Fig. 32 (a)-(c). Furthermore, a higher
reductive current flow at lower potential values can be observed in the CV curves of the
sample anodized at 50 V for 2 h compared to titania nanotubes grown by anodization at
30 V for 2 h at the same scan rate. Since nanotubes grow longer with increasing applied
voltage at constant anodization time, it seems that more sites can be occupied by sodium
in longer tubes leading to higher current values. This is also a strong indication that the
nanotube walls present electrochemical activity over their surface and that

electrochemical activity is not limited to the bottom or to the top of the nanotubes.
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Fig. 32. Cyclic voltammetry data of TiO2 nanotube layers grown by anodization at (a) 30 V for 2 h, (b) 40 V for
2 hand (c) 50 V for 2 h in 1 M NaClO4/PC in the potential range of 0.1-2 V vs. Na'/Na at different scan rates.
On the left side CVs at scan rates of 0.05 mV/s, 0.1 mV/s, 0.2 mV/s and 0.5 mV/s are presented. Right side

shows cyclic voltammograms of the tubes at 1 mV/s, 2 mV/s, 5 mV/s and 10 mV/s.

44.2 Galvanostatic Cycling

4.4.2.1 Influence of Anodization Voltage and Time

Electrochemical characterization of the TiO, nanotubes anodized at different voltages and
for different durations as negative electrode material for sodium-ion batteries was done by
means of galvanostatic cycling in a sodium half-cell using 1 M NaClO4 in propylene
carbonate as electrolyte. Fig. 33 shows potential-x in Na,TiO, curves for selected cycles
(1, 2, 5, 10, 50, 100, 150 and 200) for samples grown by anodization at 30 V for 2 h (a),
40 V for 2 h (b), 50 V for 1 h (c) and 2 h (d) and at 60 V for 30 min (e) and 1 h (f) after
constant current cycling first at 50 mA/g for 100 times, then at 25 mA/g for the next 100 or
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200 times in the potential range of 0.8-2 V vs. Na*/Na. X represents the molar ratio of Na
inserted into TiO,, thus giving a sodiated compound with the general stoichiometry
Na,TiO,.
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Fig. 33. Potential-x in Na,TiO2 curves for the 1, 2", 5" 10" 50" 100", 150" and 200" cycle for samples
grown by anodization at (a) 30 V for 2 h, (b) 40 V for 2 h, 50 V for (c) 1 h and (d) 2 h and at 60 V for (e) 30 min
and (f) 1 h after constant current cycling first at 50 mAh/g for 100 times, then at 25 mAh/g for the next 100 or

200 times in the potential range of 0.8-2 V vs. Na'/Na. X represents the molar ratio of Na inserted into TiO>.

From these curves it is apparent that sodium intercalation into the nanotubes is not fully
reversible in the first few cycles. This suggests that large irreversible reactions including
reactions of Na with surface groups on the tubes as well as electrolyte decomposition may

take place, particularly during the first charge/discharge process as indicated with a
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double arrow in the respective curves. It can be seen that nanotubes grown by
anodization at lower voltages trap irreversibly a larger amount of sodium than tubes
produced at higher anodization voltages. Only from the 50" cycle fully reversible sodium
ion uptake and release can be observed. The corresponding reversible reaction for

sodiation and de-sodiation of the titania nanotubes is given by Eq. 9.

xNa* + xe” + TiO, <> Na,TiO, 9)

The amount of Na reversibly cycled can also be obtained from the potential-x in Na,TiO,
curves shown in Fig. 33. Table 3 summarizes the anodization conditions for the
nanotubes as well as the experimentally determined x-values, where x represents the

molar fraction of sodium reversibly inserted and extracted according to equation 9.

Table 3. Molar fraction of sodium reversibly cycled for titania nanotubes grown by anodization under several
specific conditions. The x values data were extracted from the 50" cycle corresponding to cycling at 50 mA/g

as well as from the 150" cycle standing for the sodiation/de-sodiation process at 25 mA/g.

anodization voltage anodization time x (at 50 mA/g) x (at 25 mA/g)
30V 2h 0.21 0.20
40V 2h 0.16 0.18
50V 1h 0.14 0.16
50V 2h 0.10 0.12
60 V 30 min 0.19 0.20
60V 1h 0.03 0.03

The areal capacity as a function of the cycle number for the same samples is graphically
illustrated in Fig. 34. It can be seen that the values for the charge and discharge capacity
for the first cycle are very different leading to high irreversible capacities. This fact is due
to large irreversible reactions taking place during the first cycle, as already mentioned
before. Thereafter, the areal capacity increases and stabilises finally at around 40 cycles.
An exception is the sample anodized at 60 V for 1 h that shows a very large capacity fade
after the first ten cycles leading to very low capacity values for the following ones. The
reason behind this behaviour is difficult to identify unequivocally at this stage. One
possible explanation might be related to the possible peeling off/detachment of the

nanotube film from the current collector. Indeed, it was observed during the synthesis and
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cleaning of the nanotubes (see chapter 3) that the titania nanotubes synthesized in these
particular conditions (60 V, 1 h) have a tendency to detach from the substrate. The reason
behind this was identified in the literature as the build-up of stress at the metal-oxide
interface that occurs together with the accumulation of F ions. Since Na insertion is
usually accompanied by some volume expansion of the host material, it is thus plausible
to consider that some stress may develop in the oxide material during cycling that may, in
some conditions, lead to the detachment of the nanotube layer. There might be, however,
other mechanism related to this capacity loss that would require further study.

