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Abstract

Abstract in english:

While this PhD-thesis consists of four chapters considering seemingly different as-
pects of the chemistry of nanomaterials, there is a least common denominator: Nanos-
trutured photovoltaics. The first part of the thesis deals with an investigation of
the growth mechanism of sodium titanate nanowires. "Snapshots" of the reaction
progress using a microwave-assisted hydrothermal synthesis were made and it was
found that the growth of nanowires not only involves morphologically different nanos-
tructures, such as nanotubes, but is also accompanied by changes in the crystal
chemistry of the species involved. In the second chapter the sodium titanate nanowires
are converted into hydrogen titanate- and TiO, nanowires. All three species are sub-
sequently incorporated into the photoanode of dye-sensitized solar cells, in form of a
composite electrode consisting of nanowires and nanoparticles. The chemical prop-
erties of the materials influence the photoanode and thus the performance of a device
prepared from them. In the next part of the thesis, titanium and vanadium metal foils
are electrochemically oxidized to form ordered arrays of nanotubes or nanopores.
In the case of titanium these arrays could be obtained rather easily by slight mod-
ifications of a method reported in literature. The synthesis of an ordered array of

vanadium oxide nanopores by a careful adjustment of the experimental parameteres



was achieved for the first time. Finally, chalcogenide nanowires were precipitated
inside the pores of a polycarbonate track-etched membrane. While the method it-
self is well established, indium sulfide nanowires were synthesized via this technique
for the first time, additionally the first steps towards the synthesis of ternary CulnS,
nanowires were performed. On first sight, the last chapters seem to be independent,
but in fact they represent an evolution of concept underlying the preparation of photo-
voltaic devices based on composite electrodes. Anisotropic nanostructures are used
in order to improve the electron conduction in photovoltaic devices based on nano-
materials, however, while the wires in photoanodes were randomly oriented, TiO, or
V,05 nanopore arrays are well ordered. Finally, CulnS, nanowires can used as the

sensitizer or photoactive material in the TiO, or V,O5 nanopore array.



Auszug in deutscher Sprache:

Im Rahmen dieser Doktorarbeit wurden vier scheinbar verschiedene Projekte bear-
beitet, die aber eine gemeinsame Basis haben: Nanostrukturierte Photovoltaik. Im
ersten Teil wurde das Wachstum von Natriumtitanat Nanodréhten mittels "Schnapp-
schissen" im Verlauf einer Mikrowellen basierten, hydrothermalen Synthese unter-
sucht. Nicht nur die Morphologie der Nanostrukturen anderte sich im Verlauf der
Reaktion, sondern auch deren chemische Zusammensetzung. Im n&chsten Abschnitt
wurden aus den Natriumtitanat Nanodrahten zunachst Wasserstofftitanat- und schlief3-
lich TiO, Nanodrahte hergestellt. Alle drei Verbindungen wurden anschlie3end als
Material zur Herstellung von Komposit-Elektroden benutzt, die jeweils aus Nanopar-
tikeln und Nanodrahten bestanden. Die chemischen Unterschiede zwischen den
Nanodrahten hatten Einfluss auf die Morphologie der entsprechenden Photo-Anoden
und damit auf die Effizienz der daraus hergestellten Farbstoff-Solarzellen. Im wei-
teren Verlauf der Doktorarbeit wurden Titan- und Vanadiumfolien elektrochemisch
oxidiert um geordnete Filme, bestehend aus Nano-Réhren oder -Poren, herzustellen.
Im Fall von Titan wurde dazu eine publizierte Methode leicht modifiziert um die ge-
wilnschten Ergebnisse zu erhalten. Desweiteren gelang zum ersten mal die Darstel-
lung von geordneten Vanadiumoxid Nanoporen, mittels systematischer Variation der
Reaktionsbedingungen. Im letzten Teil der Arbeit wurden sulfidische Nanodrahte
durch Ausfallen derselben in einer Poly-Carbonat Membran synthetisiert. Wahrend
diese Methode schon flir andere Systeme erprobt wurde, gelang erstmals die Her-
stellung von Indiumsulfid Nanodréhten mittels einer Fallungsreaktion. Ebenso wur-
den erste Erfolge bei der Fallung des ternaren Halbleiters CulnS, erzielt. Die letzten
beiden Abschnitte stellen eine Weiterentwicklung des der Herstellung von Komposit-
Elektroden zugrunde liegenden Konzeptes dar. Auch hier werden anisotrope Nanopar-
tikel genutzt um die Elektronenleitung in nanostrukturierten Solarzellen zu verbessern.
Wahrend die Nanodrahte in den Kompositelektroden aber ungeordnet vorliegen, sind
die Nano-Réhren oder -Poren im Falle der elektrochemischen Herstellung geordnet.
CulnS, Nanodréhte kdnnen als photoaktives Material in eben diesen Nanoporen ver-

wendet werden.
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CHAPTER 1

Three Approaches Towards one aim: Nanostructured
Photovoltaic Devices

The design and improvement of photovoltaic (PV) devices based on nanomaterials
has received enormous attention over the last two decades after the introduction of
dye sensitized solar cells (DSSCs) based on TiO, nanoparticles by Graetzel and co-
workers.[3] The schematic setup of a DSSC or Graetzel Cell is shown in Figure 1.1.
The components of a DSSC and their respective functions are:

o The front electrode consists of glass coated with a transparent conductive ox-
ide; generally fluorine doped tin oxide (FTO) or indium doped tin oxde (ITO) are
used.

e The dye The dye is commonly a ruthenium complex, which binds to the surface
of the nanoparticular anode via carboxylic acid groups, which effectively bind
to the surface of oxides, such as TiO,. The sensitizer, which is present in the
ground state, is excited by an incoming photon. An electron of a dye molecule
in the electronically excited state is now injected into the conduction band of the
semiconductor, meaning the Ru-complex undergoes oxidation.

e The anode commonly consists of TiO, nanoparticles, which transport the in-
jected electron to the front electrode and thus acts like a semiconductor in a
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Chapter 1. Introduction and Overview

conventional solar cell. Other oxides, such SnO, and ZnO can also be used as
semiconducting material.

o The electrolyte consists of a mixture of I-/I3~ dissolved in acetonitrile. 13~ is
reduced to |~ at the back electrode, which is subsequently utilized to reduce the
dye while undergoing an oxidation to I*~.

e The back electrode consists of the same transparent conducting oxide as the
front electrode, but it is additionally coated with a thin layer of platinum.

e The platinum layer is needed to increase the conductivity of the back electrode
and to catalyze the reduction of I~ to I~.

N ’; ] Glass
WAV S [ FTO
— K o @ Platin
s o [1 Elektrolyte
AN ﬁﬁ) M Ru-Dye
WAVV P ?’» 0 Tio,
O

Figure 1.1: Schematic setup of a DSSC.[1]

Despite the advantages of this kind of device, e.g. cheap and energy efficient
fabrication, high semiconductor surface area for efficient photon absorption and the
possibility to use flexible substrates,[4] there are drawbacks to be overcome. Among
others, one of the major issues for devices based on nanoparticles devices is the
electron loss due to particle-particle boundaries.[5][6] In most cases the semicon-
ducting material in a DSSC consists of TiO, nanoparticles whose size is in the range
from 15 to 30 nm. The use of small particles (with high surface area) is necessary
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to ensure that a sufficient amount of dye can be loaded onto the photoanode, which
is a prerequisite for the generation of high photo currents. On the other hand this
leads to the above mentioned electron losses. One possible solution to this problem
is the use of composite electrodes consisting of a mixture of TiO, nanoparticles and
nanowires (see Figure 1.2). The nanowires support electron conduction towards the
front electrode by acting as electron pathways without particle-particle-, ideally even
without grain-grain boundaries.

Rapid long range e™-conduction
through TiO, nanowires

Figure 1.2: Schematical drawing of a composite electrode consisting of nanowires and
nanoparticles.[1]

The common thickness for the semiconducting layer in DSSCs is around 10pum.[7]
In an ideal case, the nanowire reaches from the top of the photoanode to the bottom
leading to an unhindered electron diffusion throughout the entire film, i.e. the length
of the nanowires should be in the same size regime as the electrode thickness. To
achieve optimum results the nanowires need to be evenly distributed within the pho-
toanode. The concept behind the use of a composite electrode is the utilization of
the enhanced electron diffusion in anisotropic nanostructures.[8] This concept can be
widened to systems other than a mixture of particles and wires, for example ordered
arrays of nanotubes can be utilized.[9] However, more sophisticated synthetic meth-
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ods are necessary to obtain such advanced nanostructures, some of which will be
described in this thesis. Additionally the "classical" approach to use TiO, nanoparti-
cles in DSSCs will be widened to other materials. The search for novel and materials
possibly leading to more efficient solar cells is one of the main challenges for the de-
sign of nanostructured photovoltaic devices.

In the first part of this work the effect of the incorporation of sodium titanate, hydro-
gen titanate and TiO, nanowires into the photoanode of a DSSC will be elucidated.
After the synthesis of the nanomaterials, the ideal ratio of nanoparticles to nanowires
was determined using TiO, nanowires, followed by a study of the chemically different
nanowires. The results reveal that 5 wt% is the ideal nanowire content. Furthermore,
it it was shown that both the use of hydrogen titanate and TiO, nanowires led to an
improvement of the device performance, while the incorporation of sodium titanate
nanowires led to decreased performance. However, significantly higher open circuit
voltages were measured for this material. The differences in device performance
could be attributed to the short circuit current almost exclusively. The focus of the
work presented herein was the synthesis of the nanomaterials and the influence of
chemically different species on the preparation of a photoanode. One special aspect
was the use of sodium titanate nanowires in DSSCs, which was not carried out be-
fore, to the authors best knowledge. Before their utilization in DSSCs, the groth mech-
nanism of sodium titanate nanowires was elucidated. It was found that the nanowires
grow in multiple steps, not only accompanied by morphological changes, but also by
variations in the composition of the nanostructures involved. After the dissolution of
the precursor nanotubes are formed, which have a crystal structure that was unknown
so far. The nanotubes unfold under a "NaOH-uptake" to form nanowires.

It was mentioned above that the nanowires are supposed to be aligned towards the
electrode ideally, which is hardly possible if the wires are synthesized as a powder.
On the other hand, if the wires are grown directly onto FTO, it is difficult to incorporate
a sufficiently large number of nanoparticles into the electrode, which results in a low
surface area.[10] Wires grown by a template based method often require rather com-
plicated reaction sequences to remove the template and/or they lack crystallinity,[11]
which hinders electron conduction. A promising approach to circumvent this problem
is the design of nanostructured photovoltaic devices, based on dense, ordered arrays
of oxidic nanotubes, which can be obtained by electrochemical anodization (or anodic
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oxidation) of valve metals, such as titanium or vanadium, under suitable conditions.
Herein the growth of ordered arrays of titanium- and vanadium oxide nanotube or
nanopore arrays on the respective metal foils is described. In the case of titanium this
is a well established experimetal method;[12][13] the TiO,nanotube arrays prepared
as part of this thesis were synthesized based on the method of Lee et al.[2] First the
as-purchased titanium foils were polished electrochemically, subsequently followed
by the anodization that yielded the desired ordered arrays of oxidic nanotubes. To the
authors best knowledge, vanadium oxide nanopore or nanotube arrays have not been
prepared by eletrochemical anodization so far. A method to electrochemically polish
the as-purchased vanadium foils was evaluated, subsequently followed by the devel-
opment of a procedure which allowed the synthesis of ordered arrays of nanopores
on vanadium foil. This was achieved by a systematic variation of experimental param-
eters. It was found that the solvent used for the anodization had the largest influence
on the outcome of the reaction. Nanotube or nanopore arrays can be utilized for
nanostructured photovoltaic (PV) devices in different ways, for example by directly
sensitizing the nanotubes with a dye [14] or by depositing quantum dots, e.g. CdS or
CdSe, on the nanotubes, which also leads to a sensitation of the nanotube array.[15]
Additionally it is possible to significantly increase the surface area of the nanotube
arrays by depositing semiconductor nanoparticles of the same kind on them.[14] In
general, as-grown TiO, nanotubes arrays are intrinsically n-doped, therefore, a sec-
ond processing option is the growth of p-type semiconductor, such as CdTe or CulnS,,
inside the nanotubes.[16]

One general issue in DSSCs is the need for sensitation of the semiconductor since
the used oxides only absorb light in the UV-region of the suns’ spectrum. However,
most dyes suffer from degradation when used over extended periods of time.[17] An-
other issue is the necessity to recover the dye utilizing a liquid electrolyte, requiring an
efficient method to seal the final device in order to achieve long term stability. Among
other possible solutions,[18] it would be advantageous to directly utilize a solid state,
p-type semiconductor, such as CulnS,, which is long-term stable and renders the use
of an electrolyte unnecessary. One synthetic option is the growth of CulnS; inside an
array of oxidic nanotubes, as mentioned above. A versatile method to grow nanowires
is the template assisted precipitation.[19] Hereby, the nanowires are precipitated in-
side the pores of a porous template, such as a polycarbonate track etch membrane
or a TiO, nanotubular array. The first steps towards the growth of the ternary semi-
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conductor CulnS, inside the pores of a polycarbonate membrane were performed by
synthesizing the binary compounds CuS and In,S; in form of nanowires. By adjust-
ing the experimental conditions CuS nanotubes could also be obtained. It was found
that a co-precipitation to form CulnS, was difficult, due to the different reaction rates
of the synthesis of the binary compounds. First attempts towards the synthesis of a
ternary compound were carried out combining the methods for the synthesis of CuS
nanotubes and In,S; nanorods.
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CHAPTER 2

The Role of an Unknown Phase of Sodium Titanate
Nanotubes as an Intermediate in the Formation of
NaTizO4(OH) -2 H,O Nanowires

2.1 Introduction

When TiO, powders are treated hydrothermally in concentrated caustic solutions, a
sodium titanate is formed during the synthesis. Sodium titanates have attracted con-
siderable attention for more than ten years, due to their wide range of interesting
applications for example in catalysis, i.e. for the direct use as photocatalyst,[20] as
well as a carrier material for catalytically active nanoparticles.[21] Titanate nanowires
can be used as an ion exchange material for the removal of heavy metal ions,[22]
gas sensing,[23] lithium ion batteries [24] or dye-sensitized solar cells.[25] In some
applications sodium titanate nanowires are first converted to hydrogen titanate- or
TiO, nanowires, respectively. Owing to the rapid ion-exchange in the layered titanate
structure,[26] the obtained sodium titanates can easily be converted to hydrogen ti-
tanate via an acidic treatment and subsequently to TiO, via calcination.

Kasuga et al. were the first to report the formation of "anatase" nanotubes via the

hydrothermal treatment of TiO, powder in concentrated NaOH solutions in 1998.[27]
Four years later Chen et al. identified the nanotubes to in fact be a layered titanate,
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rather than anatase type TiO,.[28] Numerous publications deal with the synthesis
as well as growth mechanism of sodium titanate nanowires, compare the review by
Bavykin et al. [29] However, despite the great effort put into the investigation of this
reaction system the mechanism is still not fully understood. In the widely accepted
model, sodium titanate nanotubes are formed at temperatures below 180°C, while the
formation of nanowires is favored above 180°C. Recent findings by Huang et al. show
that nanotube formation is indeed possible at high temperatures, because it is an
inevitable step in the formation of sodium titanate nanowires, which are the thermo-
dynamically favored product.[30] The mechanism proposed includes the dissolution
of the precursor (crystalline anatase type TiO, nanoparticles), followed by the forma-
tion of nanosheets, which roll up to form nanotubes. According to Huang et al. these
nanotubes form an extended wire like structure via oriented attachment. The holes in
the tubes are filled with amorphous sodium titanate from the dissolution of crystalline
TiO,. Despite the detail of this study, an important factor in the growth mechanism
is only casually mentioned; crystallographic phases and the composition of the inter-
mediates found during the reaction and the final product. The crystal structure of the
sodium titanates was only recently resolved by means of automated diffraction tomog-
raphy (Andrusenko et al. [31]) and the composition of the material was determined
to be NaTi;O4(OH) -2 H,O, an so far unknown phase in the sodium titanium oxygen
system.[31] Similar findings were made in other systems, e.g. the intermetallic nano-
Zn,Sbs,[32] in which a crystallographic phase that differs from the bulk system was
also found in the nano-size regime. These observations add an interesting aspect
to the discussion of the growth mechanism. Not only the morphological evolution of
nanoparticles must be considered, but also the crystal structure and composition of
all the species involved.

In this study microwave-assisted hydrothermal reactions were used to investigate
the growth mechanism of sodium titanate (NaTi3;O4(OH) -2 H,O) nanowires. Com-
pared to conventional hydrothermal reactions in stainless steel autoclaves, chemistry
utilizing microwave radiation offers several advantages, such as rapid heating due
to a direct response of the solvent to the microwave radiation, short cooling cycles
due to the lowered heat capacity of the reaction vessel compared to a stainless steel
autoclave. Due to the lowered cooling time, active quenching, for example via im-
mersing the reaction vessel to an ice bath, is not necessary for microwave assisted
reactions. Furthermore, stirring the reaction mixture can be continued during the
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cooling process leading to a homogeneous cooling process. Another advantage of
the microwave-assisted reaction is the overall lower energy consumption and most
importantly, a reduced reaction duration.[33] The conventional hydrothermal synthe-
sis of sodium titanate nanowires normally takes at least 24 h,[29] comparedto 2 hin a
microwave oven. Owing to the aforementioned lower heat capacity, the microwave re-
action vessel cools down radiatively in a short time, therefore it is possible to quench
the reaction at every point during the synthesis. With this method "snapshots" of the
reaction progress were made and intermediate products could be investigated. Since
the exact composition of the final product was known, it was possible to compare the
crystal structure of the intermediates with that of the final product. Thus, a very de-
tailed investigation of the reaction mechanism, including both morphological aspects
as well as crystal chemistry, was possible.