Furthermore, the charge/discharge curves show that the capacity values increase with the
applied anodization voltage, when the anodization time is fixed. It has been previously
shown that the higher the voltage, the larger the diameter of the anodic nanotubes. The
typical anodization time for these experiments was 2 hours. This suggests that at larger
titania nanotubes diameter more sites can be occupied by sodium. Comparing the two
samples anodized at 50 V but for different anodization times (1 h and 2 h), it can be seen
that nanotubes grown during a 2 h anodization show slightly higher capacity values for the
first 15 cycles due to the longer tube length knowing that at a certain applied potential the
length is determined by the anodization time. However, thereafter, the capacity fades to a
certain extent reaching lower capacity values than the sample anodized for 1 h. One
possible explanation for that can be that some parts of the nanotube layer peels off during
cycling, since tubes grown under these conditions are not that stable and do not adhere
that strong on the underlying titanium substrate. The highest areal capacity can be
obtained for the sample produced by anodic oxidation at 60 V for 30 min. Though, the
tubes are shorter than for the sample anodized at 40 V for 2 h, as shown in the SEM
images in Fig. 21 discussed in section 4.2.2 and therefore lower capacity values are
expected, higher capacities can be reached, since the large diameter of these tubes (the
diameter increases with applied potential) also contribute to achieve higher areal
capacities. In conclusion, not only the tube length, but also the diameter influences the

accessible areal capacity values.
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Fig. 34. Areal capacity as a function of the cycle number for titania nanotubes grown by anodization under
different conditions. The tubes were cleaned by rinsing with distilled water and drying with compressed air
after anodization. Galvanostatic cycling was done in sodium half-cells using 1 M NaClO4 in PC as electrolyte
at 50 mA/g for the first 100 times, followed by discharging/charging at 25 mA/g for the next 100 or 200 times in
the potential range of 0.8-2 V vs. Na*/Na.

The corresponding specific capacities of the cycled titania nanotubes are presented in Fig.
35. It can be seen that the highest specific capacity is obtained for the sample grown by
anodization at 30 V for 2 h reaching 71.1 mAh/g at both 50 mA/g and 25 mA/g. However,
this result is surprising, when compared to the findings illustrated in Fig. 34 that show the
lowest areal capacity for this sample. It may be possible that a larger fraction of the
nanotubes is effectively used, when they are short rather than long. Since the transport of
sodium ions in solution is governed by diffusion, it can be expected that the shorter the
nanotubes the shorter the diffusion length of Na ions to the bottom of the nanotubes. The
geometry of the nanotubes (i.e. the diameter) may play a role: mass transport by diffusion
in confined spaces, such as inside the nanotubes, might be hindered and slower than in
the bulk of the electrolyte. In such a situation longer tubes, but with a larger diameter
should present a similar behaviour. Indeed, the titania nanotubes produced at 60 V for 30
min deliver high reversible capacity values ranging from 65 mAh/g at a current of 50 mA/g
to 70 mAh/g, when cycling is carried out at 25 mA/g. These specific capacities are very
similar to the capacities of the 30 V sample. However, this cell shows a continuous
capacity fade from the 150" cycle. The samples anodized at 40 V for 2 h exhibit great

cycling stability over 250 cycles indicating a fully reversible Na ion uptake and release.
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Only after 250 cycles the capacity decreases due to ageing of the cell and consumption of
the electrolyte. The corresponding capacity values are 53 mAh/g at 50 mA/g and 62.6
mAh/g at a lower current of 25 mA/g. Comparing both samples anodized at 50 V but for
different times, the nanotubes grown during a 1 h anodization delivers higher specific
capacity value ranging from 45 mAh/g at 50 mA/g to 54.5 mAh/g for constant current
cycling at 25mA/g compared to 29.5 mAh/g and 38.6 mAh/g for the sample anodized for 2
hours. As already mentioned above, nanotubes produced by anodic oxidation at 50 V for
2 h are not that stable and some parts of the layer might peel off after anodization. From
Fig. 35 it can also be observed that upon decreasing the current from 50 mA/g to 25 mA/g
the accessible capacities increase. This is probably because sodium ions have more time
available for diffusion at these lower currents and can therefore penetrate deeper into the

tubes.
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Fig. 35. Specific capacity as a function of the cycle number for titania nanotubes grown by anodization under
different conditions. The tubes were cleaned by rinsing with distilled water and dried with compressed air after
anodization. For the first 100 cycles sodiation/de-sodiation was done at 50 mA/g followed by cycling at 25

mA/g for the next 100 or 200 times. Potential range: 0.8-2 VV vs. Na'/Na.

Table 4 summarizes the experimentally determined specific capacity values for the
samples grown by anodization under different conditions. The data were taken from the
50™ cycle representing cycling at 50 mA/g as well as from the 150™ cycle standing for the

charging/discharging process at 25 mA/g.
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Table 4. Experimental specific capacity values for constant current cycling at 50 and 25 mA/g for the samples

grown by anodization under different conditions.

65

anodization voltage anodization time specific capacity at specific capacity at
50 mA/g (mAh/g) 25 mA/g (mAh/g)

30V 2h 71.1 711
40V 2h 53 62.6
50V 1h 45 54.5
50V 2h 29.5 38.6
60 V 30 min 65 70

60 V 1h - -

As a conclusion nanotubes grown by anodization at 40 V for 2 hours seems to be the best
solution with respect to cycling stability over a wide potential range and with respect to
specific capacity.

Fig. 36 shows the capacity retention and the low self-discharge behaviour of two test-
cells. Within this experiment, the cells were stopped with the nanotubes in the reduced
(sodiated) state and rested for variable durations. The remaining capacity was determined
by measuring the anodic capacity (corresponding to de-sodiation) that the rested
nanotubes were able to supply after the rest period. One cell has already been cycled for
300 times (100 cycles at 50 mA/g and 200 cycles at 25 mA/g) in the potential range of 0.8-
2 V vs. Na'/Na before this experiment, whereas the second one was tested directly after
preparation. Both cells contain nanotubes produced by anodization at 40 V for 2 hours as
negative electrode material. It can be seen that the capacity drops gradually with
increasing resting time in both cases. However, the capacity loss is minimal, since the
capacity retention still amounts 99.2% after 240 hours of storage time for the already
cycled cell. The freshly prepared sample shows a slightly higher capacity loss with
increasing resting time, but the difference to the cycled cell is minimal. No data were
obtained for this cell after a resting time of 120 and 240 hours, since the program was

stopped due to a power failure.
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Fig. 36. Capacity retention as a function of resting time. The storage periods were 6, 12, 24, 48, 120 and 240
hours, separately. No data were obtained for the freshly prepared cell after a resting time of 120 and 240

hours, since the program was stopped due to a power failure.

The presence of remnants of the initial oxide layer on the tube tops has already been
precisely outlined in section 4.2.1. In order to remove this surface debris different cleaning
procedures were applied to the samples directly after anodization, as explained in the
experimental part. Fig. 37 shows the cycling performance of these cleaned titania
nanotubes grown by anodization at 40 V for 2 hours in a Na half-cell cycled between 0.8-2
V vs. Na*/Na, first at a rate of 50 mA/g for 100 times, then at 25 mA/g for another 100
times. 1 M NaClO, in propylene carbonate was used as electrolyte. The poorest cycling
performance in terms of accessible specific capacity at a rate of 50 mA/g can be observed
for the tubes immersed in ethanol for 1 hour after anodization and dried on air (B5). This
sample shows indeed higher capacity values, when cycling was carried out at a lower
current, however no good cycling stability was observed. Not much of a difference in the
achievable capacities at higher kinetics can be noticed, when the nanotubes were only
rinsed with distilled water and ethanol alternately (B2) or when the sample was
additionally ultrasonically cleaned for 15 seconds in distilled water (B3). Only at lower
cycling rates slightly higher capacity values can be obtained for the ultrasonically cleaned
sample. Longer ultrasonic treatment for one minute (B4), however, apparently leads to a
partial removal of surface debris making more nanotubes available for the sodium
intercalation process, because higher capacities can be reached. However, these titania

nanotubes do not show fully reversible Na insertion for all cycles and the capacity values
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also fade from the 130™ cycle. Since this sample showed a partial separating of the
marginal tubes from the underlying titanium substrate after extended ultrasonic treatment,
it may be that this nanotube layer is not that stable upon cycling. As apparent from Fig. 37
rinsing only with distilled water (B1) is more effective than washing with distilled water and

ethanol alternately (B2).
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Fig. 37. Cycling performance of titania nanotubes grown by anodic oxidation at 40 V for 2 hours after different
cleaning procedures have been applied. Cycling was done in a Na half-cell cycled using 1 M NaClO4 in
propylene carbonate as electrolyte first at a rate of 50 mA/g for 100 times, then at 25 mA/g for another 100

times in the potential range of 0.8-2 V vs. Na*/Na.

Also a two-step anodization procedure was performed, as described in the experimental
part. Fig. 38 shows the specific capacity as a function of the cycle number for samples
grown by a one-step and two-step anodization after galvanostatic cycling in a sodium half-
cell using 1 M NaClO,4 in PC as electrolyte, first at 50 mA/g for 100 times, then at 25 mA/g
for the next 100 times in the potential range of 0.8-2 V vs. Na‘/Na. It can be seen that
higher capacity values can be obtained by a repeated anodization of the titanium
substrate. This sample also shows a continuous increase of the capacity values with
proceeding cycle number at a current rate of 25 mA/g. According to the literature (see Ref.
92)a two-step anodic oxidation of Ti leads to the formation of highly and regularly ordered
as well as close-packed nanotubes throughout the layer. This improved quality of the tube
structure may have a positive influence on the sodium intercalation process resulting in

higher capacity values.
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Fig. 38. Specific capacity as a function of the cycle number for samples grown by a one-step and two-step
anodization after galvanostatic cycling in a sodium half-cell using 1 M NaClOs in PC as electrolyte first at 50

mA/g for 100 times, then at 25 mA/g for the next 100 times in the potential range of 0.8-2 V vs. Na*/Na.