39



Chapter 2. Growth Mechanism of NaTi3Og(OH) -2 H,O nanowires

2.2 Experimental section

2.2.1 Materials and synthesis

Materials and synthesis: A MARS XPress microwave digestion system (CEM Cor-
poration) was used for the microwave-assisted hydrothermal synthesis. The synthesis
is based on the method published by Kasuga et al.,[27] smaller modifications were
necessary in order conduct a synthesis suitable for the reaction system. Each "snap-
shot" of the reaction progress was made the same way. 500 mg of TiO,-P25 nanopar-
ticles (Degussa) were mixed with 50 ml of a 10 M NaOH solution (made from NaOH
pellets, 98.5% p.A., Acros Organics and MilliQ Water) by magnetic stirring in a 100 ml
Teflon liner for 15 minutes. The vessel was sealed and subjected to a microwave-
assisted hydrothermal treatment. After 10 minutes of heating at a maximum power
output of 800 W, an internal pressure of 20 bar was reached. This pressure was kept
for various times between 0 and 120 minutes. The microwave system is equipped
with a temperature sensor, however, a temperature control was not possible because
the sensor made from sapphire would dissolve in the NaOH-solution. Afterwards the
reaction mixture was allowed to cool down radiatively for 30 minutes. All reaction
products were thus obtained after a heating time of 10 minutes, a reaction time of X
minutes and a cooling period of 30 minutes. From now on the samples will be refered
to as "X minute sample". The nanopowders were seperated from the supernatant so-
lution via centrifugation at 9000 rpm for 10 minutes. Finally the reaction product was
washed several times with methanol, until neutral reaction of the supernatant solution.
The samples were dried in vacuum over night. The as-prepared samples were sub-
jected to X-ray diffraction (XRD) and transmission electron microscopy (TEM) without
additional treatment.

2.2.2 Materials Characterization

X-ray powder diffraction: X-ray powder diffraction data were collected using a Bruker-
AXS D8-Discover diffractometer equipped with a HiStar detector in reflection geom-
etry using graphite-monochromated CuKa radiation. Samples were glued on top of
glass and (111) silicon substrates using a VP/VA copolymer (vinylpyrrolidone/vinyl-
acetate).
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TEM, HRTEM and EDX: The sodium titanate nanowires were characterized by
transmission electron microscopy (TEM) and high resolution rransmission electron
microscopy (HRTEM). For TEM and HRTEM investigations the samples were dis-
persed in ethanol using an ultrasonic bath. Afterwards they were sprayed on carbon-
coated copper and gold grids. For high-resolution TEM investigations the material
was embedded in epoxy resin and sliced by microtome. The cuts were then placed
on a carbon coated copper grid; the resin was removed with chloroform.

TEM measurements were carried out with either a Philips 420 instrument with an
acceleration voltage of 120 kV or a FEI TECNAI F30 S-TWIN transmission electron
microscope working at 300 kV. TEM images and diffraction patterns were acquired
with a CCD camera (14-bit GATAN 794MSC). Scanning transmission electron mi-
croscopy (STEM) images were acquired by a FISCHIONE high angular annular dark
field (HAADF) detector. Elemental analysis was done by energy dispersive X-ray
(EDX) spectroscopy and quantified within Emispec ESVision software. For a quanti-
tative EDX analysis the sample was deposited on a Gold grid.
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2.3 Results and Discussion

2.3.1 XRD

First the phase purity of the "120 minute sample" (i.e. final reaction product) was ver-
ified via X-ray diffraction. The diffraction pattern of the sample obtained after 120 min-
utes in course of this study was compared to the XRD pattern of NaTi;Og(OH) -2 H,0,
see Figure 2.1. No differences in the diffraction patterns were found, indicating both
sample possess the same crystallographic phase, i.e. the final product in this study
is also NaTi;Og(OH) -2 H,0.

— "120 min sample"
— Reference

Intensity (arbitrary units)

20 40 60
20 (°)

Figure 2.1: X-ray diffraction patterns of NaTizOg(OH) -2 H,O(Blue) compared to the "120
minute sample" (Red).

In Figure 2.2 X-ray diffraction patterns of multiple samples obtained during this
study are compared to the pattern of TiO,-P25 nanoparticles, which consist of a
phase mixture of anatase and rutile. The first observation is the complete disappear-
ance of all reflections connected with TiO,-P25 already after the 10 minute heating
ramp ("0 minute sample"). New reflections appeared in the range between 20=10°
and 50°, which could neither be assigned to anatase, rutile nor any other known
phase of TiO,. This result suggests that the precursor completely reacted with the
NaOH solution to form a new compound, which could not be identified based on the
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X-ray diffraction pattern. The positions of the reflections at 20= 9.6°, 24.2°, 48° and
61.2° suggest a crystal structure with some similarities (e.g. interlayer distances) to
the final product NaTiz;O4(OH) -2 H,O. The reflections are broad, indicating the low
crystallinity of the compound. It is reasonable to assume that the unidentified com-
pound is also a sodium titanate with a composition that differs from the final product.
This assumption is further backed up by EDX data (see section 2.3.3).
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Figure 2.2: X-ray diffraction patterns of various samples synthesized in course of this study,
compared to TiO,-P25 nanoparticles, which were used as precursor. From bottom
to top: TiO5-P25 Precursor, "0, 5, 10, 20, 30 and 120 minute samples".

After a reaction time of 5 minutes, the measured intensity of the aforementioned
reflections increased, indicating a higher crystallinity of the unidentified compound.
However, the positions of the reflections did not change. A different X-ray diffrac-
tion pattern was measured for the "10 minute sample". While all reflections of the
unidentified compound were still present, the first reflections of the final product
NaTi;Og(OH) -2 H,O appeared at 2= 10.5°, 24.9°, 29.6° and 3 reflections around
36°. The new signals were found at higher angles, compared to the unidentified inter-
mediate. However, all reflections of this compound are still present in the diffraction
pattern, so at this point of the reaction two different phases coexist in the sample.
The presence of new reflections next to the old ones cannot be explained by an in-
crease in crystallinity, which may also lead to smaller interlayer distances and thus
higher diffraction angles. After the NaTi;Og(OH) -2 H,O phase appeared while the
reaction progressed, the reflections assigned to this compound became more promi-
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nent and the ones of the unidentified phase start to disappear. In the "20 minute
sample" no reflections assigned to the unidentified phase were detected anymore.
However, due to the higher crystallinity of NaTi;Og(OH) -2 H,O and the obviously
decreasing amount of the unidentified compound, it is possible that the reflections as-
signed to the latter are not detected anymore, which does not necessarily mean the
compound completely disappeared. Reflections beyond a value of 260 =40° can be
attributed to the titanium-oxygen network. These reflections are most pronounced in
the samples that were treated for 30 minutes or more. The increasing crystallinity of
the NaTi;O4(OH) -2 H,O can be seen from a shift of these reflections toward higher
angles (e.g. 48.1° (in the "30 minute sample") — 48.4° (in the "120 minute sample")).
These observations give a first indication that an unknown phase was formed in the
early stages of the synthesis. For verification, HRTEM and EDX studies were con-
ducted.
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2.3.2 TEM and HRTEM
Precursor and "0-3 minute samples™

Using a microwave digestion system allows to quench the reaction at any given point
during its progress. Due to the direct response of the solvent to the energy source,
i.e. microwave radiation, the reaction mixture heats up rapidly. Compared to a con-
ventional reaction in a furnace, the vessel itself does not have to warm up before
the solvent is heated. The time required to cool down the mixture is also lowered,
since the heat capacity of the microwave reaction vessel is much lower than the one
of a stainless steel autoclave. Additionally, it is possible to stir the reaction mixture
during the reaction; a feature that is not common for stainless steel autoclaves. The
temperature cannot directly be determined during the reaction because the cover of
the temperature sensor is made from sapphire; a material that dissolves in the con-
centrated sodium hydroxide solution used for the reaction. In the following chapter,
transmission electron microscopy is used to elucidate the morphological evolution of
the nanoparticles synthesized in this study.

The precursor TiO,-P25 was characterized via TEM; as shown in Figure 2.3. TiO,-
P25 consists of irregularly shaped nanoparticles with the diameters ranging from as
small as 10 nm up to 100 nm, while the majority of the particles are in the size range
from 20-40 nm. The nanoparticles have the tendency to form agglomerates that can-
not be separated easily.

Figure 2.3: TEM image of TiOy-P25nanoparticles.
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In Figure 2.4 TEM images of the "0 minute sample" are shown. For the most part,
the sample consists of agglomerates that can range up to a few micrometers in size.
Besides the agglomerates few isolated nanotubes are found, see Figure 2.4 b. The
fact that no trace of the precusor is present at this early stage of the reaction demon-
strates one of the the advantages of the microwave-assisted reaction, i.e. the en-
hanced reaction velocity. From the magnified images of the agglomerates in Figure
2.4 b it can be seen that they exclusively consist of nanotubes. Like the final product
NaTiz;Og(OH) -2 H,0O, the nanotubes have a strong tendency to form agglomerates
(compare Figures 2.4 and 2.10 a), despite continuous stirring of the reaction mixture.
Due to the strongly caustic pH value of the reaction solution, a negative charge on
the surface of nanotubes is expected, which would lead to repulsion. However, the
presence of sodium counter ions on the surface of the nanotubes may lead to the
agglomeration.[34]

Figure 2.4: Overview TEM images of the "0 minute sample".

As mentioned before. even in this early stage of the reaction neither any trace of the
precursor TiO,-P25 nor amorphous, irregularly shaped sodium titanate nanoparticles
or nanosheets was observed. In other publications dealing with the growth mecha-
nism these types of particles are usually found. There are two possible explanations
for this observation:

e The occurrence of amorphous nanoparticles or nanosheets is not a necessary,
i.e. unavoidable, step in the formation of NaTi;Og(OH) -2 H,O nanotubes. How-
ever, sheets of sodium titanate (formed from the amorphous particles by contin-
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ued reaction with NaOH) are most likely a necessary prerequisite for the forma-
tion of nanotubes. Due to the high surface energy of the nanosheets, which is
caused by dangling bonds, [30] they roll up to form nanotubes. If this widely ac-
cepted mechansim for the nanotubes formation is considered, this explanation
seems unlikely.

e Since the "0 min sample" exclusively consists of nanotubes, it is possible that the
reaction already proceeded beyond the point of the occurrence of amorphous
sodium titanate particles and nanosheets. "Snapshots" of the reaction during
the heating ramp will be carried out to verify this assumption.

Figure 2.5 a, showing nanotubes of the "0 minute sample" reveals that they are
very polydisperse if one considers the length of the tubes.

Figure 2.5: a) TEM image of isolated nanotubes in the "0 minute sample" b) TEM image of
"NaQO" particles.

The shortest tubes are around 30 nm long, while the length of the longest ones can
reach up to several hundred nanometers. The diameter of all tubes on the other hand
is around 10 nm, no matter how long they are. Additionally, no change in diameter
is observed throughout the entire reaction. In Figure 2.5 b small particles are shown,
which are present throughout the entire progress of the reaction. It is noteworthy that
these particles are only observable when Gold TEM grids are used. The particles are
roundish and the diameter ranges from a few nanometers up to 30 nm. EDX analy-
sis (see section 2.3.3) revealed that these nanoparticles do not contain titanium, only
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sodium and oxygen are found. A quantification of the sodium to oxygen ratio was not
possible due to the weak signal of the oxygen in EDX. Since the exact composition of
these particles cannot be determined, they will be referred to as "NaO" particles from
now on. However, it is likely that the "NaO" particles are in fact sodium carbonates,
i.e. NaHCO; or Na,COs. The reaction was not carried out in a controlled atmosphere,
i.e. a contamination with CO, is bound to occur, before as well as during the reaction.
The same observations were also made by other groups.[35]

Figure 2.6: "0 min samples": a) SAED on agglomerates of nanotubes b) SAED on isolated
nanotubes ¢) HRTEM image of nanotubes and d) the corresponding Fourier trans-
form showing a d-spacing of 6.5 Abetween the layers of the structure.

Selected area electron diffraction (SAED) was performed on agglomerates of nan-
otubes and on isolated nanotubes. The results presented in Figure 2.6 a and b show
that the agglomerates as well as the single tubes have a similar d-spacing, suggest-
ing that both consist of the same material, i.e. nanotubes of the same composition.
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The tubes are nano-crystalline (compare Figure 2.6 ¢) and their d-spacing was
found to be between 6.5 A and 7 A (see igure 2.6 d), which most likely represents
the distance between the titanium-oxygen layers. The mismatch between the d-
spacing of different nanotubes can be explained by their low crystallinity, which was
already observed in XRD measurements. The measured d-distances cannot be
matched to any known phase of sodium titanate or TiO,, including the final prod-
uct NaTi3Og(OH) -2 H,O.

Together with the EDX analysis (see section 2.3.3), which confirms the presence
of sodium, titanium and oxygen in the nanotubes, and the results obtained from X-ray
diffraction, in which the reflection could neither be assigned to any known compound,
this suggests that an hitherto unknown phase of sodium titanate, which is only found
in tubular nanoparticles, is formed at the beginning of the synthesis. An identifica-
tion of this phase via automated diffraction tomography [31] is the subject of ongoing
research. Snapshots of the reaction after 1 and 3 minutes do not show any signifi-
cant difference to the "0 min sample". The length and diameter of the nanotubes did
not change, just slightly more isolated nanotubes were found. The bigger part of the
sample still constitutes of large agglomerates of nanotubes.
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"5- 10 minute samples”

After a reaction time of 5 minutes the sample still mostly consists of agglomerated
and isolated nanotubes (see Figure 2.7 a and b). Neither the agglomerates nor the
nanotubes exhibit a significant change in size, compared to the earlier samples. It is
noteworthy that the amount of isolated nanotubes was further increased in the "5 min
sample". The same trend was already observed for the "1 and 3 minute sample", as
compared to the "0 min sample".

Figure 2.7: "5 min sample": a) and b) overview TEM images ¢) HRTEM TEM image of a
nanosheet/nanowire d) Fourier transform corresponding to the HRTEM image in

).
After 5 minutes anisotropic structures other than tubes are observed for the first

time. These objects are probably nanosheets since their contrast in TEM is rather
low, indicating that they are rather thin. Figure 2.7 ¢ shows the HRTEM image of
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such a nanosheet; the corresponding Fourier transform can be seen in Figure 2.7
d. The d-distances found correspond well with the d-spacing of the final product
NaTiz;Og(OH) -2 H,O; clearly indicating that the nanosheets are a thin version of the
final product, i.e. NaTi;Og(OH) -2 H,O nanowires. The d-spacing represents the
distance between the titanium-oxygen layers. In this early stage of the reaction, the
disorder in the material is very high, which is indicated by a streaking of the reflec-
tions in the Fourier transform of the HRTEM image in Figure 2.7 d. The amount
of the nanosheets found is rather low, which explains why they cannot be detected
in XRD. Additionally, they are only found in the immediate proximity of nanotubes,
which can be seen as a first indication that the tubes are needed for the growth of
the nanosheets or wires, respectively. The second indication is the appearance of the
sheet-like structures only after a certain amount of nanotubes exists in an isolated
form. Even at this early stage, the diameter of the nanosheets can already reach
up to 80 nm. At the same time, the size and crystallinity of the nanotubes remains
unchanged. SAED and HRTEM show the same d-spacing as observed before.

When the reaction is allowed to progress for 10 minutes the amount and size of
the nanosheets increases drastically. In Figure 2.8 a and b multiple "nanosheets" of
diameters up to 100 nm are shown. Additionally, the contrast of most nanosheets is
significantly higher at this point of the reaction. From now on it is justified to refer
to them as "nanowires”, which in fact means a thicker nanosheet. The length of the
wires reached several micrometers, yet multiple significantly shorter wires are found
as well. The combination of all three observations shows that the sheets/wires grow
in all directions at the same time (diameter and length), while they show a preferred
growth direction leading to the anisotropic shape. Single nanotubes and agglomer-
ates of tubes are still present in the sample, while their amount begins to decrease
due to the formation of the nanowires. The size of the tubes, on the other hand, re-
mains unchanged. HRTEM and Fourier transforms of HRTEM images still confirm
the results discussed for the "0 min sample". At this point it can be stated that the
tubes do not undergo any morphological or chemical changes after their formation,
until they are transformed into nanowires; i.e. the tubes solely serve as a reservoir for
the growth of the nanowires.

Figure 2.8 ¢ and d show that nanotubes are located at the borders and tips of the
forming nanowires. This observation points to an oriented attachment mechanism,
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where chemically similar surfaces approach each other to form chemical bonds.[30]
The tubes are unfolded at the edges of the nanowires; the large amount of small tubes
thus leads to the formation of bigger wires. In the "5 min sample" there were already
indications for this behavior, the nanosheets only formed near non-agglomerated nan-
otubes. Completely isolated nanowires were not found.

It is noteworthy that the as-formed nanowires are not porous from the beginning
(see Figure 2.8 d and e), as opposed to the results of Huang et al.,[30]. They found
that the tubes form wire like structures via oriented attachment, but these structures
were porous in nature. According to Huang et al. the pores were later filled with
amorphous sodium titanate particles from the reaction mixture. Based on the find-
ings presented here, this mechanism seems unlikely, since no amorphous sodium
titanates are found in the reaction mixture before the first wires appear. It should be
mentioned that the experimental conditions used here were different from the con-
ditions used by Huang et al., so it is possible that deviations arise from that factor.
Especially the use of microwave irradiation instead of a conventional oven may lead
to variations in the reaction progress.

The overall crystallinity of the nanowires increases with advanced reaction duration
(see Figure 2.8 e and f), which is probably due to annealing effects. However, multiple
defects could still be observed, such as stacking faults or bent layers, compare Figure
2.8 e.

The growth of larger particles at the expense of smaller ones is called Ostwald-
ripening. Nanowires are formed from nanotubes because they are the thermodynam-
ically more stable form [36], which is mostly due to the lowered surface energy of the
bigger and non-porous structure. Phase changes, that are observed at the transfor-
mation from multiple tubes to a single wire in this study, are not normally observed in
an Ostwald-ripening process. As previously discussed, the growth of the wires also
shows characteristics of an oriented attachment mechanism. However, also the ori-
ented attachment mechanism is not commonly associated with phase changes. So
far, neither one of the aforementioned mechanism nor a combination of both can com-
pletely explain the growth of the nanowires, since a phase change occurs during the
growth of the nanowires. Still characteristics of both well known growth mechanisms
can be observed, which will be discussed in detail in section 2.3.4.
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Figure 2.8: Various TEM and HRTEM images of the "10 min sample": a) and b) Overview
TEM images c) and d) TEM images showing the presence of nanotubes at the
borders and tips of the nanowires €) HRTEM image of a nanowire and f) the cor-
responding Fourier transform.
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"20-120 minute samples”

By allowing the mixture of TiO,-P25 and 10 M NaOH to react for 10 more minutes
(yielding to an overall reaction time of 20 minutes), the amount and size of the wires
was further increased (see Figure 2.9). Diameters of up to 200 nm are now found,
which is shown in Figure 2.9 a and b. The wires are still polydisperse, while the
longest ones reach lengths of up to several micrometers, significantly shorter wires,
with length below 500 nm, are also found. The growth process of the nanowires is
still far from completion, isolated nanotubes and agglomerates of tubes are still abun-
dantly found (compare Figure 2.9 a and b).