4.4.2.2 Influence of the Electrolyte

Since the electrochemical performance of a cell also depends on the used electrolyte
composition, additional galvanostatic cycling experiments were carried out in a sodium
half-cell using 0.6 M NaPFs in a 3:7 ethylene carbonate:dimethyl carbonate mixture as
electrolyte. Fig. 39 illustrates the corresponding specific capacities as a function of the
cycle number for titania nanotubes produced by anodization at different voltages and
times after constant current cycling, first at 50 mA/g for 100 times, then at 25 mA/g for the
next 100 times in the potential range of 0.8-2 V vs. Na*/Na. Comparing the developing of
the charge and discharge capacities for the first few cycles for the cells comprising 1 M
NaClO, in PC (Fig. 35) and 0.6 M NaPFs in EC:DMC (3:7) as electrolyte, it can be seen
that the irreversible reactions are more extended for the NaPFg in EC:DMC mixture.
Moreover, no stabilisation of the specific capacity values can be observed, when cycling
was done at a rate of 50 mA/g. Only at lower kinetics stable specific capacities can be
obtained. As apparent from Fig. 39, also no significant capacities can be achieved for the
titania nanotubes anodized at 60 V for 1 h using 0.6 M NaPFg in a 3:7 EC:DMC mixture. It
can be observed that, for the TiO, nanotubes grown by anodic oxidation at 30 V and 40 V
for 2 hours, higher values can be obtained in NaPFgin EC:DMC electrolytes when cycled
at a rate of 25 mA/g. Capacities of 79.8 mAh/g for the 30 V anodization and 66.1 mAh/g
for the 40 V were determined. However, at 50 mA/g the capacities are lower than for

NaClQ, in PC. For the sample anodized at 50 V for 2 h similar results can be observed,
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27.3 mAh/g at 50 mA/g and 38.1 mAh/g at a current of 25 mA/g. Surprisingly, the titania
nanotubes produced at 50 V for 1 h and 60 V for 30 min show the poorest electrochemical
performance in terms of cycling stability and accessible specific capacities, when 0.6 M
NaPFs in a 3:7 EC:DMC mixture instead of 1 M NaClO,4 in PC is used as electrolyte. The
half-cell based on tubes anodized at 60 V for 30 min delivers just a reversible capacity of
31.9 mAh/g at 50 mA/g and 41.3 mAh/g at 25 mA/g compared to 65 mAh/g and 70 mAh/g
at the same currents for the cell comprising NaCIlO,4 in PC as electrolyte. For the sample
produced by anodization at 50 V for 1 h specific capacity values of 29.2 mAh/g at higher
kinetics and 39.6 mAh/g at a rate of 25 mA/g can be reached, whereas the cell cycled in 1

M NaClQO, in propylene carbonate offers capacities of 45 mAh/g and 54.5 mAh/g.
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Fig. 39. Specific capacity as a function of the cycle number for titania nanotubes grown by anodization under
different conditions. The tubes were cleaned by rinsing with distilled water and drying with compressed air
after anodization. Galvanostatic cycling was done in sodium half-cells using 0.6 M NaPFg in a 3:7 ethylene
carbonate:dimethyl carbonate mixture as electrolyte at 50 mA/g for the first 100 times followed by

charging/discharging at 25 mA/g for the next 100 times in the potential range of 0.8-2 V vs. Na*/Na.

Table 5 summarizes the achieved specific capacity values for the samples grown by
anodization under different conditions after galvanostatic cycling in a Na half-cell using 0.6
M NaPFg in a 3:7 EC:DMC mixture as electrolyte. The data were taken from the 50" cycle
representing cycling at 50 mA/g as well as from the 150" cycle standing for sodiation/de-

sodiation at 25 mA/g.
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Table 5. Achieved specific capacity values for constant current cycling at 50 and 25 mA/g for the samples
grown by anodization under different conditions after galvanostatic cycling in a Na half-cell using 0.6 M NaPFg

in a 3:7 EC: DMC mixture as electrolyte.
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anodization voltage anodization time specific capacity at specific capacity at

50 mA/g (mAh/g) 25 mA/g (mAh/g)
30V 2h 69.6 79.8
40V 2h 43.6 66.1
50V 1h 29.2 39.6
50V 2h 27.3 38.1
60 V 30 min 31.9 41.3
60 V 1h - -

What also should be mentioned is that the cells swell upon cycling, when 0.6 M NaPF; in
EC.:DMC is used as electrolyte. This observation may be explained by a possible
evaporation of the DMC component, since dimethyl carbonate is much more volatile than
EC or PC. As a consequence, the contact between the electrodes may get lost resulting in
potential cycling instabilities and losses for advanced cycle numbers.

As a conclusion, considering all results, 1 M NaClO,4 in PC seems to be a more attractive
electrolyte for titania nanotubes-based sodium-ion negative electrode materials, when

cycling was done at 50 mA/g and 25 mA/g in the potential range of 0.8-2 V vs. Na*/Na.

4.4.2.3 Influence of the Potential Limits

To study the influence of lower potentials on the cycling performance of titania nanotubes
in a Na half-cell using 1 M NaClO, in PC as electrolyte, galvanostatic cycling
investigations were performed setting the sodiation cut-off potential to 0.1 V vs. Na*/Na.
Following the electrochemical cycling experiments between 0.8 and 2 V vs. Na‘/Na,
cycling was done within the potential range of 0.1-2 V vs. Na*/Na, first at 50 mA/g for 100
cycles, then at 25 mA/g for another 100 cycles utilizing the same cells (Fig. 40). It can be
seen that much higher specific capacities can be obtained for the first few cycles, when
the potential limit is set to 0.1 V vs. Na’/Na in comparison to the values that can be
achieved after galvanostatic cycling in the potential range of 0.8-2 V vs. Na‘’/Na (see Fig.
35). The reason for that may be that at lower potentials more sites can be occupied by
sodium, since also less accessible sites are available for the insertion of Na ions. This

finding is in good agreement with the results observed by cyclic voltammetry (see section
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4.4.1). However, these higher specific capacity values are reached at the expense of
cycling stability and reversible sodium intercalation. It can be observed that the capacities
fade gradually for the following cycles for tubes produced by anodization at 50 V for 1 h
and 2 h and at 40 V for 2 h, while for the sample anodized at 30 V for 2 hours no
significant capacity can be achieved after the 20" cycle. The reasons for the poor capacity
retention, when the sodiation cut-off potential is set to 0.1 V vs. Na*/Na, may be related to
ageing of the cell (since the samples have already done 200 or 300 cycles), electrolyte
decomposition and/or more irreversible reactions. Results from the SEM investigation on
cycled samples showed the presence of a layer on the tube tops of the sample charged to
a potential limit of 0.1 V vs. Na*/Na. Furthermore, EDX analysis pointed out that this Na-
rich layer probably consists of electrolyte decomposition products, as already mentioned
in section 4.2.2. Moreover, the appearance of two reduction peaks, which are associated
with electrolyte degradation and formation of a layer, could be observed by cyclic
voltammetry (section 4.4.1). Considering all these findings it can be assumed that cycling
between 0.1-2 V vs. Na*/Na results in poor capacity retention and high irreversibility due

to electrolyte decomposition and the resultant formation of a layer on the tube tops.
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Fig. 40. Specific capacity as a function of the cycle number for titania nanotubes grown by anodization under
different conditions. Galvanostatic cycling was done in sodium half-cells using 1 M NaClO4 in PC as
electrolyte at 50 mA/g for the first 100 times followed by discharging/charging at 25 mA/g for the next 100
times in the potential range of 0.1-2 V vs. Na*/Na. The same cells were previously cycled for 200 or 300 times
between 0.8-2 V vs. Na*/Na.
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To show the influence of the cell’'s ageing on the capacity fade, a galvanostatic cycling
experiment to a lower potential limit of 0.1 V vs. Na’/Na was also performed on a freshly
assembled cell. Fig. 41 shows the corresponding cycling behaviour of the new cell (b) in
comparison to a previously cycled one (a). It can be seen that the capacity also gradually
decreases in case of the freshly prepared cell, however, much slower compared to the cell
that has been already cycled for 300 times. This result indicates that electrolyte
decomposition and irreversible reactions are primarily responsible for the capacity lost, but

progressive ageing of the cell enhances the decrease of the capacity values.

250
. A charge
T O discharge
14 A charge
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specific capacity (mAh/g)

0 50 100 150 200
cycle number

Fig. 41. Cycling performance of a freshly prepared (a) and a previously cycled cell (b) after galvanostatic
cycling in a sodium half-cell using 1 M NaClO4 in PC as electrolyte, first at 50 mA/g for 100 times, then at 25
mA/g for the next 100 times in the potential range of 0.1-2 V vs. Na'/Na. Both cells contain nanotubes

produced by anodization at 40 V for 2 hours.

The impact of a lower potential limit of 0.1 V on the cycling performance of titania
nanotubes were also investigated for cells using 0.6 M NaPF; in a 3:7 EC:DMC mixture as
electrolyte (Fig. 42). Also, in this case, higher specific capacities can be achieved at the

beginning, however a capacity loss of more than 70% occurs within the next 50 cycles.
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Fig. 42. Specific capacity as a function of the cycle number for titania nanotubes grown by anodization under
different conditions. Galvanostatic cycling was done in sodium half-cells using 0.6 M NaPFs in a 3:7 EC: DMC
mixture as electrolyte at 50 mA/g for the first 100 times followed by discharging/charging at 25 mA/g for the
next 100 times in the potential range of 0.1-2 V vs. Na'/Na. The same cells were previously cycled for 200

times between 0.8-2 V vs. Na‘/Na.

4.4.2.4 Influence of Annealed Nanotubes on the Cycling Performance

According to the XRD results shown in section 4.3.2, heat treatment of the nanotubes at
300 °C and 350 °C in argon as well as in air converts the originally amorphous tubes to
crystalline anatase structures. The reversible Na ion intercalation in such anatase TiO,
nanotubes was studied by means of galvanostatic cycling in a sodium half-cell at current
rates of 50 mA/g, 25 mA/g and 12.5 mA/g in the potential range of 0.1-2 V vs. Na*/Na and
0.8-2 V vs. Na’/Na. 1 M NaClO, in propylene carbonate was used as electrolyte. Fig. 43
and 44 present the cycling performance of a sample annealed at 350 °C for 2 hours in
argon compared to an as-anodized sample. It can be seen that no significant capacities
can be achieved for the anatase nanotubes, neither in the potential range of 0.8-2 V vs.
Na*/Na (Fig. 43) nor between 0.1-2 V vs. Na'/Na (Fig. 44). Based on this result it can be
stated that crystalline anatase phases cannot undergo significant sodium ion intercalation

and that amorphous nanotubes seem to be the best choice in terms of capacity.
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Fig. 43. Specific capacity as a function of the cycle number for a sample annealed at 350 °C for 2 hours in
argon and an as-anodized sample after galvanostatic cycling in a sodium half-cell at current rates of 50 mA/g,
25 mA/g and 12.5 mA/g in the potential range of 0.8-2 V vs. Na*/Na. 1 M NaClOy4 in propylene carbonate was
used as electrolyte. The nanotubes formed at 40 V for 1 hour were ultrasonically cleaned in distilled water for