Figure 2.9: TEM and HRTEM images of the "20 min sample": a) and b) overview TEM im-
ages ¢) TEM image showing the presence of nanotubes at the borders and tips of
the nanowires, recorded on a Gold-grid d) HRTEM image of a nanowire.
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It is noticeable that fewer isolated nanotubes are observed at this stage of the reac-
tion, which means that the nanotubes are consumed by the nanowires more rapidly
than they can be replaced via diffusion. Hence, a more effective separation of the
nanotubes would be desirable to ensure a shorter reaction time and a more homoge-
neous growth of the nanowires.

The image in Figure 2.9 c was recorded on a Gold TEM grid, which explains the ob-
servation of the aforementioned "NaQ" particles, i.e. most likely sodium-bicarbonate
and carbonate nanoparticles. Figure 2.9 c also shows the presence of nanotubes at
the tip of the nanowire, an observation that was already made in the earlier samples.
The disorder in the nanowires decreases further, which becomes evident from the
HRTEM image in Figure 2.9 d. It should be mentioned that the nanowires are not
single crystalline, even if the disorder has decreased. The defects mentioned above
are still present, just to a lower extent.

For the "30, 60 and 90 minute samples" the reaction proceeds in the way described
above. More wires of a larger size were found while the amount of isolated tubes
decreased, until no more can be found after 60 minutes. However, the agglomerates
are still present, even in the "90 min sample". These findings are in agreement with
the observations discussed above.

Figure 2.10 a shows the sample after 120 minutes. The sample almost exclusively
consists of nanowires. Their diameter can reach up to 400 nm for single nanowires
and even more for agglomerated ones. The length can be as high as 10 micrometers
in a few cases, while the majority of the wires is 500 nm to a few micrometers long.

Very few agglomerates consisting of nanotubes can be found after 2 h reaction du-
ration (see Figure 2.10 b). While few are observed, their presence again shows the
slow conversion of the nanotubes that are located in agglomerates. Only nanotubes
separated from these accumulations contribute to a swift growth of the nanowires.

HRTEM images in Figure 2.10 ¢ and d show an increasing order in the nanowires.
The aforementioned defects (stacking faults and bent layers) are still present, but to
a limited extent. The observation can be attributed to an annealing of nanowires
in the solution upon prolonged exposure to heat. This finding is in agreement with
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the work of Andrusenko et al. [31] Additonally, an evaluation of the Fourier trans-
form of the HRTEM data yields d-values that are consistent with crystal structure of
NaTiz;Og(OH) -2 H,0O and thus confirm the XRD results. Both the crystallinity and the
amount of the nanotubes is too low, to allow a detection via XRD. It can be stated that
the reaction is nearly complete after 2 h, a much shorter reaction time, compared to
a conventional synthesis in a furnace using a stainless steel autoclave.

Figure 2.10: TEM and HRTEM images of the "120 min sample": a) and b) overview TEM
images ¢) HRTEM image of a nanowire and d) the corresponding Fourier trans-
form.
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2.3.3 EDX

EDX was performed on all four nanostructures that are found during the course of the
reaction.

e "NaQ" particles, which are most likely sodium-bicarbonates or carbonates
e Agglomerates of nanotubes and isolated nanotubes

e Nanosheets/Nanowires

As mentioned earlier, the "NaQ" particles are only visible, if a Gold TEM grid is
used. These particles are found in each sample that was investigated in course of
this study. They originate from a CO, uptake of the strongly basic solution from the
ambient atmosphere. Since the mixture is continuously stirred during the entire re-
action (including the heating ramp), it is reasonable to assume that the CO, is com-
pletely absorbed while the sample is being heated. The reaction vessel is sealed,
meaning only CO, that was already inside the vessel before the reaction can be as-
similated. The deprotonation of the carbonic acid that follows the CO, uptake is is
a very quick process in the caustic NaOH solution, meaning that after a short time
the "NaQ" particles are formed completely. A participation of the carbonates in the
reaction is neither anticipated nor observed, so they remain unmodified in the mix-
ture the entire time. Due to the low solubility of sodium-bicarbonate or carbonate in
methanol,[37] they could not be removed by the washing process. A quantification of
the sodium to oxygen ratio was not possible due to the low contrast of oxygen in EDX.

A quantification of the sodium to titanium ratio is difficult on copper TEM grids, due
to a line overlap of the Na K-series (from 1040.98-1071.1 eV) and the Cu L-series
(929.7-949.8 eV). For the same reason the "NaQ" particles were not visible on cop-
per TEM grids. Hence Gold TEM grids were used in order to quantify the sodium to
titanium ratio. It was stated earlier that the agglomerates consist of nanotubes with
the same crystallographic phase as the isolated nanotubes. EDX was used to deter-
mine the sodium to titanium ratio of both species. Throughout the entire synthesis
this ratio was constantly at a value of 1:4 for agglomerates and isolated nanotubes,
demonstrating once again that the nanotubes and agglomerates do not undergo any
changes in chemical composition during the course of the reaction. These results
are also in good agreement with the HRTEM and SAED data discussed above and
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they further consolidate the assumption that the nanotubes indeed exhibit an hitherto
unknown phase of sodium titanate.

The sodium to titanium ratio for the sodium titanate nanowires was found to be 1:2
for all nanowires investigated, irrespective of the reaction progress. From the formula
of the final reaction product, i.e. NaTi3O4(OH) -2 H,O, one would expect a ratio of
1:3. The overestimation of the sodium content in the sample was also observed by
Andrusenko et al. It can be partially explained by the presence of residual NaOH
nanoparticles that were not completely removed by the washing process. More im-
portantly, an excess of Na*™ ions may be bound to the surface of the nanowires, an
observation already made by Nagase et al. [38] and also Meng et al.[39] Additional
sodium cations may also be present in between layers of the structure, which would
also be an explanation for the disorder found in late samples and the final product.
Considering these arguments it is reasonable to assume that the sodium content is
also overestimated in case of the nanotubes, but due to the missing crystal struc-
ture of the nanotubes the extent cannot be determined. However, no sodium titanate
with a sodium to titanium ratio as low as 1:4 is not known, let alone one with an
even lower sodium content. Such low sodium contens only occur in partially ion
exchanged sodium titanates, which is an unlikely explanation in a strongly caustic
reaction medium. However, XRD shows a very broad reflection around 20 =10° (com-
pare Figure 2.2) for the samples containing only nanotubes, which is characteristic
for sodium titanates.

The results presented here can only be interpreted in terms of a phase change
upon the transition from nanotubes to nanowires, which accompanies the morpho-
logical change. The nanotubes do not simply unfold to form sheets and later wires,
this process is accompanied by a "NaOH uptake". Apparently, NaOH in the solution
undergoes a reaction with the already formed sodium titanate nanotubes, thereby
forming a compound with a higher amount of sodium, i.e. NaTi3;O4s(OH) -2 H,O. No
tubes are formed by NaTi;Og(OH) -2 H,0, it rather crystallizes in a sheet like mor-
phology. Via an oriented attachment of nanotubes onto the sheets, wires are formed
later during the reaction. The clear difference between the crystal structure and the
chemical composition of the nanotubes and nanowires, which is observable for each
of the aforementioned nanostructures until the end of the reaction, allows to conclude
that the "NaOH uptake" is a necessary and thus unavoidable step in the formation of
sodium titanate nanowires.
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2.3.4 Discussion of the Growth Mechanism

The growth process of NaTiz;O4(OH) -2 H,O nanowires was elucidated with respect
to both morphology and crystal structure of the final product and the intermediates.
Four stages of growth were identified:

1. Conversion of the precursor: Complete conversion of the crystalline TiO,-P25
precursor into sodium titanate nanotubes, which are present mostly in form of
agglomerates. The tubes are formed by breaking of Ti-O bonds due to the
NaOH; a sodium titanate of an unknown composition and crystal structure is
formed. However, it can be stated that the sodium content of the nanotubes is
lower than for any known sodium titanate.

2. Oriented attachment phase: The number of isolated nanotubes increases and
the first sheets are formed; they posses a crystal structure and a composition
that differs from the one of the nanotubes. The sheets are formed upon an
oriented attachment of the sodium titanate nanotubes, followed by a chemical
reaction with NaOH to form a phase that is sodium rich, compared to the tubes.

3. "Ostwald-ripening phase": Sheets grow to form wires, which become larger in
course of the reaction, at the expense of smaller isolated nanotubes; their num-
ber decreased in this phase. The term Ostwald-ripening can only be applied for
the already existing wires; even in this phase a formation of new wires occurs,
a process that is not taking place in the definition during the Ostwald-ripening
process. However, the term helps to describe the growth mechanism of the
nanowires.

4. Slow growth and re-crystallization: No isolated nanotubes are present anymore,
the growth process is limited due to the diffusion of single tubes from the ag-
glomerates and thus slows down. The number of agglomerates of nanotubes
decreases, yet they do not completely vanish even after a reaction time of 120
minutes. Annealing of the NaTi;O4(OH) -2 H,O nanowires takes place in-situ
during the reaction.

The growth process shows that it does not make sense to separate the morpho-
logical changes from the changes of the crystal structure (and thus composition) of
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the occurring species during the reaction. Each change in the morphology is directly
linked to a change of the samples’ composition. The precursor consists of TiO, as an
anatase/rutile phase mixture in the form of nanoparticles with a diameter in the range
of 20-40 nm. The highly concentrated NaOH-solution breaks bonds in TiO,-P25 to
form sodium titanate nanotubes. Due to the rather rapid transition, the exact nature
of this process remains unknown. Sodium titanate sheets are possibly formed from
the particles, which roll up to develop nanotubes. One remarkable feature of this nan-
otubes is the constant diameter of around 10 nm. This finding cannot be explained
solely with the proposed roll-up of sheets. Knowing the crystal structure of the tubes
may shed light on the mechanism of this transition.

The as formed nanotubes, as well as the NaTiz;O4s(OH) -2 H,O nanowires and the
TiO,-P25 nanoparticles, have a strong tendency to form agglomerates. However, this
tendency is especially pronounced in the case of nanotubes. It was found that in
order to form nanosheets, and later nanowires, isolated tubes are a necessity. Af-
ter the formation of the first nanosheets/nanowires, the tubes can be attached to the
wires’ edges via oriented attachment. The transition from nanotubes to nanowires is
accompanied by a chemical reaction of the sodium titanate nanotubes with NaOH in
solution, increasing the amount of sodium in the nanowires. The exact nature of the
reaction cannot be determined until the crystal structure of sodium titanate nanotubes
is resolved. Although the nanowires grow in all directions (thickness, diameter and
length increase in course of the reaction), the growth along the Ti-O layers is strongly
favored due to the higher binding energy of the Ti-O bond, as compared to the Na-O
bond, which would favor a stacking of layers. Thus the preferred growth direction of
the nanowires is oriented along the layers of the interconnected TiOg octahedra. This
also explains the large number of nanotubes found at the tip of the nanowires. The
first nanowires are possibly formed in a similar fashion. Non-agglomerated sodium
titanate nanotubes are accumulated to each other via oriented attachment; preferably
at the tips of tubes; and they unfold to form non-porous sheets via a chemical reaction
with NaOH.

No changes in the crystal structure or chemical composition of the nanosheets/
nanowires was found after their first formation. The wires simply grow on expense of
the isolated nanotubes and the wires’ crystalinity is enhanced via an in-situ anneal-
ing process. The process can be seen as Ostwald-ripening; the wires do have the
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smaller surface energy due to their size, as compared to the nanotubes. However,
an Ostwald-ripening process is commonly not accompanied by a phase change of
the species involved. Possibly the wires are not only the thermodynamically favored
phase due to their lower surface energy, but also due to an energetically favored crys-
tal structure. This can again only be verified if the crystal structure of the sodium
titanate is resolved. No evidence is found for the growth of smaller nanowires on
cost of bigger ones, despite the observed differences in size. The driving force in this
case could only be the reduction of the surface energy, since the composition of the
wires cannot be changed. Apparently this driving force is too small, which can be
ascribed to the relatively large size of the nanowires and/or missing energy gain from
the change of the crystal structure. As mentioned earlier, the term Ostwald-ripening
may not be applied to this stage in its’ literal meaning, since no sign for a halt of the
nanowire formation is found until the end of the synthesis. However, the term helps
to illustrate the growth of wires after their formation.

The last -and slowest- phase of the nanowire growth starts after all isolated nan-
otubes have been consumed for the formation of nanowires. The consumption of
nanowires is apparently kinetically favored compared to the seperation of nanotubes
from the reservoir, i.e. the agglomerated nanotubes. No sheet formation is observed
within the agglomerates themselves, which is most likely due to the random attach-
ment of the nanotubes and a hindered percolation with the NaOH solution necessary
to promote the conversion. An effective separation of the agglomerates during the
synthesis may enhance the reaction velocity at this stage, on the other hand the
oriented attachment of the nanotubes may be prevented in an earlier stage, if, for
example, ultrasonication is used to separate the agglomerates during the synthesis.

The results obtained in this study differ from results found by other groups. Huang
et al. determined the formation of sodium titanate nanotubes as a necessary prereg-
uisite for the growth of sodium titanate nanowires.[30] In earlier studies the formation
of either sodium titanate nanotubes or nanowires was believed to be temperature-
dependent.[40] At temperatures below 180°C nanotubes were obtained, while nanowires
were formed at higher temperatures. The findings of Huang et al., namely the depen-
dence of the obtained reaction product on the advancement of the reaction, were
confirmed herein. The mechanism of the nanowire formation and the relationship be-
tween the morphology and the crystal chemistry was found to be different from the
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results published to date. A possible reason for the differences found are the applied
reaction conditions, like the precursor used or the concentration of the NaOH solution
and especially the use of the use of a microwave-assisted synthesis. While these
parameters do only have a small influence on the final product of the reaction,[41]
there may well be an influence on the reaction mechanism. In order to thoroughly
investigate the complete growth mechanism of the sodium titanate nanowires, these
influences need to be investigated more intensely.
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2.4 Conclusion and Outlook

2.4.1 Conclusion

NaTi3;Og(OH) -2 H,O nanowires were synthesized via a microwave-assisted hydrother-
mal reaction. The use of the microwave not only accelerated the reaction and led to a
more time- and energy-efficient synthesis, but also renders it possible to quench the
reaction at any given point, which allows for the investigation of intermediates in the
reaction progress and thus an elucidation of the growth mechanism of NaTi;Og(OH) -2 H,O
nanowires. For that purpose TEM, HRTEM, SAED and XRD were applied after var-
ious times during the synthesis. It was found that not only the morphology of the
intermediates must be considered to reveal the growth mechanism, the crystal struc-
ture and thus composition of the intermediates is of equal importance. Four differ-
ent stages of growth could be identified. First, the crystalline TiO,-P25-Precursor is
rapidly transformed into sodium titanate nanotubes. These nanotubes mostly form ag-
glomerates and they represent an hitherto unknown phase of sodium titanate, which
does have a comparably low amount of sodium incorporated within the structure. The
tubes are then partially separated from the unordered agglomerates and they can
now form nanowires via an oriented attachment mechanism followed by a chemical
reaction with the NaOH in the solution. In this process NaTi;Og(OH) -2 H,O is the re-
action product, a phase containing more sodium, as compared to the nanotubes. The
wires grow via the same mechanism, their crystal structure remains unchanged dur-
ing the advancing reaction. This process is related to the so called Ostwald-ripening.
The nanowires grow at the expense of the smaller nanotubes. Later in the reaction,
the number of isolated nanotubes decreases and thus the reaction progress is slowed
down. The remaining agglomerates now only slowly release nanotubes that can be
utilized for the continued growth of the nanowires. At the same time the already exist-
ing nanowires are sintered in-situ and thus become more ordered during the course
of the reaction. However, single crystalline nanowires could not be obtained.
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2.4.2 Outlook

A more detailed investigation of the early stages of the reaction will be necessary
to elucidate the formation of the nanotubes from the precursor. Along with that, the
crystal structure of the sodium titanate nanotubes needs to be determined. Based on
this information the formation of sodium titanate nanotubes with the defined diameter
of 10 nm might be explained. Additionally, the chemical reaction that is necessary for
the formation of the nanowires may be clarified. The influence of the experimental
conditions on the reaction mechanism needs to be determined, in order to explain the
different findings by several groups. Finally, an investigation of the optical proper- ties
of both sodium titanate nanotubes and nanowires will be helpful to determine the use-
fulness of the synthesized materials, for example for the application in dye-sensitized
solar cells.
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CHAPTER 3

Dye-Sensitized Solar Cells with Nanoparticle/Nanowire
Composite Electrodes: Influence of Different Nanowires on
the Preparation of the Photoanode and the Device
Performance

3.1 Introduction

In the past two decades dye-sensitized solar cells (DSSCs) have been investigated
extensively due to their interesting features, such as high power conversion efficiency
(approx. 12 %,[42], low-cost and facile fabrication as well as interesting processing
options.[4] In DSSCs the front electrode, or photoanode, consists of conductive glass;
commonly fluorine doped tin oxide (FTO); on which a thin film (approx 6-15 microme-
ters) of interconnected TiO, nanoparticles (NPs) is coated. A dye is adsorbed on the
surface of the TiO, nanoparticles. When excited by visible light, an electron can be
injected from the excited state of the dye into the conduction band of the TiO,. Ideally,
the electron then travels through the entire film and reaches the front electrode.

The most widely used type of DSSC is based on a liquid electrolyte, in which case
a redox mediator such as |-/I3- dissolved in acetonitrile is used to reduce the dye back
to its ground state [43]. Based on this mechanism the photoanode needs to fulfill two
requirements:
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1. Large surface area to ensure high dye absorption, leading to high absorption
and thus a high short circuit current (Js.).