15 seconds after anodization.
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Fig. 44. Specific capacity as a function of the cycle number for a sample annealed at 350 °C for 2 hours in
argon and an as-anodized sample after galvanostatic cycling in a sodium half-cell at current rates of 50 mA/g,
25 mA/g and 12.5 mA/g in the potential range of 0.1-2 V vs. Na*/Na. 1 M NaClOy4 in propylene carbonate was
used as electrolyte. The nanotubes formed at 40 V for 1 hour were ultrasonically cleaned in distilled water for

15 seconds after anodization.
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4.4.2.5 Cycling Behaviour of Titania Nanotubes after Electrodeposition of Sn

From the SEM images in section 4.2.3 it is apparent that electrodeposition of Sn using
approach 1-4 just results in a precipitation of tin particles on the surface of the nanotubes.
Fig. 45 shows the electrochemical performance of these NTs after galvanostatic cycling
between 0.1-2 V vs. Na*/Na at a rate of 50 mA/g and 25 mA/g in a sodium half-cell using
1 M NaClQOy in PC as electrolyte. Comparing these results with the findings shown in Fig.
41 no influence of tin in terms of achievable capacity and cycling stability can be
observed. However, more research has to be done on this field in order to be on a

competitive basis with the current Li-ion battery systems.

200
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Fig. 45. Specific capacity as a function of the cycle number for titania nanotubes modified with Sn. Cycling
was done in sodium half-cells using 1 M NaClO4 in PC as electrolyte at 50 mA/g for the first 50 times followed
by charging/discharging at 25 mA/g for the next 100 times in the potential range of 0.1-2 V vs. Na’/Na. The
nanotubes formed at 40 V for 2 hours were ultrasonically cleaned in distilled water for 15 seconds prior to

electrodeposition of tin.
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4.5 EIS Results

4.5.1 Effect of Electrolyte Additives on the SEI Layer Formation

As described in the experimental section, electrochemical impedance spectroscopy (EIS)
experiments on symmetric Na/Na cells were carried out at various times (20 min, 1 hour, 3
hours, 10 hours, 1 day, 2 days, 3 days, 4 days and 5 days after preparation) in order to
study the effect of different electrolyte additives on the formation of a passive layer on
sodium metal. Fig. 46 shows the equivalent circuit models used to fit the resulting
electrochemical impedance data. For the further discussion however only the values of
the R1, CPE1 and R2 elements are examined. In these EECs, R1 comprises the
electrolyte resistance and R2 is the charge transfer resistance. The capacitance of the

double-layer is represented by the constant phase element CPE1.

R1 CPE1
— AN >
R2
R1 CPE1 CPE2
— AN > >
R2 R3
R1 CPE1 CPE2 CPE3

Fig. 46. Equivalent circuit models used to fit the electrochemical impedance data. Only the values of the R1,
CPE1 and R2 elements are examined for the further discussion. In these EECs, R1 comprises the electrolyte
resistance, R2 is the charge transfer resistance and CPE1 represents the constant phase element that is

usually ascribed to the capacitance of the double electrical layer.

Fig. 47 presents the electrolyte resistance as a function of the time using 1 M NaClO;, in
PC as electrolyte without and with addition of 1% of the respective additive. It can be seen
that all additives have an impact on the resistance of the electrolyte. While the reduction-
type additives VC, FEC and VEC decrease R1 compared to no additive, higher values can
be found in the case of the isocyanates. Using the carbonate additives the resistance
initially increases, but stabilises after approximately 3 hours. The same behaviour can be
observed, when no additive is added. The lowest electrolyte resistance and the best

stability can be found for the vinylene carbonate additive. Comparing the reaction-type
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additives 2,3,4-trifluorphenylisocyanate and 4-fluorphenylisocyanate it can be seen that
R1, however initially lower than for no additive, gradually increases with time, when 1% of
4-fluorphenylisocyanate is added. For the 2,3,4-trifluorphenylisocyanate additive R1 varies

within a certain range.
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Fig. 47. Electrolyte resistance as a function of time using 1 M NaClO4 in PC as electrolyte without and with

addition of 1% of the respective additive.