2. Fast Electron conduction with little losses, to ensure a complete "harvest" of the
generated electrons.

These requirements are counteracting, since a large surface area usually leads
to a high number of electron traps, e.g. particle-particle boundaries. The use of
one dimensional TiO, related nanomaterials, such as nanowires (NWs) or nanotubes
(NTs), is a possible strategy to overcome this problem [44]. These structures are
known to have a larger electron diffusion coefficient and a longer electron lifetime as
compared to TiO, nanoparticles [45]. However, using nanowires or nanotubes as the
only material in a DSSC leads to a decreased current, mostly due to a comparably
small surface area and/or low packing density [46]. A possible strategy to circumvent
these issues is the use of nanoparticle/nanowire (NP/NW) composite electrodes. In
this type of electrode, nanowires (NWs) are mixed with nanoparticles (NPs) in order
to benefit from the large surface area of the nanosized particles in combination with
the enhanced electron conduction due to the NWs.

In this contribution, we report the fabrication of composite electrodes prepared from
TiO,-P25 nanoparticles and different kinds of nanowires. The nanowires were syn-
thesized via a microwave-assisted hydrothermal reaction, which offers several advan-
tages over the standard hydrothermal treatment in steel autoclaves. The reaction time
was significantly reduced from at least 24h in a conventional reaction [29] to 2h in the
microwave assisted reaction. Additionally, the cooling and heating cycles are much
shorter in microwave-assisted reactions. Heating is rather rapid due to the direct re-
sponse of the solvent to the microwave radiation, i.e. the reaction vessel does not
have to heat up first. Cooling times are reduced due to the low heat capacity of the
reaction vessel, compared to conventionally used stainless steel autoclaves. Another
noteworthy fact is the smaller environmental impact of microwave assisted reactions,
which benefits the energy payback time of the final device. Three different kinds of
nanowires, namely sodium titanate (NaTi;Os(OH) x 2H,O) (NaTN), hydrogen titanate
(HTN) and TiO, nanowires were synthesized in this study and utilized as a material
for composite electrodes. The nanowires (NWs) were characterized using X-ray pow-
der diffraction (XRD) and transmission electron microscopy (TEM).
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A simplified method for the preparation of the so called semiconducting paste was
developed, requiring less processing steps and only small amounts of nanoparticles
and nanowires. In the process it was found that both the ratio of nanoparticles to
nanowires; i.e. the total amount of nanowires; as well as the chemical nature of the
NWs strongly influences the viscosity of the paste. Consequently, tailor made pastes
were prepared for the three different kinds of nanowires to ensure high film quality
and comparable film thicknesses. The photoanodes were investigated by means of
scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) analysis, addi-
tionally the film thickness was determined by laser microscopy (LM).

First TiO, nanowires were used to determine the ideal ratio between nanowires
and nanoparticles in a composite electrode. It was found that photonaodes contain-
ing 5wt% NWs yielded the highest current densities and thus the highest efficien-
cies. In a second step, all three different kinds of nanowires were incorporated into
the composite electrodes at the same ratio (5 wt%) and their performance was com-
pared. Interestingly, the use of sodium titanate nanowires lead to an increased open
circuit voltage, while the overall performance was inferior, compared to the reference
electrode. Hydrogen titanate as well as TiO, nanowires on the other hand signifi-
cantly increased the short circuit current of the DSSCs thus leading to an increased
device performance, while the detected changes in open circuit voltage (Voc) were
rather small. The use of HTN nanowires led to the highest short circuit currents.
The reasons for this behavior were investigated. The photovoltaic performance of the
composite electrodes in DSSCs was determined using current-voltage (IV) character-
istics and incident photon to current conversion efficiency (IPCE). Further characteri-
zations, such as electrochemical impedance spectroscopy (EIS), intensity modulated
photovoltage and photocurrent spectroscopy(IMVS and IMPS), photoelectron spec-
troscopy and charge extraction measurements were performed in order to further
elucidate the differences in device performance.
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3.2 Experimental Section

3.2.1 Materials and Synthesis

Materials: All materials were used as received, no additional purification was per-
formed. TiO,-P25 nanoparticles were purchased from Degussa. The 10 M NaOH
solution was made from NaOH pellets (98.5 %, p.A., Acros Organics) and MilliQ wa-
ter (18 MQ2-cm). Methanol was obtained from J.T. Baker (99.8 %, p.A.). 0.5M HCI
was made from conc. HCI (Analytical reagent grade, Fisher Scientific) and MilliQ
water. Ethanol (p.A.) was purchased from Carl Roth and VWR. PEG 400 (BioUltra)
and PEG 20000 (BioUltra) were obtained from Sigma Aldrich. A 0.1 M solution of
Ti(IV) bis(ethyl acetoacetato)-diisopropoxide (TAD, >95 %, ABCR) was made with 1-
butanol (99,5 %, p.A.) obtained from Acros Organics. Chemicals used for the fabrica-
tion of solar cells included MPII (1-methyl-3-propylimidazoliumiodide, Sigma Aldrich),
Lil (lithium iodide, Sigma Aldrich), I, (iodine, Sigma Aldrich), N719 (Solaronix), tBP
(4-tertbutylpyridine, Aldrich), and GuSCN (guanidiniumthiocyanate, Sigma). Acetoni-
trile and t-butanol were obtained from Sigma-Aldrich.

Synthesis: The synthesis was carried out using a MARS Xpress microwave diges-
tion system (CEM Corporation). The procedure derived from the work published by
Kasuga et al. [27] was modified concerning temperature control and proportions of
the substances used, in order to be applicable for the reaction system.

Sodium titanate nanowires: In a typical synthesis 500 mg of TiO,-P25 powder were
mixed with 50 ml of a 10 M NaOH solution by vigorous magnetic stirring for 15 minin a
100 ml Teflon liner. Afterwards the vessel was sealed and subjected to hydrothermal
treatment in a microwave oven. The reaction mixture was heated for 10 min until an
internal pressure of 20 bar was reached. The pressure was kept constant for 2 h. Due
to the technical limitations of the microwave reaction system a direct measurement
of the reaction temperature was not possible under these reaction conditions. The
maximum energy output was set to 800 W. When the reaction was finished, the mix-
ture was allowed to cool down radiatively for 30 min. Subsequently, the supernatant
NaOH solution was removed by centrifugation (9000 rpm, 10 min) and the samples
were washed repeatedly with methanol until a neutral reaction of the supernatant so-
lution was reached. Finally, the samples were dried in vacuum overnight.
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Hydrogen titanate nanowires: Hydrogen titanate nanowires were synthesized us-
ing sodium titanate nanowires as a precursor. The latter were synthesized as de-
scribed above, but the sample processing was modified. Instead of methanol, the
nanowires were washed with 0.5 M HCI until acidic reaction of the supernatant solu-
tion. Afterwards the NWs were neutralized by repeated washing with water. Finally
the nanowires were dried under vacuum overnight.

TiO, nanowires: In this case, hydrogen titanate nanowires were synthesized as
described above, and the NWs were calcined at 600 °C for 4 h to ensure a complete
conversion from hydrogen titanate to TiOs,.

3.2.2 Materials Characterization

X-ray powder diffraction: X-ray powder diffraction data were collected using a Bruker-
AXS D8-Discover diffractometer equipped with a HiStar detector in reflection geom-
etry using graphite-monochromated CuKa radiation. Samples were glued on top of
glass and (111) silicon substrates using a VP/VA copolymer (vinylpyrrolidone/vinylacetate).

Electron microscopy: The TiO,-P25 precursor and the nanowires were charac-
terized by transmission electron microscopy (TEM) using a Philips EM420 instrument
with an acceleration voltage of 120 kV. Specimens for TEM measurements were pre-
pared from ethanolic suspensions of the samples. One drop of an ultrasonicated sus-
pension was applied onto a Cu grid coated with an amorphous carbon layer. Scanning
electron microscopy (SEM) was performed on the photoanode films coated on FTO
substrates using a FEI Nova nanoSEM in high vacuum mode. The samples were at-
tached to an aluminum stub using adhesive conductive carbon tape and the surface
was additionally contacted using conductive copper tape, in order to avoid charging
of the samples.

Laser microscopy: TiO, film thickness on a FTO substrate was measured with a
Keyence VK-8710 laser microscope.
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Thermogravimetry was performed using a NETZSCH STA 429 thermal analyzer.
Roughly 50 mg of the sample was placed in a ceramic sample holder, which was
covered with a ceramic cap. Gases evolving upon heating the sample were released
through a hole in the ceramic cap. Data evaluation was performed with the NETZSCH
Proteus thermal analysis software (NETZSCH, 2004). The sample was heated from
room temperature to 1373 K at a heating rate of 1 K/min.

Dye-loading amount: In order to determine the amount of dye adsorbed within
a composite electrode or an electrode consisting of NPs only, the respective films
loaded with N719 dye were immersed into 10 mM NaOH for 12 h at 30 °C. Afterwards,
the absorption spectra of the respective solutions were measured and the intensity of
the peak in the region between 505 - 515 nm was compared to a calibration curve.

Surface area measurements: The surface areas of TiO, photoanodes consisting
of nanoparticles exclusively or of composite electrodes were evaluated via BET analy-
sis using a QuantaChromeAutosorb 6B instrument applying multipoint BET measure-
ments.

3.2.3 Solar Cell Fabrication

Paste preparation: 300 - 400 mg of TiO,-P25 nanoparticles or mixtures of these par-
ticles and the respective nanowires were mixed with 0.75 - 1.25 ml of EtOH and 30
drops of PEG 400 by magnetic stirring for 15 minutes. Afterwards, the solution was
placed in an ultrasonic bath for 1 hour. Subsequently, 1 -2 drop(s) of PEG 20.000
dissolved in water (5.5 g in 5 mL) was added and the mixture was stirred for another
15 minutes. Before doctor-blading the paste was ground for approx. 5 minutes. Ex-
perimental details are found later in the text.

Photoanode: First, a TiO, blocking layer of a few hundred nanometers in thickness
was coated on the FTO substrates (sheet resistance 8 §2/sq, Pilkington). A 0.1 M so-
lution of TAD in 1-butanol was administered on the substrate by spin coating, followed
by calcination at 450 °C for 30 minutes. All photoanodes were prepared by the doctor-
blading method. An appropriate portion of the prepared paste was applied onto the
FTO substrate. The anodes were then sintered at 450 °C for 30 min.
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Dye loading: The as prepared electrodes were immersed in a 0.3 mM N719 (cis-
bis (isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ruthenium(ll)bis-tetrabutyl am-
monium, Solaronix) dye solution in acetonitrile and tert-butanol (1:1 v/v). The samples
were kept in the solution for 18 h at 30 °C and then rinsed with acetonitrile and dried
in a compressed air flow.

Electrolyte: The electrolyte was composed of 0.1 M Lil, 0.6 M 1-methyl 3-propyl
imidazolium iodide (MPII), 0.05 I, 0.5 M 4-tert butylpyridine (tBP) and 0.05 M guani-
diniumthiocyanate (GuSCN) dissolved in acetonitrile.

Counter electrode:A Pt counter electrode was prepared by the thermal decom-
position of HyPtCls. A 0.01 M H,PtClg solution in isopropylalcohol was spin coated
onto a FTO substrate, followed by sintering at 450 °C for 30 min. Two holes in the Pt
counter electrode for electrolyte injection were subsequently made using a drill.

Device Assembly: A Surlyn (25 um, Solaronix) film, used as a spacer, was sand-
wiched between a TiO, photoanode and a Pt counter electrode at 90 °C using a hot
press. For the last step of DSSC fabrication, the electrolyte was filled into the gap
of the spacer through one of the two small holes in the Platinum counter electrode,
which were then subsequently sealed by a Surlyn film and a cover glass.

3.2.4 Solar Cell Characterization

IV and IPCE: The photovoltaic performance of DSSCs based on different compos-
ite electrodes was characterized by current-voltage (IV) measurements and incident-
photon-to-current conversion efficiency (IPCE). The current-voltage characterization
was carried out using a Keithley Model 2400 source meter and a solar simulator with
a 300 W Xenon arc-lamp (Newport) under 1 sun illumination (AM 1.5, 100 mW-cm~2).
The light intensity was calibrated by a silicon solar cell (PV measurements, Inc.). A
light shading mask was applied on the residual area of the front side of a FTO sub-
strate except for an active area of 0.25cm?, thus preventing the overestimation of
power conversion efficiency.
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In addition, the quantum efficiency of DSSCs was analyzed by an IPCE device
(incident-photon-to-current conversion efficiency, PV measurements, Inc.).

Photoelectron spectroscopy: The analysis of the work functions TiO, photoan-
odes and composite electrodes was performed by photoelectron spectroscopy. An
AC2 photoelectron spectrometer (RKI Instruments, Inc., Japan) was used and the
measurement was conducted under ambient conditions.

Electrochemical impedance spectroscopy: The interfacial properties of the dif-
ferent photoanodes were analyzed by electrochemical impedance spectroscopy (EIS)
using an IM6 (Zahner) under dark conditions. The respective values for the open-
circuit voltage were used as a bias potential between the two electrodes. The fre-
quency was varied in a range from 1 MHz to 100 mHz, while the amplitude was fixed
at 10 mV.

IMVS and IMPS: The electron diffusion coefficient and electron lifetime were ob-
tained by IMPS (intensity-modulated photocurrent spectroscopy) under short-circuit
conditions and IMVS (intensity-modulated photovoltage spectroscopy) under open-
circuit conditions as a function of light intensity using a CIMPS (Controlled Intensity
Modulated Photo Spectroscopy) system (Zahner). A more detailed explanation for
measurements is described elsewhere. [47][48]
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3.3 Results and Discussion

3.3.1 Materials

XRD: All synthesized nanowire powders were subjected to XRD-investigation; the
corresponding X-ray diffraction patterns are shown in Figure 3.1.

Intensity (arbitrary units)

26 (°)

Figure 3.1: X-ray diffraction pattern of sodium titanate nanowires (black), the corresponding
hydrogen titanate NWs (blue) and TiO, nanowires (orange).

The crystal structure of the sodium titanate nanowires was recently elucidated [31]
by means of automated diffraction tomography. The NaTN NWs used in this study
were made in the same way and thus possess the same crystal structure as described
by Andrusenko et al. The composition was determined to be NaTi;Og(OH) -2 H,O.
For clarification, the unit cell of NaTi;Og(OH) -2 H,O is shown in Figure 3.2. The
structure is built up from distorted {TiOs} and {NaQOg} octahedra. The {TiO4} octahe-
dra are connected corner and edge sharing (they can share up to 6 common edges).
As a result of this connectivity, {TisO14}*- complex ions form corrugated layers. In be-
tween the layers sodium ions are situated. The layered structure explains the good
ion-exchange properties [26] of sodium titanates; the ions are mobile between the
layers. Thus it is easy to exchange the sodium with other ions, such as H*.
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Figure 3.2: Model of sodium titanate NaTisOg(OH) x 2H5O structure (view in [010]). H atoms
are omitted for the sake of clarity. Oxygen atoms are represented in red. NaOg
octahedra are viewed edge-on.

Additionally, electron conduction along the interconnected {TiOg4} octahedra (which
also represents the growth direction) is expected to be beneficial for electron trans-
port. On the other hand, the NaTN NWs possess a large number of defects, e.g.
layer shifts or edge dislocations, which may hinder electron conduction. The as syn-
thesized nanowires are not single crystalline, i.e. borders between crystallites may act
as electron traps as well [31]. However, nanowires made by the described method
were chosen due to their extremely high aspect ratio (compare next section), which
arises from a strongly favored growth in direction of the TigO,44-layers. The explana-
tion is the high binding energy of titanium and oxygen, especially compared to the
binding energy between sodium and oxygen, which would favor a stacking of lay-
ers. The length of the nanowires roughly matches the electrode thickness, i.e. in an
idealized case one nanowire can act as an "electron highway" throughout the entire
nanoparticular film.

The sintering of the photoanodes during device fabrication leads to a change in the
composition of the sodium titanate. The corresponding TG curve is shown in Fig-
ure 3.3. At a temperature of 450 °C the sodium titanate has released water, due to
a loss of water of crystallization and condensation of titanoyl groups on the surface
of the nanorods. Additionally NaHCOs, which is formed due to the uptake of CO,
from the ambient atmosphere before and after the synthesis, decomposes in this
temperature range, leaving behind NaOH. The caustic impurities may be the reason
for lowered dye-adsorption of the photoanodes containing sodium titanate (compare
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below). NaOH solutions are used to detach the dye from the photoanode when the
amount of dye loaded onto the TiO,-film is determined. The byproducts formed due
to CO, uptake (NaHCO3 and Na,CO3) as well as the contamination with NaOH, may
also affect the quality of NaTN containing photoanodes; this phenomenon will be dis-
cussed in detail later.
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Figure 3.3: TG curve of the sodium titanate nanowires.

The crystal structure of the hydrogen titanate nanowires cannot be identified based
on the X-ray diffraction data (see Figure 3.1). However, it is reasonable to assume that
the sodium ions are replaced by a hydrated H* ion during the washing process of the
sodium titanate nanowires that is carried out with diluted HCI. A shift of the reflections
at 20 ~ 8° and 20 ~ 16° towards lower angles indicates a widening of the interlayer dis-
tances, which may be due to the high effective radius of H* caused by the hydration
sphere. Anyway, the hydrogen titanate itself does not influence the cell performance.
In course of the previously described cell fabrication the hydrogen titanate is trans-
formed to TiO,-beta, which can be seen from the X-ray diffraction pattern shown in
Figure 3.4. The fact that no crystalline byproduct could be identified via XRD supports
the hypothesis that sodium is completely exchanged with H, . Sodium ions remaining
in the structure would most likely lead to the formation of a sodium titanate as a crys-
talline byproduct. However, no trace of any phase other than TiO,-beta is found. It
is noteworthy that the direct incorporation of HTN NWs into the photoanodes allows
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omitting the final calcination step necessary to obtain TiO,-nanowires. Among other
advantages, which will be discussed below, this further reduces the energy demand
for the cell fabrication.

After the calcination process the hydrogen titanate nanowires are transformed into
the TiO,-beta phase, as shown in Figure 3.1. A conversion to anatase- or even rutile
phase TiO, would have required harsher calcination conditions. A prolonged calcina-
tion at higher temperatures has a negative effect on the morphology, i.e. the aspect
ratio of the nanowires decreases due to fragmentation. Using the described mild con-
ditions, the morphology was maintained in all three nanowire samples (see below).