From the constant phase element two parameters can be obtained, the CPE modulus
(CPE1-T) and the CPE exponent (CPE1-P). Fig. 48 shows the variation of the modulus
with time in a 1 M solution of NaClO,4 in PC with and without addition of additives. It can be
seen that without the use of an additive the capacitance initially decreases, but gradually
increases after 24 hours due to corrosion of the sodium metal that leads to an increased
electrode surface area. In contrast, the addition of 1% of VC, FEC and 2,3,4-
trifluorophenylisocyanate to the electrolyte leads to a constant CPE1-T values with time
indicating the formation of a layer on the Na metal that inhibits the corrosion process.
Using 4-fluorphenylisocyanate as additive the capacitance initially alternates, but
stabilises after two days also due to passivation of the metal surface. When 1% of VEC is
utilized CPE1-T decreases after 10 hours and stays constant over a short period owing to
layer formation. However, after 72 hours a gradual increase of the capacitance can be
observed indicating that the passivating film cracks and hence corrosion occurs. Based on
these results it can be concluded that VC, FEC and 2,3,4-trifluorophenylisocyanate are

effective corrosion inhibitors.
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Fig. 48. CPE modulus as a function of time using 1M NaClO4 in PC as electrolyte with and without addition of

additives.

In Fig. 49 the corresponding CPE exponent as a function of the time can be observed. For
a constant phase element the exponent is always less than one. Since the changes of the
exponent values are small in each case, the above-mentioned assumptions concerning

layer formation and corrosion can be thus confirmed.
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Fig. 49. CPE exponent as a function of time using 1M NaClO4 in PC as electrolyte with and without addition of

additives.
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Fig. 50 demonstrates the effect of these electrolyte additives on the charge transfer
resistance. From these results it is apparent that all additives used lead to an
enhancement of the R2 values compared to the resistance without additive, whereupon
the highest values can be found for VC. When 1% of VC, FEC or 2,34-
trifluorophenylisocyanate is added, a remarkably increase of R2 can be observed in the
initial period indicating the formation of a less conductive layer on the sodium surface.
This correlates well with the above-mentioned findings. However after a period of 24
hours the curves flatten meaning that layer formation occurs mostly during the first day
after assembling. The lowest impact on the charge transfer resistance can be observed,

when 1% of VEC or 4-fluorphenylisocyanate is present.
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Fig. 50. Charge transfer resistance as a function of time using 1 M NaClO4 in PC as electrolyte without and

with addition of 1% of the respective additive.

The same EIS experiments were also investigated using 0.6 M NaPFg in a 3:7 EC:DMC
mixture as electrolyte. Fig. 51 presents the electrolyte resistance as a function of the time
without and with addition of 1% of the respective additive. It can be seen that all additives
increase R1 compared to the cell containing no additive, whereupon the highest values
can be found for the isocyanates. The lowest impact on the electrolyte resistance in
contrast can be observed, when 1% of VC is present. Furthermore Fig. 51 shows a
stabilisation of the R1 values at around 3 hours with the exception of the 4-
fluorphenylisocyanate additive. In this case the resistance initially decreases showing a

minimum at 24 hours and finally stabilises at 72 hours.
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Fig. 51. Electrolyte resistance as a function of time using 0.6 M NaPFs in a 3:7 EC:DMC mixture as electrolyte

without and with addition of 1% of the respective additive.

The variation of the CPE modulus with time can be seen in Fig. 52. Surprisingly the
CPE1-T value initially decreases, but stabilises after 10 hours, when no additive is used.
This result indicates that the electrolyte itself forms a passivating layer on the sodium
metal preventing it from corrosion. Nearly the same behaviour can also be observed with
addition of 1% of VC or FEC. Using vinyl ethylene carbonate as additive CPE1-T
gradually increases and then stabilises after one day. These stable values as well as the
low capacitance suggest that VEC strengthens the layer formed by the electrolyte due to
the reduction of its double bond. In contrast in the presence of isocyanates no stable
developing of the CPE1-T values can be observed indicating a worsening of the formed

layer.
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Fig. 52. CPE modulus as a function of time using 0.6 M NaPFg in a 3:7 EC:DMC mixture as electrolyte with

and without addition of additives.

In Fig. 53 the corresponding CPE exponent as a function of the time is shown. The
changes of the exponent values are also small in this case confirming that the equivalent

circuit used to model the observed behaviour can be used throughout the whole

experiment.
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Fig. 53. CPE exponent as a function of time using 0.6 M NaPFs in a 3:7 EC:DMC mixture as electrolyte with

and without addition of additives.
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Fig. 54 presents the charge transfer resistance as a function of the time. It can be seen
that the additives used have a different impact on the resistance. While FEC, VEC and
2,3,4-trifluoroisocyanate decrease R2 compared to the cell without an additive, higher
values can be found in the case of VC and 4-fluorphenylisocyanate. When no additive is
used the charge transfer resistance increases during the first 24 hours after assembling,
but slightly decrease in the next four days. The same behaviour can be observed in the
presence of 4-fluorphenylisocyanate, however higher values for R2 are achieved in this
case. For FEC the resistance also increases in the initial period, but stabilises after one
day. When 1% of VC is added, R2 gradually grow with time resulting in the highest
resistance values. On the contrary, the lowest charge transfer resistance and the best

stability can be found for vinyl ethylene carbonate and 2,3,4-trifluoroisocyanate.
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Fig. 54. Charge transfer resistance as a function of time using 0.6 M NaPFg in a 3:7 EC:DMC mixture as

electrolyte without and with addition of 1% of the respective additive.