Intensity (arbitrary units)
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Figure 3.4: X-ray diffraction pattern of hydrogen titanate nanowires (blue) calcined under the
same conditions as the corresponding photoanode. All reflections could be as-
signed to the TiO,-beta phase (black).
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TEM: The nanowires synthesized in this study are very polydisperse in nature (see
Figure 3.5). The diameters of the wires range from 50 nm up to 1 um. The largest
diameters are only found if the nanowires agglomerate to form bundles. Single wires
reach diameters up to 250 nm. The length of the nanowires also varies strongly, from
100 nm up to 10 micrometer. Some small particles of around 20 - 30 nm in size are
found in the sodium titanate samples. They arise from the aforementioned impuri-
ties in form of carbonates [31], which is the reason for why they are only present in
the NaTN samples. Due to the washing procedure using HCI, the carbonates are re-
moved in the other samples. TEM images of NaTN, HTN and TiO,-NWs show that the
morphology does not change during the different processing steps. The differences in
device performance should thus arise from the different chemical composition and/or
crystallographic phase of the samples. Furthermore, the influence of the nanowires
on the properties of the semiconducting paste contributes to alterations in device per-
formance, as discussed below.

Figure 3.5: TEM images of three different kinds of nanowires: a) and d) sodium titanate, b)
and e) hydrogen titanate, c) and f) TiO,
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3.3.2 Photoanodes

"TiO, samples": First, the ideal ratio of nanowires to nanoparticles was determined.
For that purpose, electrodes with four different amounts of TiO, nanowires were pre-
pared, namely 30 wt%, 20 wt%, 10 wt% and 5 wt%. These samples were compared
to an electrode consisting of TiO,-P25 nanoparticles exclusively, which was used as
reference.The combined amount of nanowires and nanoparticles used to make the
paste was 300 mg. For all samples (reference and samples containing nanowires)
1 ml of Ethanol, 3 drops of PEG 400 and 1 drop of the PEG 20.000-water mixture
was added. Adding nanowires into to the paste led to an increase in the pastes’ vis-
cosity. While the viscosity change was moderate when 20 wt% nanowires or less were
incorporated, a drastic change occurred for the paste containing 30wt% nanowires.
Due to their size the nanowires are not as easily dispersed in the paste as the small
nanoparticles, leading to the observed increase in viscosity.

Figure 3.6: SEM images of photoanodes prepared with different amounts of TiO2 nanowires:
a) and b) 30 wt%, c) and d) 5 wt%. Top view images are on the left side, the
cross-section pictures are on the right side.
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Figure 3.6 shows SEM images of photoanodes with 30 wt% nanowires and 5 wt%
nanowires. Images of the other samples are shown in Figure 3.7, the outcome is
in line with the results presented in Figure 3.6. The overall film quality is high, the
surfaces of the samples are rather even and no significant cracks or voids are visible.
Agglomeration of wires on top of the film is observed for the samples containing high
amounts of nanowires, shown here for the 30 wt% and 20 wt% sample in Figure 3.6
a and Figure 3.7 a, respectively. These agglomerates on the films’ surface are not
found for samples with low amounts of nanowires, infact little NWs are found on top
these films. Nanowires on the surface of the photoanodes are not desirable since
they cannot support electron conduction towards the electrode.

Figure 3.7: SEM images of photoanodes prepared with different amounts of TiO, nanowires:
a) and b) 20 wt%, c) and d) 10 wt%. Top view images are on the left side, the
cross-section pictures are on the right side.

From the cross-section images it can be seen that the films are flat over extended
areas and that there are also no voids inside the film. Yet, the films containing TiO,
nanowires are not completely uniform (compare Figures 3.6 and 3.8); especially with
rising amount of nanowires this effect becomes more evident. While the nanowires
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are nicely distributed within the films in most areas (see Figure 3.6 b and d), ag-
glomeration of nanowires occurs in others, which can be seen in Figure 3.8 b. This
observation is made more often for samples containing high amounts of nanowires;
additionally agglomerates in these films are larger, they can be up to a few microme-
ters in size, compared to below one micrometer for the films containing small amounts
of nanowires (see Figure 3.8d).1t should be noted that the agglomeration of nanowires
inside the film cannot be completely prevented even for samples containing only
5 wt% of nanowires (see Figure 3.8d). Yet, agglomerates are rare in these sam-
ples. Apparently, the high viscosity of the pastes containing more NWs obstructs an
effective distribution of the wires via ultrasonication or grinding.

Figure 3.8: Cross-sectional SEM images of photoanodes containing different amounts of TiO-
nanowires: a) and b) 30 wt%,c) and d) 5 wt%.

In general, it is difficult to disperse the TiO, nanowires in any given solvent, while
for example hydrogen titanate nanowires are easily dispersed, which is shown in Fig-
ure 3.9, where TiO, and HTN nanowires are dispersed in ethanol. While the HTN
nanowires (left) stay in dispersion for several minutes, the TiO, nanowires immedi-
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ately precipitate. This behavior may be attributed to the calcination process, in which
e.g. condensation of titanoyl groups on the surface takes place, i.e. the number
of functional groups to interact with a solvent is reduced. Another phenomenon ob-
served in samples containing TiO, nanowires is the formation of large "hills" found in
parts of all samples (compare 3.6a and c), which is probably due to the same effect.
In samples with an inhomogeneous distribution of nanowires the positive effect of
the wires on the electron conduction is lowered, compared to a sample with well dis-
tributed wires. Additionally, a large amount of nanowires significantly decreases the
surface area accessible for dye-adsorption. Performing the described paste prepa-
ration, no preferred alignment of the nanowires towards the electrode could be ex-
pected: Figure 3.6 and 3.8 indeed show the random orientation of the nanowires.

Figure 3.9: Hydrogen titanate- (left) and TiO (right) nanowires dispersed in ethanol.
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Different nanowires: In order to compare the performance of the different kinds of
nanowires, 5 wt% of each kind was incorporated into the photoanode and compared
to a sample consisting of TiO,-P25 nanoparticles exclusively, which was used as a
reference again. The corresponding SEM micrographs are presented in 3.10.

Figure 3.10: SEM images of photoanodes prepared with 5 wt% of different kinds of
nanowires: a) and c¢) sodium titanate nanowires, b) and d)hydrogen titanate
nanowires. Top View SEM images are on top, cross-sectional pictures are on
the bottom.

For both the reference, as well as the sample containing 5 wt% TiO,-NWs, 320 mg
nanoparticles and nanowires combined, 1 ml of ethanol, 30 drops of PEG 400 and
1 drop of the PEG 20.000-water mixture were used. The SEM micrographs show no
significant difference to the samples described above (see Figure 3.6b and d). In-
corporating hydrogen titanate and sodium titanate nanowires drastically changes the
viscosity of the semiconducting paste, even if only 5 wt% of the respective compound
is added. NaTN NWs lead to an increase in the viscosity, which made the paste diffi-
cult to doctor-blade onto the FTO substrate. Consequently, NaTN pastes were made
with more ethanol (1.25 ml), while the other parameters were kept the same. Despite
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the seemingly small change, the pastes made with more ethanol were of comparable
viscosity as the TiO, samples. While facile doctor-blading was possible and film thick-
ness control was achieved, still the surfaces of the NaTN samples are rather rough,
as can be seen in Figure 3.10a and c.

Additionally cracks and irregularities are present all over the sample. The effect be-
comes more obvious when laser microscope images of the surface of a NaTN sample
and an HTN sample are compared (see Figure 3.11) and surface profiles are obtained
from these images (see Figure 3.12).

Figure 3.11: Laser microscope images of the surface of samples containing 5 wt% of different
nanowires a) sodium titanate, b) hydrogen titanate.
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Figure 3.12: Laser microscope images of the surface of samples containing 5 wt% of different
nanowires: a) sodium titanate, b) hydrogen titanate.
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While the hydrogen titanate sample does have a flat surface without considerable
variations in film thickness, the sodium titanate sample exhibits strong variations in
thickness and an uneven surface. Immediately after coating the FTO substrate, the
NaTN films look smooth and even to the naked eye; they don’t show significant differ-
ences to the other samples. It is thus likely that the defects in the film arise from the
sintering of the paste. A possible explanation is the presence of the aforementioned
carbonate and bicarbonate impurities, which may act as "baking powder" and conse-
quently lead to defects in the film. While these impurities could be easily removed by
an acidic treatment of the sodium titanate nanowires, this would also lead to partial
ion exchange in the wires themselves. In order to be able to determine the behavior
of the NaTi;O4(OH) -2 H,O as a compound, the acidic treatment was not performed.

Figure 3.13: SEM images of photoanodes prepared with 20 wt% NaTN NWs: a) top view
SEM image, b) and c) and cross-sectional pictures.

To verify that the effect on the film quality is really due the sodium titanate nanowires,
samples containing 20 wt% NaTN NWs were prepared. The results are shown in Fig-
ure 3.13. It is clearly recognizable that the film quality further suffers from the rising
amount of sodium titanate. The irregularities in the films are more abundant and pro-
nounced. Also larger "hills", compared to the TiO, samples are now found in the
films, which can be seen from the cross-section images. Overall this low film quality
will contribute to a lower photovoltaic performance. A complete removal of the impu-
rities before the sintering process would certainly be advantageous. Improvement of
the film quality of the sodium titanate samples, while maintaining the original compo-
sition of the nanowires, is the topic of ongoing research.
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The photoanodes containing hydrogen titanate nanowires possess the highest qual-
ity of all films in this study (for clarification these samples are from now on referred
to as hydrogen titanate samples); however, since the films were already sintered, the
nanowires were transformed to beta-TiO,). The viscosity of the pastes decreases
dramatically upon addition of hydrogen titanate nanowires. The behavior is clarified
in Figure 3.14, where a small amount of hydrogen titanate- and TiO,-paste, made
with the same method, is put on two tilted microscopic slides.

Figure 3.14: Comparison of the paste viscosity, upon addition of either hydrogen titanate-
(left) or TiO, nanowires (right).

While the paste containing hydrogen titanate nanowires flows down the glass slide,
the paste containing TiO, nanowires remains on the same spot. If the paste is coated
on FTO in this low-viscosity state, non-uniform films were obtained. Thus the HTN
pastes were preparedusing 380 mg of nanoparticles and nanowires combined, ad-
ditionally only 0.75 ml of ethanol were used and 2 drops of the PEG 20.000 water
mixture were added, while 30 drops of PEG 400 were used as usual. This way a
paste with higher viscosity is obtained.
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The surface of the films achieved with this method is flat and little nanowires are
found on top of the photoanodes (see Figure 3.10 a and b). The wires were nicely
distributed inside the film, no agglomerates were found, which can be seen from a
magnified cross-section image in Figure 3.15. This can most likely attributed due to
the facile dispersion of nanowires within the paste.

« 27im

Figure 3.15: Magnified cross-sectional SEM image of a sample containing 5 wt% hydrogen
titanate nanowires.
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BET and Dye Loading Amount: In addition to the film quality, the surface area
of the electrodes is a decisive factor for the device performance, since it directly
influences the amount of dye that can be loaded onto the photoanode. BET mea-
surements for electrodes consisting of TiO, nanoparticles entirely yielded an average
surface area of roughly 50 m?/g, which is in good agreement with the literature [49].
Photoanodes with 5 wt% nanowires of any kind exhibit values of approx. 47 m%/g.
The value is slightly lower than expected from geometric considerations alone.

Table 3.1: Relative dye loading amount for samples containing 5 wt% NaTN, HTN and TiO-
nanowires compared to a reference samples containing only TiO,-P25 nanoparti-
cles.

Sample Work function (eV)

Reference 1
S wt% NaTN 0.75
Swt% HTN 0.92
5 wt% TiO, 0.90

It is however likely that some TiO, nanoparticles are bound to the surface of the
nanowires after the sintering process, which causes a decrease of the overall surface
area. Based solely on geometric considerations one would expect the dye loading
amount to be the same for all samples containing 5 wt% nanowires. Yet, the results
shown in table 3.1 reveal that the amount of dye that is adsorbed onto the samples
differs from this expectation. The reference sample containing only nanoparticles
does have the largest amount of dye on its surface, also the hydrogen titanate and
TiO, samples do have an equal amount of dye loaded on them, which is slightly lower
than the one of the reference. In case of the sodium titanate sample, on the other
hand, significantly less dye is absorbed, which cannot be explained by geometric
considerations only. Most likely the dye loading is hindered due to basic impurities
in the sample. Caustic solutions are used to separate the dye molecules from the
surface of the photoanodes. Another explanation is the negative surface charge of
the nanowires [34], which aggravates the attachment of the carboxylic acid groups of
the dye to the titanoylgroups on the surface of the NaTN nanowires.
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3.3.3 Device Characterization

Determination of the ideal ratio of nanowires to nanoparticles The TiO, nanowires
used for this study were all taken from the same batch, in order to avoid an influence
due to possible differences in the synthesis. Figure 3.16 and Table 3.2 summarize the
photovoltaic properties of the samples with a varying amount of TiO, nanowires.

Table 3.2: Photovoltaic parameters of DSSCs made with different amounts of TiO, nanowires
relative to a reference cell.

Sample Voc (V) J So(mMcmz) (FF) Fill Factor Eff.

Reference 1 1 1 1
30 wt% NWs 1.00 0.86 1.00 0.86
20 wt% NWs 1.03 1.01 0.99 1.01
10 wt% NWs 0.99 1.02 0.97 1.01

5 wt% NWs 0.97 1.15 0.94 1.04

Sensitizer: 0.3 mM N719 dye in acetonitrile and tert-butanol (1:1, v/v)
Electrolyte: 0.1 M Lil, 0.6 M MPII, 0.05 M I3, 0.5 M tBP, and 0.05 M GuSCN dissolved in acetonitrile
Measured under 1 Sun condition (AM 1.5, 100 mW~cm72) with shading masks, active area: 0.25 cm?.

No systematic trend for the V,. is visible, concerning the varying amount of nanowires.

In principle a smaller V¢ is expected for the samples containing nanowires. The
band gap of TiO,-beta (nanowires) is smaller than the one of anatase/rutile (TiO,-
P25 nanoparticles), additionally a narrower band gap is expected due to the bigger
size of the nanowires compared to the nanoparticles. However, this systematic trend
was not found. The band gap difference is apparently too small to be reflected in
the Ve and is overshadowed by other effects. The fill factor (FF) for all samples is
high, however, a systematic trend could neither be observed. The difference in FF is
probably due to small variations during the device assembly process.

It is noteworthy that despite an overall lower light absorption (see Table 3.1) of the
films containing nanowires, the efficiencies of samples containing less than 20 wt%
nanowires still improve. Responsible for the improvement of device performance is
solely the short circuit current. Due to a more rapid electron conduction in the pho-
toanode (compare Figure 3.18 b), caused by the nanowires, a higher current can be
achieved, compared to a reference cell. Hereby, 5wt% TiO, nanowires was found
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Figure 3.16: IV characteristics of DSSCs employing photoanodes that contain different
amounts of TiO5 nanowires.

to be the best ratio leading to the highest short circuit current. The low Jso of the
sample containing 30 wt% TiO, NWs can be attributed to both the low surface area
of the sample leading to lowered dye-adsorption as well as the agglomeration of the
TiO, nanowires. In summary, it was found that cells with photoanodes containing
20 wt% nanowires or less exceed the efficiency of the reference cell, while the sam-
ple containing 30 wt% nanowires leads to a lowered efficiency. The highest device
performance was found for samples containing 5 wt% NWs. When the already dis-
cussed factors, such as film quality and wire distribution, as well as the surface area
influencing the dye loading amount are taken into consideration, this behavior can be
easily explained. These results also confirm findings of other groups [44].
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Effect of the incorporation of different nanowires on the photovoltaic perfor-
mance: After 5 wt% were determined to be the ideal amount of nanowires, NaTN-,
HTN- and TiO,-nanowires were incorporated in this amount. To clarify the effect of
the sodium titanate nanowires, additionally a sample containing 20 wt% sodium ti-
tanate NWs was investigated. Again, all nanowires used in this study were taken
from the same batch. The thickness of the films investigated here ranges from 12.5
to 14.5 um. Figure 3.17 and Table 3.3 give an overview over the IV-characteristics of
samples made with different kinds of nanowires.

Table 3.3: Photovoltaic parameters and of DSSCs made with 5 wt% of different kinds of
nanowires (sodium titanate, hydrogen titanate and TiO,) and 20 wt% of sodium
titanate nanowires relative to a reference cell.

Sample Voc (V) Jsc(mA/em?) (FF) Fill Factor  Eff.

Reference 1 1 1 1
5 wt% NaTN 1.01 0.64 1.04 0.68
5wt% HTN 0.99 1.23 1.00 1.22
5wt% TiO, 0.99 1.13 1.01 1.11
20 wt% NaTn 1.14 0.22 1.05 0.26

Sensitizer: 0.3 mM N719 dye in acetonitrile and tert-butanol (1:1, v/v)
Electrolyte: 0.1 M Lil, 0.6 M MPIL, 0.05 M I, 0.5 M tBP, and 0.05 M GuSCN dissolved in acetonitrile
Measured under 1 Sun condition (AM 1.5, 100 mW<cm’2) with shading masks, active area: 0.25 em?.

It can be noted that the difference in Voc is very small for the reference cell and
the samples containing 5 wt% nanowires of any kind. The reasons for this behavior
were discussed in the previous section. For the sample containing 5 wt% NaTN NWs,
a more pronounced effect on the V- was expected, due to the large band gap of
NaTN nanowires [Reference]. Again, the amount of incorporated nanowires is too
small to see an effect on the V¢, even for a material with a significantly larger band
gap, like the NaTN nanowires (approx. 3.3-3.4 eV [50] compared to 3.0-3.2 for titania
[51]). However, after increasing the amount of NaTN nanowires to 20 wt%, a signif-
icant increase of the V¢ is measured, as expected due to the band gap of sodium
titanate nanowires. The FF, as previously observed, was not affected by the addition
of nanowires of any kind in any amount. The deviations found are random and are
most likely due to small variations in the device fabrication, not the materials them-
selves, i.e. the internal resistance of the cells is small, leading to low parasitic losses
and thus a high FF.
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Figure 3.17: IV characteristics of DSSCs employing photoanodes that contain 5 wt% of dif-
ferent nanowires (sodium titanate, hydrogen titanate and TiO,) compared to a
reference cell containing only TiO5-P25 nanoparticles

The change in efficiency can again be attributed to the change in Js¢. In the case
of the hydrogen titanate- and TiO, samples the Jsc rises significantly, leading to a
higher efficiency in both cases. The Jg¢ is the highest for the hydrogen titanate sam-
ples; the reason for the significant difference compared to TiO,can be explained by
the film quality, wire distribution and the facile processability of the semiconducting
paste, as discussed above. For all samples containing sodium titanate the Js¢ drops,
with the effect being more pronounced when a higher amount of NaTN nanowires is
used. The behavior can be explained based on considerations such as film quality
and lower dye loading amount (compare above). Additionally the large band gap of
the sodium titanate nanowires may lead to retarded electron injection from the dye
into the conduction band of the NaTN, which is due to a lowered energy gain upon
electron injection (see next section). The results of the IV measurements are con-
firmed by IPCE data shown in Figure 3.18 a.
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Work function data for the samples containing different nanowires: The work
function data was measured for electrodes containing 5 wt% of the different kinds
of nanowires. The data obtained is consistent with the expected band gaps of the
materials involved. The work function increases from 5.24 eV for sodium titanate to
5.36-5.39 eV for TiO, nanowires and hydrogen titanate, respectively, while the value
for the reference cell is in the middle.

Table 3.4: Work functions of DSSCs employing photoanodes that contain 5 wt% of different
nanowires (sodium titanate, hydrogen titanate and TiO,) compared to a reference
cell containing only TiO,-P25 nanoparticles.

Sample Work function (eV)

Reference 5.32
S wt% NaTN 5.24
Swt% HTN 5.39
5 wt% TiO, 5.34

The relatively low work function of the NaTN sample increases the energy differ-
ence between the conduction band of the sodium titanate and the redox potential of
the electrolyte, leading to an increased V,., which were observed in the sample con-
taining 20 wt% sodium titanate nanowires. At the same time this effect may lead to
a decreased driving force for electron injection, since the energy the electron gains
upon injection into the conduction band of the sodium titanate nanowire is also low-
ered. The inverted effect is observed for the HTN and TiO, samples. It should be
noted that the absolute differences in work functions are rather small, i.e. they are
not reflected in the measured V¢ values because they are overshadowed by other
effects.
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Effect of different nanowires on the electron transport and lifetime:

The electron diffusion coefficient and the electron lifetime were determined via
IMPS and IMVS measurements, as well as electrochemical impedance spectroscopy.
The electron lifetime was significantly lowered for the samples containing sodium ti-
tanate nanowires, as can be seen from Figure 3.18b.

This behavior was attributed to the intrinsic defects of the sodium titanate nanowires
themselves, as well the lowered film quality. The electron lifetime of the samples con-
taining hydrogen titanate- and TiO, nanowires was slightly higher than the lifetime
of the reference sample, yet the difference is rather small. The differences in the
Jso of the samples cannot be completely explained by the rather small increase in
electron lifetime. In the case of NaTN nanowires on the other hand, the reduced elec-
tron lifetime will contribute to the decreased performance significantly. Furthermore,
the same trend for the electron lifetimes was found in the electrochemical impedance
spectroscopy measurements shown in Figure 3.18c.

The electron diffusion coefficient of all samples containing nanowires was signif-
icantly increased as compared to the reference sample (see Figure 3.18d). This
result supports the idea behind the incorporation of nanowires, which are supposed
to aid (or accelarate) electron conduction towards the electrode. This principle also
works for the sodium titanate nanowires. The low performance of devices contain-
ing sodium titanate nanowires is attributed to other factors, as discussed above (Film
quality, hindered electron injection, lower dye loading amount, internal defects). Im-
provement of the device performance using NaTN NWs seems possible if the defects
in the nanowires can be cured, possibly via a sintering step under moderate condi-
tions or longer ripening of the wires in the reaction solution. Additionally, a removal
of the impurities in form of carbonates in the sodium titanate samples will likely lead
to an improved film quality. Especially the low work function (and thus high V,.) of
samples containing NaTN nanowires, makes them an interesting candidate for the
use in DSSCs. The highest electron diffusion coefficients were again found for sam-
ples containing hydrogen titanate nanowires, followed by the samples made with TiO,
nanowires. This observation is once again in line with the short circuit current and the
device efficiency.
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Figure 3.18: a) IPCE curves of DSSCs employing photoanodes that contain 5 wt% of different

nanowires (sodium titanate, hydrogen titanate and TiO,) compared to a reference
cell containing only TiO,-P25 nanoparticles.

b/c/d): Electron lifetime and electron diffusion coefficient of DSSCs employing
photoanodes that contain 5 wt% of different nanowires (sodium titanate, hydro-
gen titanate and TiO,) compared to a reference cell containing only TiO,-P25
nanoparticles. b) The data was measured via IMVS and plotted as a function
of light intensity.c) The data was measured via electrochemical impedance spec-
troscopy and plotted in form of a "Bode Plot". d) The data was measured via
IMPS and plotted as a function of light intensity.
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3.4 Conclusion

Three different kinds of nanowires, NaTiz;Og(OH) x 2H,0, the corresponding hydrogen
titanate and TiO, nanowires, were synthesized using a microwave-assisted hydrother-
mal reaction. A facile and reliable method to prepare composite electrodes from these
nanowires and TiO,-P25 nanoparticles was developed.

Two different phenomena were investigated in this study. First, TiO; nanowires were
used to determine the ideal amount of nanowires to be incorporated into a composite
electrode. It was found that agglomeration of the nanowires occurs in all experiments
conducted, but the effect was most pronounced for samples containing high amounts
of nanowires. While the overall film quality was high, in some areas irregularities were
found. Comparing all fabricated cells, the best efficiency was obtained using 5 wt%
nanowires.

In a second study, all three different kinds of nanowires were incorporated into the
photoanodes and their performance in DSSCs was compared. While the incorpora-
tion of sodium titanate nanowires led to an increased viscosity of the paste, the effect
was inverted for hydrogen titanate nanowires. Thus, the paste preparation was al-
tered, in order to obtain photoanodes of a high quality for each kind of nanowires.
Hydrogen titanate NWs were easily dispersible and thus yielded the photoanodes
with the best distribution of nanowires and the highest overall film quality. In the case
of sodium titanate, on the other hand, the film quality was rather low, which was at-
tributed to the impurities found in the nanowires.

It was found that using both, hydrogen titanate and TiO, nanowires led to an in-
crease in device performance, which was due to an improved short circuit current. Itis
noteworthy that HTN nanowires outperformed their TiO, counterparts, mostly caused
by a better distribution of the nanowires, leading to a higher film quality. Compared
to the photoanode consisting of nanoparticles exclusively, an increased electron dif-
fusion coefficient was observed in all nanowire samples. The effect on the electron
lifetime was rather small for the HTN and the TiO, samples, while using NaTN leads to
a decreased electron lifetime. Incorporation of sodium titanate nanowires lead to an
increase in the open circuit voltage, due to the large band gap of the NaTN nanowires.
On the other hand, the Jsc was significantly lower compared to the other samples.
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This was explained by two factors: a) defects in the sodium titanate nanowires lead
to electron losses, b) the low film quality caused by impurities in the as-synthesized
nanowires. These conclusions agree with the lowered electron lifetime compared to
all samples, as well as a lowered electron diffusion coefficient compared to the sam-
ples containing hydrogen titanate and TiO;nanowires.
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CHAPTER 4

Synthesis of Ordered Metal Oxide Nanotube Arrays via
Electrochemical Anodization of Titanium and Vanadium

4.1 General Considerations on the Concept
"Electrochemical Anodization"

Anodic oxidation or electrochemical anodization is a versatile tool to form oxidic films
on top of valve metal foils. While the technique itself has been known for almost a cen-
tury, it was found rather recently that ordered arrays of nanotubes or nanopores can
also be synthesized via anodization, if the experimental conditions such as electrolyte
or anodization voltage are adjusted properly.[52] However, under most experimental
conditions, solid or compact oxide layers are formed. In order to provide a more pro-
found understanding of the mechanism involved in the electrochemical oxide growth,
this introduction contains a brief explanation of the processes occuring during the an-
odization. This will be exemplarily shown for the case of aluminum, but the principle
can be applied to other metals as well. The illustration of the mechanism was taken
from Ghicov et al.[13]

Compact oxide films are grown via a so called high field mechanism. For example,

titanium metal is oxidized to Ti** at the metal-(native)oxide interface and the Ti** is
moved through the oxide layer aided by the the electric field. On the other hand, O~
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anions will be incorporated into the oxide film; they will migrate towards the metal
oxide interface. The oxide film can thus grow both at the metal-oxide interface or the
oxide-solution interface, depending on the diffusion coefficient of the respective ions.
The oxide growth comes to an end, due to the reduction of the electric field (and thus
the driving force for the ions) caused by the growing oxide, i.e. the film thickness
depends on anodization duration and voltage.

The described process leads to the formation of compact oxides, but it can be mod-
ified to yield various morphologies, ranging from random porous structures to aligned
and ordered nanotube arrays. The most important parameters, that need to be con-
sidered are the electrolyte and its’ pH-value, the anodization temperature and voltage
as well as impurities in the material. The voltage, for example, mostly controls the
tube or pore diameter, when the other experimental conditions are the same.

In the beginning of the anodization the metal is covered with a solid oxide layer.
The electric field caused by the anodization voltage is not evenly distributed over the
film, morphological differences lead to local fluctuations of the field, which "focuses"
the electric field at certain points, resulting in field-enhanced dissolution of the oxide
film at these spots. Consequently, the pore growth (i.e. oxide dissolution) reaches an
equilibrium with the oxide formation and ordered arrays of nanopores are obtained.
It was mentioned that the oxide growth occurs via a field supported migration of the
respective ions. In order to induce pore growth, the metal ions need to be solvatized.
In the case of the amphoteric aluminum, acidic conditions are sufficient for a dissolu-
tion of aluminum oxide. Titanium, on the other hand, is not soluble under the same
conditions, thus the presence of fluoride ions, which form the water soluble (TiFg)?*~-
complex, is necessary to start the formation of pores or tubes. This consequently
leads to a continuous chemical dissolution (or chemical etching process) of the as-
formed oxide layer. In the case of titanium, fluoride ions can also be transported to
the solid oxide due to their small size.

It should be emphasized that the presence of an "etchant" or "etching agent" such
as fluoride is required for pore formation since it can partially dissolve the oxide layer
under conditions that otherwise favor the formation of an oxide. In other words, the
experimental parameters need to be adjusted in a way to allow simultaneous growth
and dissolution of the oxidic layer. Additionally, an "oxygen source" is needed for the
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anodization; normally water is utilized. In the case of metals such as vanadium or
aluminum, the presence of fluoride ions is not required, thus other etchants can be
used. The multiple applications of the ordered arrays of nanotubes will be discussed
in sections 4.3 and 4.4.
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4.2 Setups for the electrochemical anodization

The design of the setup used for the electrochemical reactions is a very crucial point.
While often neglected in the literature, the setup does have a huge influence on the
outcome of a reaction. The most important points are the geometry of the setups and
the materials they are made of. The material should be inert to the reaction solution to
prevent side reactions and it has to be electrically insulating. Another important factor
is thermal conductivity of the material. Depending on the setup and the reaction solu-
tion, it may not be possible to adjust the temperature of the reaction solution directly;
in this case, the setup needs to have a sufficiently high thermal conductivity in or-
der to mediate the temperature. Teflon for example is inert to virtually any reactants,
but the thermal conductivitiy is very low, making a temperature control difficult, espe-
cially if strongly exothermic reactions are involved. The geometry of the setup, on the
other hand, determines the diffusion of the species involved in the electrochemical
reaction. Confined spaces in proximity of the anode or cathode lead to obstructed
diffusion, thus slowing down or even preventing the desired reaction. Three different
setups, which will be introduced in detail, were used in the course of this study.

The first setup consist of two parts (see Figure 4.1). One is a sample holder made
out of teflon with a copper contact in the middle. The copper contact is located in a
shallow pit, in order to avoid sample movement and to ensure reproducible sample
placement. The second part is a teflon-reaction vessel or chamber, which has a 1.5
cm wide and 1 cm long cavity in the middle.

Figure 4.1: Photographs of the "Teflon-Setup" a) While in use and b) the sample holder and
the reaction vessel.
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The cavity forms a tube, which later leads from the sample to the rest of the reaction
vessel, thus limiting diffusion by spatial confinement. After the sample is placed in the
shallow pit of the samples holder, the reaction chamber is fixed on top of the sample
holder. Subsequently, the desired solution is filled into the reaction vessel and finally
the counter electrode is immersed into the reaction solution at a defined distance to
the sample. In all setups the counter electrode was centered over the sample. Tem-
perature control is achieved via an outside temperature bath, which is connected to a
cryostat. This arrangement leads to relatively long heating and cooling times, but the
setup is completely inert towards virtually any reaction solution. For simplicity, this
assembly will be referred to as "Teflon-setup".

The second design is quite similar to the first one (compare Fig 4.2). It consist
of a solid copper block, on which the sample is centered. A teflon reaction vessel
is mounted on top of the sample. This vessel also has a 1.5 cm wide and 0.5 cm
long cavity in the middle, so this setup essentially has the same geometry as the first
one. Leaking of the solution is prevented with a rubber o-ring between the sample
and the rection vessel. While the arrangement of the electrodes and the diffusion in
the reaction vessel are very similar to the first setup, temperature control is achieved
via a glass coil connected to a cryostat, which is immersed into the reaction solution
allowing a rapid temperature control. However, the use of fluoride containing or basic
solutions slowly leads to a dissolution of the glass coil. The coil is connected to a
cryostat. This assembly will be called "Copper-setup" from now on.

Figure 4.2: Photographs of the "Copper-Setup" a) While in use and b) the sample holder and
the reaction vessel.
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The third setup is a glass beaker with hollow walls as well as an in- and outlet for
a liquid, whose temperature is controlled via a cryostat (as shown on Figure 4.3).
The vanadium foil and the counter electrode are also facing each other, but they are
arranged in a vertical manner. The distance between the electrodes needs to be con-
trolled manually. The respective solution is filled into the glass beaker. In this case, a
quicker temperature adjustment is possible, but solutions containing fluoride ions or
caustic solutions cannot be used. Yet, the major difference compared to the other se-
tups is the vertical arrangement of the electrodes and the lack of spatial confinement
of the solution around the sample. This leads to unhindered diffusion; additionally de-
bris forming on the sample during a reaction can fall off it, while the aforementioned
debris stays on the sample in the other setups. The term used for this setup will be
"Glass-setup" from now on.

Figure 4.3: Photographs of the "Glass-Setup" a) While in use and b) the sample holder and the
reaction vessel.
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4.3 Anodization of Titanium

4.3.1 Introduction

TiO,, both in its bulk form and as a nanomaterial is one of the most intensively stud-
ied oxides owing to its wide range of applications, such as photovoltaics (see chapter
3), catalysis,[53] Lithium ion batteries [24] or chemical sensing.[54] However, nanos-
tructured TiO, offers even more intersting possibilities in applications owing to factors
such as the high surface area, which is important for photovoltaics or catalysis, or
short solid state diffusion paths, which can be utilized in batteries. The different path-
ways towards a synthesis of TiO, and related nanomaterials include hydrothermal
(see chapters 2 and 3) sol-gel or template assisted synthesis. [55] [56]

However, electrochemical anodization is an additional tool for the synthesis of TiO,
nanomaterials. As elucidated in section 4.1, self-organized nanotube arrays and other
nanostructures can be made when a set of experimental parameters, such as tem-
perature, applied potential, electrolyte nature and concentration is appropriately ad-
justed.

The synthesis of these nanotube arrays is meanwhile well investigated resulting in
multiple applications, one of the most prominent ones is the use in dye-sensitized
solar cells. Various architectures of DSSCs can be realized using TiO, nanotube ar-
rays. Quantum dots can be used to sensitize the nanotubes, [15] as well as a dye like
N719 (see chapter 3). In order to increase the comparably small surface area of the
nanotube arrays they can be decorated with TiO, nanoparticles and subsequently be
sensitized. It is additionally possible to fill the tubular structures with a material like
CdTe to obtain an all solid-state device.[16] Finally, TiO, nanotube arrays may also
serve as a template for the precipitation of CulnS,, which is another way to realize a
solid-state nanostructured photovoltaic device (compare chapter 5).

The experimetal work in this chapter was based on the results published by Lee et
al.. Modifications were necessary since the published results were not reproducible,
which is most likely due to the different setups used herein and by Lee et al. In
course of the study presented herein, titanium metal foils were electropolished in or-
der to provide a flat substrate for the subsequent anodization. It was shown that the
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electropolishing step is crucial in order to obtain well ordered nanotube arrays. The
anodization was carried out as a two-step process, which led to the formation of well
aligned nanotubes in relatively short reaction durations. The influence of parameters
such as etchant concentration and anodization voltage was investigated. An issue
that was caused by the short anodization durations applied herein was the formation
of a superlattice on top of the nanotube array. Possible strategies to overcome this
problem will be discussed.
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4.3.2 Experimental Section
Electropolishing

Electropolishing was performed in order to provide a flat substrate for the follow-
ing electrochemical anodization. Prior to polishing the titanium foils (Sigma Aldrich,
99.8%, 0.25 mm thick, 2 cm diameter) were cleaned by rinsing them with water and
acetone followed by an ultrasonic treatment in acetone for 5-10 minutes. Afterwards
the samples were rinsed with acetone again and dried in an air stream. Subsequently,
the titanium foils were electropolished in 50 ml of a mixture of perchloric acid (60 wt%
in water, Sigma Aldrich), butanol (p.A., Sigma Aldrich) and methanol (p.A., VWR) in
a 1:6:9 volumetric ratio [2]. A titanium foil, which was placed at a distance of roughly
1.2 cm from the sample, served as the counter electrode. The samples were sub-
sequently placed in the respective setup and electropolishing was performed under
voltstatic conditions at -15 to -20°C. The anodization voltage, the reaction duration as
well as the setup were varied in order to obtain the desired result.