4.5.2 Chemical Diffusion Coefficient

As described in the experimental part the chemical diffusion coefficient was determined
using Chronoamperometry and the corresponding calculations were carried out with the
Cottrell equation. When the copper foil was employed as WE a value of 2.63*10” cm?/s

was obtained for the chemical diffusion coefficient.
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5 Conclusion and Outlook

In the present work highly parallel self-assembled TiO; nanotube layers were successfully
formed by anodic oxidation of a Ti foil in a mixed electrolyte containing 97.6% ethylene
glycol, 2% distilled water and 0.4% NH4F. SEM investigations showed that the length of
these nanotubes increased with the applied potential at a certain anodization time ranging
in thicknesses from ~4.1 um at 30 V to ~15.1 um at 40 V for a 2 h anodic oxidation and
from ~10.2 um to ~16.9 um at 50 V and 60 V respectively when anodization was done for
1 h. Furthermore the applied voltage has also a large effect on the diameter leading to
average tube diameters of approximately 70 nm at 30 V, 100 nm at 40 V and 130 nm at
60 V. It could also be seen that the tube tops are partially covered with remnants of the
initial layer. Ultrasonic treatment for one minute seems to be most effective in order to
remove this surface debris. XRD analysis of these as-anodized samples revealed that the
nanotubes are of an amorphous nature after anodic growth and do not crystallize in time.
Moreover, no correlation between crystallinity/amorphicity and the anodization voltage
could be observed. Annealing of the NTs at 300 °C and 350 °C in argon as well as in air
results in a phase transition from the originally amorphous tubes to crystalline anatase
structures.

The insertion and extraction of sodium into/from amorphous titania nanotubes was
investigated by galvanostatic cycling experiments between 0.8-2 V vs. Na*/Na in Na half-
cells using 1 M NaClO, in propylene carbonate as electrolyte. High irreversible capacities
could be observed on the first cycle that have been attributed to non-reversible sodium
intercalation during the first discharging/charging or the formation of a layer on the surface
of the tubes. Furthermore, it was observed that the areal capacity depends on the length
of the nanotubes. The longer the tubes, the more sites can be occupied by sodium
resulting in higher values. Moreover, also a larger diameter contributes to achieve higher
areal capacities. Maximum capacity values concerning both areal and specific capacities
were obtained for the samples grown by anodization at 60 V for 30 min that showed 65
mAh/g and 70 mAh/g at 50 mA/g and 25 mA/g, respectively. However, taking also the
cycling stability into account the best cycling performance can be observed for the tubes
grown by anodic oxidation at 40 V for 2 hours delivering specific capacity values of 53
mAh/g at 50 mA/g and 62.6 mAh/g at a rate of 25 mA/g. This cell presents a stable cycling
performance for over 300 cycles without significant capacity fade upon cycling. Even after
a storage period of 240 hours the capacity loss due to self-discharge was less than 1%.
Even higher capacities could be achieved, when these nanotubes were produced by a
two-step anodization process due to the improved quality of the tube structure.

Furthermore, it was shown that cycling to a potential limit of 0.1 V vs. Na*/Na leads to
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higher specific capacity values during the first few cycles, however at the expense of
cycling stability and a loss of reversible sodium intercalation. Electrolyte decomposition as
well as the formation of a surface layer consisting of electrolyte degradation products
occurs at lower potentials resulting in poor capacity retention and high irreversibility.
Galvanostatic cycling investigations were also performed using 0.6 M NaPFg in a 3:7
EC:DMC mixture as electrolyte. However, it was found that 1 M NaClO,4in PC seems to be
a more attractive and suitable electrolyte combination for titania nanotubes-based Na-ion
electrodes in terms of cycling behaviour as well as cell stability and safety. Finally, it was
figured out that crystalline anatase phases cannot undergo significant Na ion intercalation.
SEM and XRD analysis of cycled samples revealed that intercalation of sodium ions into
the tubes does not destroy the nanotubular structure and that the NTs remain amorphous
upon cycling.

In the final part the effect of different electrolyte additives on the formation of a passivating
layer on sodium metal was studied. EIS results demonstrated that the addition of 1% of
VC, FEC and 2,3,4-trifluorophenylisocyanate to a 1 M solution of NaClO,4 in PC used as
electrolyte inhibits corrosion of the Na metal due to formation of a layer on the metal
surface. Using a 0.6 M solution of NaPFg in a 3:7 EC:DMC mixture, a passive layer is
formed by the electrolyte itself without addition of an additive. However, in the presence of
VEC a strengthening and stabilisation of the already formed layer could be observed.

The sodium chemical diffusion coefficient value determined from chronoamperometry
experiments is in the range of 2.63*107 cm?/s.

To summarize, titania nanotube layers showed good cycling performance when used as
negative electrode material in sodium half-cells, but more research has to be done in
order to identify the origin of the irreversible capacity losses and consequently evaluate
the possibility of further enhancement of the practical specific capacities. One possibility
may be the use of TiO; nanotubes/Sn composites, which can be fabricated by filling of the
tubes with tin. Some preliminary tests on this field have already been carried out in the
present work. Unfortunately, Sn-filled NTs could not be obtained so far. With respect to
the experiments on additives, also long-term investigations have to be done in order to
trace and evaluate the stability of the formed layer over time. Furthermore, the influence of

these additives should also be tested in the future on real Na-ion full-cells.
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