Anodization

After the electropolishing and the subsequent measurement in the laser microscope,
the titanium foils were again sonicated for 5 minutes, followed by rinsing them with
water and acetone. The samples were dried with a stream of compressed air. For
the following experiments only the "Teflon setup" was used. 50 ml of the respective
solution was filled into the setup; a graphite rod with a diameter of 2 cm was used
as a counter electrode. The distance from the titanium foil to the counter electrode
was set to roughly 1.2 cm and the anodization was carried out at varying voltages.
After the synthesis the samples were again rinsed with water and acetone, followed
by drying them in a compressed air stream. The reactions were performed at a con-
trolled temperature of 25°C unless otherwise mentioned. Most of the synthesis were
carried out as two-step anodizations. In this case the first anodization was performed
for 3 h as described. Afterwards, the TiO, layer was removed, using scotch tape. The
second anodization was subsequently carried out under the same conditions as the
first one, but only for 5 minutes. The solution utilized for the anodization consisted of
0.38 wt% NH4F (p.A., Sigma-Aldrich) and 1.79 wt% of water (Millipore) dissolved in
ethyleneglycole (99%, Chempur), if not otherwise mentioned.[2]
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Experimental techniques

Laser microscopy: The surface morphology of the polished samples was checked
by recording with a Keyence VK-8710 laser microscope equipped with movable x/y-
stage.

Scanning electron microscopy: The surface topography of the samples after an-
odization was checked using high vacuum mode scanning electron microscopy (SEM).
Two different instruments were used; FEI NovaNano FEG-SEM 630 or Quanta 200
FEG, FEI Company, Eindhoven, the Netherlands. The untreated samples were glued
to an aluminum stub using conductive carbon tape.
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4.3.3 Results and Discussion
Electropolishing of titanium metal foils

Unpolished titanium foil

. a)

A T, b

St
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Figure 4.4: Laser microscope images of an unpolished titanium foil in different magnifica-
tions.

The surface morphology of the electropolished titanium foils was investigated using
laser microcopy. For clarification, the obtained images were extended by factor of
10 on the z-axis (i.e. sample height), making the changes in the morphology of the
surface more easily traceable.

The unpolished titanium foil was subject to a laser microscope investigation in order
to be able to evaluate the chages upon electropolishing. In Figure 4.4 laser micro-
scope images of the surface of an unpolished titanium foil are shown. It can be seen
that the surface is strongly corrugated, multiple scratches and surface irregularities
are observed. The spikes visible in the laser microcopy images are indications for
the presence of unwanted particles on top of the metal foil. In Figure 4.4 a a slope of
the titanium foil itself can be seen. This was only observed on the outer parts of the
sample and was thus attributed to mechanical stress of the sample.
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Electropolished titanium foils
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Figure 4.5: Laser microscope images of titanium foils polished at 30 V for different durations
in the "Teflon-setup": a) 5 min and b) 15 min.

In Figure 4.5 a laser microscope image of a titanium foil polished under the condi-
tions used by Lee et al. is shown (30 V, 5min). A direct comparison between Lee’s
results and the ones presented here is difficult, since only a 5-5 um section mea-
sured with an AFM was shown by Lee et al. However, the surface of the titanium
foil is clearly smoother after the electrochemical treatment. No unwanted particles,
indicated by spikes in the laser microscope image (compare 4.4), can be found any-
more. Additionally, no scratches are observed on the surface of the foil. An almost
completely flat samples was not obtained, though. Smooth "hills" of several microm-
eters in size are found on the samples’ surface. If the anodization is carried out for 15
minutes the results are similar, however the size of smooth "hills" decreased, while
their number increased, as compared the sample treated for 5 minutes. A problem
concerning the reproduction of the work published by Lee et al. is the missing de-
scription of the setups used therein. The setup has a huge influence on the outcome
of the electropolishing, but also for the anodization, as will be shown below and in the
chapter concerning the anodization of vanadium (compare section 4.4).

In order to improve the results obtained so far, the voltage used for the electropol-

ishing was altered. A stronger polishing effect is expected for higher voltages, since
also the current will be higher leading to skimming of some material from the sur-
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Figure 4.6: Laser microscope images of titanium foils polished for 15 minutes at different
voltages in the "Teflon-Setup": a) 40 V, b) 50 V and c¢) 60 V.

face. If the voltage is too high, on the other hand, this will lead to strongly exothermic
reactions and ultimately inhomegeneous polishing results due to the increased tem-
perature. The results are shown in Figure 4.6. Indeed, an increasing voltage led to
better polishing results, i.e. the hills observed in the samples shown in Figure 4.5
were diminished until an almost completely flat sample was obtained at 60 V. On the
other hand, the surface of the samples was not as smooth as seen for the samples
polished at lower voltages. It was additionally observed that electropolishing at volt-
ages higher than 30 V led to a temperature increase in the reaction solution, despite
active cooling. For the samples treated at 40 V or 50 V the increase was moderate,
i.e. roughly 1°C and 3°C, respectively. If electropolishing was carried out at 60 V, the
reaction had to be interrupted after 10 minutes because the temperature was already
higher than 30°C. Possibly the exothermic nature of these reactions led to the rougher
surface by inducing local temperature, and thus, solubility fluctuations.

Finally, electropolishing was carried out in the "Copper-setup" at 30 V for 15 min-
utes. The glass coil, which is used for active temperature control in this case (see
section 4.2) could not be utilized since high amounts of water condensated on the
coil and subsequently dropped into the electropolishing solution. For this reason the
solution was pre-cooled to a temperature of roughly -18°C in a freezer; no active
cooling was applied during the synthesis. The results are shown in Figure 4.7 a.
completely flat and smooth sample was obtained. Very few spikes observed in the
laser microscope image indicate the presence of unwanted particles, which could not
be removed in the ultrasonic bath. For comparison, a sample was treated under the
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Figure 4.7: Laser microscope images of titanium foils polished at 30 V for 15 minutes in dif-
ferent setups: a) "Copper-setup" and b) "Teflon-setup".

same conditions in the "Teflon-setup", the results can be seen in Figure 4.7b. The

surface is neither flat nor smooth. These results nicely demonstrates the influence of
the setup on electrochemical reactions.
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Anodization of titanium metal

The effect of the electropolishing step

Figure 4.8: SEM images of oxidic nanotubular structures obtained after the first anodization
at 30 V for 3 h on an unpolished titanium foil.

In order to clarify the influence of the electropolishing step on the final sample,
unpolished titanium foils were anodized; Figure 4.8 shows nanotubes obtained after
the first anodization at 30 V for 3 h. While the formation of nanotubes was success-
ful, they were neither well ordered, monodisperse nor completely round. (see Figure
4.8 a). Additonally, debris was found on top of the foils to large extent. Figure 4.8 b
shows a crack observed in the nanotube array, leading to tilted tubes. Even though
not desirable, the image nicely shows the formation of isolated nanotubes that are
attached to each other to form a layer. The same image also shows the presence
of closed tubes (right part of Figure 4.8 b). Furthermore, parts of the sample were
apparently not affected by the anodization and thus no tubes were found on these
parts (image not shown).

Figure 4.9 shows nanotube arrays that were obtained under the same conditions
as the ones described above, but after two subsequent anodizations for 3 h and
5 minutes, respectively. The outcome was fairly similar to the sample obtained af-
ter only one anodization. Large parts of the foils’ surface were covered with roundish
unordered nanotubes (see Figure 4.9 b). In the same image it can be seen that the
surface was by no means flat, in the lower left part of Figure 4.9 b a layer above the
nanotubes, which does exhibit a tubular morphology, can be seen. This phenomenon
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Figure 4.9: SEM images of oxidic nanotubular structures obtained after the second anodiza-
tion at 30 V for 5 min on an unpolished titanium foil.

will be discussed later. From Figure 4.9 a it can be seen that the sample is not uni-
form at all, and also structures other than tubes are observed. Some of the tubes
nanotubes collapsed and formed bundles.

Figure 4.10: SEM images of oxidic nanotubular structures obtained after the first anodization
at 30 V for 3 h on a poorly polished titanium foil (compare Figure 4.5b).

Furthermore, an anodization was conducted on a poorly polished sample (com-
pare Figure 4.5). The surface of this sample is rather flat, but cracks and voids are
observed in the nanotube array (compare Figure 4.10 a). The shape of the pores is
completely irregular and they are rather polydisperse (as shown in Figure 4.10b). It
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can also be seen that the walls seperating the pores from each other disappeared in
some cases. The surface of the nanotube array is completely covered with a porous
oxide layer. A similar surface layer was observed in the sample after the second an-
odization on an unpolished foil. The results clearly demonstrate the necessity of an
effective polishing step, especially when compared to the results shown below.

113



Chapter 4. Anodization of Valve Metals

The effect of the second anodization

Only well polished (compare Figure 4.7) titanium foils were used for the anodiza-
tions described from now on. In the experimental section it was described that the
anodization was carried out in two steps; one rather long (3 h) subsequently followed
by a short (5 min) anodization. The first anodization is supposed to provide a well
ordered pattern of nanoindentations on the samples’ surface on which the nanotubes
grow in an ordered fashion during the second anodization. This enables one to utilize
extremely short reaction durations and still obtain an ordered array of nanotubes; a
process that normally takes hours (compare the growth mechanism of oxidic nano-
tubes in section 4.1).

Figure 4.11: SEM images of oxidic nanotubular structures obtained after the first anodization
at 30 V for 3 h on a well polished titanium foil (compare Figure 4.7a).

Figure 4.11 shows the nanotubes obtained after 3 h of anodiazation on a well pol-
ished substrate at 30 V. The surface of the sample is completely flat and it is also
uniform. The porous layer on top of the nanotube array is not well ordered and the
pores differ in diameter from each other. While this results is an improvement com-
pared to the samples obtained on un- or poorly polished titanium foils, no ordered
array of nanotubes was obtained so far.

As described in the experimental section the oxide layer can easily be removed

from the metal foil after the first anodization. A piece of scotch tape is attached to
the metal foil and subsequently peeled off. Due to the poor attachment of the oxide
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Figure 4.12: SEM images of oxidic nanotubular structures obtained after the removal of the
oxide layer formed after the first anodization at 30 V for 3 h.

layer on the metal, it can be completely removed by this simple process. Figure 4.12
shows the surface of a titanium foil after the removal of the nanotubular layer. It can
be seen that the sample is completely uniform and a high number of particles is found
on the titanium foil. A magnified image of the samples’ surface (seen Figure 4.12 b)
reveals that an ordered array of nanoindentations is imprinted into the metal after the
removal of the oxide layer. The array serves as a template for the pore growth in the
subsequent anodization.[2]

Figure 4.13: SEM images of oxidic nanotubular structures obtained after the second anodiza-
tion at 30 V for 5 min.

Figure 4.13 shows the surface of a nanotubular layer on top of a titanium after the

second anodization for 5 minutes at 30 V. From the overview image in Figure 4.13 a
it can be seen that the surface is nearly completely flat and uniformly covered with

115



Chapter 4. Anodization of Valve Metals

ordered nanopores. Figure 4.13 b shows one of the few defects on the samples’ sur-
face. Most likely caused by a coincidental removal of the upper porous layer, nicely
ordered and monodisperse nanotubes are observed. Also the aforementioned porous
layer consists of uniform and ordered pores with diameter of roughly 30 nm (see right
part of Figure 4.13 b). Figure 4.13 c reveals that not all parts of the surface are as
well ordered as the ones described above. Irregularly shaped, polydisperse pores
were also found. However, these pores were only found in small parts of the sample.
In summary, the beneficial effect of the second anodization was demonstrated in this
section. All samples shown from now on were prepared using two subsequent an-
odizations.
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The effects of anodization voltage and fluoride concentration: Pore size tuning

Figure 4.14: SEM images of an ordered array of TiO, nanotubes obtained after the second
anodization at 50 V for 5 minutes.

In the description of the reaction mechanism it was mentioned that, under other-
wise similar conditions, the anodization voltage determines the pore diameter. Thus it
was expected that an increase of the anodization voltage to 50 V leads to a diameter
higher than 30 nm, which was obtained at 30 V. The expected behavior was indeed
found, the pore diameter was increased to roughly 40 nm when a titanium foil was
anodized at 50 V (see Figure 4.14). It is also noteworthy that the sample obtained
under these conditions was completely uniform and the nanopores were well ordered
and monodisperse. Only few defects were observed (compare Figure 4.14 a). This
result is rather surprising since the voltage was not expected to have an influence on
the order and uniformity of the sample. While the reasons for this behavior remain
unclear, it can be noted that the influence of the anodization voltage is more complex
than simple size tuning.

Figure 4.15 shows SEM images of a sample anodized at 20 V. As expected, the
pore size significantly decreased to roughly 20 nm, but the pores were neither or-
dered nor monodisperse (see Figure 4.15b). Furthermore, it seems that there is a
superlattice on top of the anodic oxide. The pores with a diameter of around 20 nm
are located in shallow pits with a diameter of roughly 50 nm. These observations
clearly show once more that voltage does not simply determine the pore diameter,
at least under the conditions applied here. However, the sample in general was uni-
form, only some small particles were found on the surface (as shown in Figure 4.15 a
and b).
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Figure 4.15: SEM images of TiO, nanostructures obtained after the second anodization at
20 V for 5 minutes.

Figure 4.16: SEM images of TiO, nanostructures obtained after the second anodization at
80 V for 5 minutes.

SEM images of a titanium foil anodized at 80 V are shown in Figure 4.16. While
the surface of the sample is flat and uniform (see Figure 4.16 a), an ordered array
of nanopores and nanotubes was not obtained (compare 4.16 b). The observations
were similar to the sample anodized at 20 V, smaller pores were located in large pits
that form a superlattice. The diameter of the pores was increased to 30 nm, while the
pits exhibit a diameter of 100- 200 nm, i.e. as expected the pore size was increased
as compared to the sample anodized at 20 V. Due to the different nature of the oxide
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layers on the "20 and 80 V sample" a direct comparison to the "50 V sample" was not
possible.

Figure 4.17: SEM images of nearly ordered TiO, nanotubes obtained after the second anodiza-
tion at 30 V for 5 minutes with lowered fluoride concentration (0.2 wt%).

Figure 4.18: SEM images of TiO, nanotubes obtained after the second anodization at 30 V for
5 minutes with increased fluoride concentration (0.5 wt%).

Another way to tune the size of nanopores in the anodic oxides is a variation of
the fluoride concentration. Fluoride ions are used to etch the pores into the solid
TiO, layer. When anodized at the same voltage, a nanoporous film prepared with
a lowered fluoride content will exhibit a smaller pore density, i.e. the pore walls will
be thicker. Figure 4.17 shows the SEM image of a sample anodized at 30 V with a
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NH,F concentration of 0.2 wt%. The sample was uniform and no superlattice or sig-
nificant defects were found. As expected, the pore size was decreased to 20 nm or
decreased, as compared to 30 nm for a sample anodized with a fluoride content of
0.38 wt%, and the pore density was also lower. However, while the pores were nicely
ordered, the pores size was not uniform.

Figure 4.18 shows SEM images of a sample anodized with a fluoride concentration
as high as 0.5wt%. The higher concentration of NH,F in the anodization solution
should lead to enhanced etching, thus resulting thin pore walls and consequently a
higher pore diameter, as compared to the 30 nm pores on a titanium foil anodized
with 0.38 wt% NH,F (compare 4.13). However, the pores did not exhibit an increased
diameter. They were rather unordered and irregularly shaped. Shallow, smaller pores
or indentations were found on the walls in between the pores (see Figure 4.18 b).
The higher fluoride concentration led to random etching on the outer part of the ox-
ide, rather than tube growth.
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The thickness of the oxide layer and the "superlattice"

Figure 4.19: Cross-sectional SEM images of TiO, nanotubes obtained after the second an-
odization at 50 V for 5 minutes.

The cross-sectional SEM images shown in Figure 4.19 were obtained by scratch-
ing the surface of an as-anodized foil (50 V, second anodization) with a diamond cut-
ter. Parts of the tubular layer were randomly detached and could be investigated by
means of SEM. It was found that the oxide layer was roughly 1um thick consisted of
isolated nanotubes that were attached to each other and the bottom of the pores was
closed. It can be seen from Figure 4.19 b that the pores are covered by a porous, yet
continuous oxide layer. This layer is the reason why tubes were rarely seen when the
surface of the samples was investigated.

According to Macak et al. [57] the origin of this continuous oxide is a very stable
rutile layer that is found on the bare titanium foil. Owing to its stability, the layer can
only be removed by prolonged etching of the layer in anodizations with a longer reac-
tion duration. In principal it should also be possible to etch this layer away using HF.
This process is already established as a way to open the bottom of the pores.
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Typical current-time curves for the first and second anodization
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Figure 4.20: Typical current-time curve for the first anodization of a titanium foil at 50 V for
3h.

Current-time curves were recorded using a multimeter with automated data acqui-
sition. The results are shown in Figure 4.20 for the first anodization and in Figure
4.21 for second anodization. Lee et al. obtained similar current-time curves and in-
terpreted the results as follows: [2]

The electric field is built up rapidly and the current quickly rises to its maximum
value, thereby initiating the formation of the anodic oxide. Owing to technical limita-
tions of the recording device, the rise of the current could not be monitored, a current
value can only be measured after two seconds. Due to the formation of the oxide the
current quickly decreases into a minimum. Assisted by the electric field, the etching
involving fluoride ions starts at that point, which leads to a decrease of the oxides’
thickness and thus an increase of the current. Afterwards, an equilibrium between
oxide formation and dissolution is established, leading a slow decrease of the current.
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This behavior was found for the second anodization (see Figure 4.21), while in
case of the first anodization the onset of the etching process is hardly visible and it
is followed by a strong decrease of the current until the end of the anodization. The
different current-time behavior can be attributed to the prolonged anodization. In an
anodization with a reaction duration of 3 h the increasing thickness of the oxide layer
leads to a decrease of the current, until the oxide formation comes to a halt.
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Figure 4.21: Typical current-time curve for the second anodization of a titanium foil at 50 V
for 5 min.
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4.3.4 Conclusions and Outlook
Conclusions

Ordered arrays of TiO, nanotubes were successfully prepared via a two-step anodiza-
tion. The thickness of the obtained oxide layer was found to be 1 um after 5 minutes
of anodization. The study in here was based on the work of Lee et al., however, their
results could not be reproduced without modifications to the procedure. This was
attributed to the missing about the setup used in their study. While as-purchased tita-
nium metal foils were successfully electropolished using the "Copper-setup”, i.e. the
surface of the samples was flat and smooth after the treatment, it was found that the
setup has a decisive influence on the outcome of the electropolishing experiments.
The effect of the polishing step on the subsequent anodization was shown. Poorly or
unpolished samples led to the formation of uneven oxide films with cracks and voids.
It was furthermore demonstrated that introducing a second anodization step led to a
significant improvement in the samples’ uniformity and also had a positive effect on
the pore ordering. As expected, the anodization voltage did have an influence on the
pore size, but also on the ordering of the pores, which was not to be foreseen. How-
ever, nicely ordered monodisperse pores were obtained with an anodization voltage
of 50 V. By lowering the content of fluoride in the anodization solution, smaller pores
with thicker pore walls were obtained. In all samples anodized for only 5 minutes
(after the second anodization) a continuous, porous layer was found on top of the
nanotubular film. This layer originates from the native oxide film on the titanium foil
and is thus rather stable.

Outlook

The next step will be the removal of the continous oxide layer from the top of sample
anodized for relatively short reaction durations. Possibilieties to achive this were dis-
cussed. In order to obtain a stable membrane for the subsequent applications of the
nanotubular film, careful sintering of the as obtained anodic oxide film will be system-
atically investigated. In this process also the crystallographic phases of the anodized
films will be investigated and they can hopefully be tuned via adjusting the sintering
conditions.

A stable membrane of TiO, can be used in numerous applications, as discussed
before.
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4.4 Anodization of Vanadium

4.4.1 Introduction

The various oxides of vanadium have received a considerable amount of attention
owing both to their chemical and mechanical stability, as well as intriguing properties,
such as variable oxidation states [58] or the metal insulator transition in VO,.[59] Es-
pecially vanadium oxide nanoparticles or other nanoarchitectures, such as wires, are
being thoroughly investigated due to their wide range of possible applications. The
most prominent examples are the use in lithium ion batteries,[60] supercapacitors,[61]
photocatalysis [62] or chemical sensors.[63] The interest in vanadium oxide nanos-
tructures arises from the size and shape induced properties, as well as the possibility
to create complex architectures.[64] An example is the use of vanadium oxide as a
material for lithium ion batteries. Using an anode material in the nano-size regime
leads to higher power densities and shorter lithium diffusion lengths, as compared to
a bulk material.[65] Vanadium oxide nanomaterials can be made using a variety of
techniques, including hydrothermal-,[66] surfactant assisted-,[67] sol-gel-,[68] or tem-
plate assisted synthesis.[69]

While it is possible to synthesize vanadium oxides nanoparticles or other nanos-
tructures using these techniques, there are several drawbacks to them. Mostly high
temperatures are required and the syntheses involve multiple steps. Additionally,
the properties of vanadium oxide depend on the oxidation state, which is often influ-
enced by the reactants present in the solution.[66] The synthesis of vanadium oxide
nanotubes, for example, requires the use of organic spacers/inorganic ions, both of
which have an influence on the properties of vanadium oxides.[70]

Thus a simple, low temperature method to synthesize vanadium oxide nanostruc-
tures would be a great asset to the existing approaches. A synthetic option not only
meeting these requirements, but also facilitating the possibility to synthesize ordered
arrays of vanadium oxide nanotubes is the electrochemical anodization or anodic oxi-
dation. Ordered arrays of transition metal oxide nanotubes or nanopores can be made
via this technique. The most salient examples are the anodization of aluminum [52]
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and titanium [71], but also a variety of other metals can be anodized, for example zir-
conium, [72] hafnium, [73] niobium, [74] tantalum, [75] iron [76] or tungsten.[77] To the
authors best knowledge, no ordered arrays of vanadium oxide nanotubes have been
synthesized so far. In principle all metals forming stable oxides with an anisotropic
crystal structure, so called "valve metals" can be anodized to form ordered arrays of
nanotubes.[13] While vanadium meets these requirement, its’ oxides are soluble in
most commonly used electrolytes. [78][79]

Schmuki et al. recently synthesized an ordered array of V,05-TiO, nanotubes via
anodic oxidation, using titanium-vanadium alloys with a vanadium content of 18% at
most.[80] However, the electrolyte and other experimental parameters used for the
electrochemical synthesis were similar to the ones utilized for the anodization or pure
titanium metal, i.e. the titanium metal metal caused the formation of nanotubes, vana-
dium was merely an "impurity". Stefanovich et al. were able to grow solid vanadium
oxide films via anodic oxidation of vanadium foil using an electrolyte consisting of
acetone, sodium tetraborate and benzoic acid. [79] Vanadium oxides neither dis-
solve in electrolytes consisting of acetic acid, small amounts of water and sodium
tetraborate.[81] While the growth of solid films was succesful using these electrolytes,
no nanostructured ones were obtained.

In course of this study, the electrochemical anodization of vanadium to obtain or-
dered arrays of vanadium oxide nanotubes was investigated intensively. The vana-
dium foils were first electropolished in order to provide a flat and smooth substrate for
the subsequent anodic oxidation. [82] Multiple experimental parameters were varied
to determine a pathway for the fabrication of such a substrate. The as-purchased
vanadium foils are rather rough and their surface is uneven, leading to inhomoge-
neous growth of the vanadium oxide films. Additionally, impurities on the metals’ sur-
face, such as oil or grease, that arise from the processing of the foil are removed by
electropolishing. In a second step the anodization itself was investigated using multi-
ple different electrolytes and other experimental conditions. A series of well designed
experiments led to the conclusion that an electrolyte composed of diethylene glycol,
boric acid, water and oxalic acid is the most promising reaction solution leading to
well ordered arrays of vanadium oxide nanopores. However, not only the composition
of the solution plays an important role, also the design of the experimental setup was
found to have a crucial influence on the result of the anodization.
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It is noteworthy that the materials obtained herein are suitable candidates for the
use in photovoltaic devices. The use of ordered arrays of TiO, nanotubes was al-
ready investigated,[83] and it was found that highly efficient dye sensitized solar cells
(DSSCs) could be made based on this anode material. Due to the dissolution of vana-
dium in common electrolytes, a use in liquid type DSSCs would not be desirable, but
the band gap of 2.8 eV [64] and the good electron conduction of V,O5 makes it a suit-
able candidate for photovoltaic applications. Additionally, a photovoltaic effect in V5,04
was found [84] and it was already used a hole conducting material in inverted tandem
solar cells. [85] Depending on the dopants, vanadium oxide can be obtained as an
electron or hole conducting material; i.e. n- or p-type semiconductor, which opens up
interesting options for the design of devices based on vanadium oxide nanotubes.
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4.4.2 Experimental Section
Experimental Procedure: Electropolishing

Electropolishing is performed in order to provide a flat substrate for the following elec-
trochemical anodization. Vanadium foils (ABCR, 99.8 % pure, 0.127 mm thick, 2 cm
diameter) were treated electrochemically employing different experimental conditions
in order to find a suitable way to polish the substrate for the subsequently follow-
ing anodization. First the vanadium foils are cleaned by rinsing them with water and
acetone, followed by ultrasonication of the samples in acetone for 5-10 minutes. After-
wards, the samples are once again rinsed with acetone and dried using compressed
air. The samples were then placed in either the "Glass-setup” or the "Copper-setup”
(details will be mentioned later in the text) and subjected to electropolishing. The dis-
tance from the sample to the counter electrode was set to 1.5 cm. Depending on the
setup, counter electrodes of a different geometry were used. In case of the "Copper-
setup" a graphite rod with a diameter of 2 cm was employed, while a graphite plate
(10 x 5 cm) was utilized in the "Glass-setup”, owing to its geometry.

The electropolishing was carried out using 50 ml of different solutions. The first
("Polishing solution 1") consists of perchloric acid (60 wt%, Sigma Aldrich), butanol
(p.A., Sigma Aldrich) and methanol (p.A., VWR). The reagents were mixed in a 1:6:9
volume ratio.[2] The second solution ("Polishing solution 2") is composed of 20 vol%
sulfuric acid (96-98%, VWR) and 80 vol% Methanol (p.A., VWR); additionally 5 ml
water were added per 400ml of the sulfuric acid/methanol mixture.[86] The exact ex-
perimental conditions, such as temperature, polishing voltage or current and reaction
duration are noted later in the text.

Experimental Procedure: Anodization

After electropolishing, the samples were again sonicated for 5 minutes, followed by
rinsing them with water and acetone. The samples were dried with a stream of com-
pressed air. For the anodization experiments all setups were used, details will be
mentioned later in the text. The same counter electrodes as described above were
used, depending on the setup. The graphite rod was employed in both "Copper-" and
"Teflon-setup". The distance from the vanadium foil to the counter electrode was set
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to 1.0 cm in the "copper-setup”. For the "Teflon-" and the "Glass-setup" the distance
had to be changed to 1.5 cm, which was due to the geometries of these setups. After
completion of the anodization, the samples were again rinsed with water and acetone,
followed by drying them in a compressed air stream. The reactions were performed
at a controlled temperature of 25°C unless otherwise mentioned.

The reactions performed to synthesize an array of vanadium oxide nanotubes can
be separated into 3 Phases, using 4 different solutions and variations thereof. Param-
eters like voltage or reaction duration were varied in course of this study, hence the
exact experimental conditions are given later in the text.

e Phase I: Pre-Tests
Anodization Solutions 1:[79] 22 g of benzoic (purity, supplier) acid were dis-
solved in 1L of acetone (p.A., Supplier) and 50ml of a saturated, aqueous borax
(purity, supplier) solution were added to the mixture.
Anodization Solution 2:[2] The solution consisted of 0.38 wt% NH,F (p.A., Sigma-
Aldrich) and 1.79 wt% of water (Millipore) dissolved in ethyleneglycole (99%,
Chempuir).

e Phase II: Saturated, aqueous Boric Acid Solution
A saturated, aqueous boric acid (purity, supplier) solution was prepared. For
some experiments 0.5 wt% of either NH*F (p.A., Sigma-Aldrich) or oxalic acid
(p-A., supplier) were added to the solution.

e Phase llI: Organic solvents

The respective solvent was saturated with boric acid (purity, supplier) by stirring
over night (Ethylene glycol (EG): 0.25 g/ml; Diethylene glycol (DEG): 0.2 g/ml;
1:1 volumetric mixture of Tetraethylene glycol (TEG) and ethylene glycol: 0.25 g/ml;
Tetraethylene glycol: 0.15 g/ml; Polyethylene glycol: 0.1 g/ml). The remaining
solid was separated from the solution by centrifugation. Water and either am-
monium fluoride (p.A., Sigma-Aldrich) or oxalic acid (p.A., supplier) were added

to the saturated solution, to yield a final composition of 2 wt% water, 0.5 wt%
NH.F or H,C,0O, dissolved in saturated boric acid. Possible deviations are men-
tioned later in the text.
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Experimental: Techniques

Laser microscopy (LM): The surface morphology of the polished samples was checked
by recording with a Keyence VK-8710 laser microscope equipped with movable x/y-
stage.

Scanning electron microscopy (SEM): The surface topography of the samples af-
ter anodization was checked using high vacuum mode scanning electron microscopy
(SEM). Two different instruments were used; FEI NovaNano FEG-SEM 630 or Quanta
200 FEG, FEI Company, Eindhoven, the Netherlands. The untreated samples were
glued to an aluminum stub using conductive carbon tape.

X-ray Photoelectron Spectrocopy (XPS): The oxidation state on the sample surface
was determined by means of a X-ray photoelectron spectrometer (XPS, PHI 5600
ci, Physical Electronics, MN, USA). The instrument was equipped with a standard
Mg Ka X-ray tube and an Al Kae monochromator X-ray source (14 kV, 300 W). Sur-
vey scans were performed using the Mg Ka X-ray tube; the pass energy was set to
187.85 eV. The measurements of the vanadium peaks were carried out using the Al
Ka monochromator source; the pass energy was set to 58,7 eV. Measurements were
performed for 6-8 h. The pressure in the analysis chamber was maintained at below
10~7 Pa during analysis.

Automic Force Microscopy (AFM): The pore depth of chosen anodized samples
was measured using a Dimension 3100 AFM with NanoScope llla controller man-
ufactured by Veeco. The AFM was operated in tapping mode under ambient condi-
tions. The cantilever PPP-NCLAuD with a tip radius of typically 2 nm and a tip height
of 10-15 um was utilized.
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4.4.3 Results and Discussion
Electropolishing of Vanadium

Unpolished Vanadium Foil:

40um
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Figure 4.22: Laser microscopy images of an unpolished vanadium foil.

The surface morphology of all electropolished samples was tested using laser mi-
croscopy. For clarification, the obtained images were extended by factor of 10 on the
z-axis (i.e. sample height). This way, the changes in the morphology of the surface
can be followed more easily.

In Figure 4.22 laser microscopy images of an unpolished vanadium foil were mea-
sured. The unpolished foil serves as a standard in order to determine whether or not
the electropolishing was successful, i.e. provided a smooth and even surface for the
subsequent anodization.

In Figure 4.22 a slope is visible on the foil itself. This slope is due to the manu-
facturing process of the vanadium foil. It was observed in all samples. However, this
slope in the material does not influence the roughness of the surface and was thus
neglected. In both Figure 4.22 a and b scratches are visible on the surface, as well as
irregularities. However, compared to the purchased titanium foil, these samples were
rather flat from the beginning (compare section 4.3).
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"Polishing solution 1"

The laser microscope images in Figure 4.23 were taken from samples treated with
"polishing solution 1" at a temperature of -15 to -20°C and a voltage of 30 V for differ-
ent durations. The conditions were very similar to ones described by Lee et al.,[2] who
polished titanium foils under the same conditions. In a first step, the "Teflon-setup”
was used.

The surface roughness for none of the samples shown in Figure 4.23 was lowered,
as compared to the unpolished vanadium foil. On the contrary the polished foils did
exhibit a more irregular surface than the unpolished ones. The sample treated for
5 minutes (4.23 a) exhibits a rugged surface, but no cracks or particles on top of
the foil are visible. The samples treated for 10 and 15 minutes (4.23 b and d) were
even more corrugated. The vanadium foil that was subjected to a 20 minute treat-
ment was rather flat; on the other hand, scratches were observed in the foil, that
were not present in the other samples. After a 30 min treatment the sample (4.23 f)
exhibited large scratches and the spikes on its’ surface, which indicate the presence
of unwanted particles. A treatment of the vanadium foils for 2 x5 minutes was also
performed. After 5 minutes the solution was exchanged and a fresh one was used
for the second polishing step. The sample was also rinsed with water and acetone
in between. Treating a sample twice for a shorter reaction time yielded a result very
different from the one obtained for a sample treated for the same duration, but in one
step. The surface was smoother in case of the 2 x5 minute sample, as compared to
the 10 minute sample (see 4.23 ¢ and b). However, the surface roughness was not
decreased compared to the unpolished vanadium foil.

The aforementioned reaction conditions did not yield samples with the desired flat
surfaces, regardless of the reaction duration. Longer reaction times were not tested,
since the current measured at the constant voltage of 30 V decreases strongly with
proceeding reaction time. This leads to a decreasing effect of the current, i.e. no
more "electropolishing" is performed, but in fact "chemical" polishing. The latter is a
random, diffusion based process and does not lead to smooth and even samples. [87]

The samples in Figure 4.24 a and b were treated for 10 and 15 minutes, respec-
tively, at an increased voltage of 40 V, under other wise similar experimental condi-
tions as described above. A higher voltage enhances the dissolution of vanadium,
thus leading to a stronger electropolishing effect. However, the samples are by no
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Figure 4.23: Laser microscopy images of vanadium foils polished with "Polishing solution 1"
at a temperature of -15 to -20°C and a constant voltage of 30 V for different
durations: a) 5 minutes b) 10 minutes ¢) 2x5 minutes d) 15 minutes ) 20 minutes
f) 30 minutes.

means flat, the surface of both samples is rather irregular. A high number of spikes
on the samples treated for 10 minutes indicates the presence of unwanted particles
on its surface, while the foil subjected to a 15 minute treatment exhibits corrugated
structures on top of it. An increase of the voltage did not have a positive effect on the
roughness of the samples.
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Figure 4.24: Laser microscopy images of vanadium foils polished with "Polishing solution
1" at a temperature of -15 to -20°C. Polished at a constant voltage of 40 V for
different durations: a) 10 minutes b) 15 minutes. Polished in the "Glass-Setup" at
a constant current of 750 mA for different durations: ¢) 10 minutes d) 15 minutes.

A final study using "polishing solution 1" was conducted in the "Glass-Setup". Using
a constant voltage of 30 V was not possible, because the solution was heated from
-15 to -20°C to room temperature within a few seconds, after which the reaction was
aborted. Owing to this behavior, a galvanostatic approach was used; the current was
set to 750 mA. The other experimental conditions were as described above. A disad-
vantage of the "Glass-setup” is the condensation of water inside the setup, which is
due to the its’ comparably wide opening.

Laser microscope images of a sample polished for 10 minutes under galvanos-
tatic conditions in the "Glass-setup" are shown in Figure 4.24 ¢ and d. While parts
of the sample were rather flat; only thin and shallow channels were observed; large
scratches were found in other parts of the vanadium foil. The well and badly polished
areas were distributed randomly over the sample. Different reaction durations were
also tested, but the outcome was similar. Despite the flat and nicely polished areas of
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the sample, the resulting inhomogeneity could not be prevented and thus the method
can also not be used for electropolishing of vanadium foils.

"Polishing solution 2"

For all the reactions described in this section the "Copper-setup" was used. The
solution was refrigerated before, but not actively cooled during the reaction. Active
cooling in this assembly can only be achieved via a glass coil that is partially im-
mersed into the reaction solution. At low temperatures this leads to condensation of
high amounts of water onto the coil, which is not controllable and thus aggravates
reproducible reactions. However, the setup is easy to assemble and the geometry
is comparable to the "Teflon-setup”. The reactions were conducted for 5 minutes or
less, due to the generation of heat during the polishing process.

Figure 4.25: Laser microscopy images of vanadium foils polished with "Polishing solution 2",
which was refrigerated before the reaction. Samples were polished for 5 minutes
at different voltages: a) 10 volt b) 15 volt ¢) and d) 20 volt.

The images shown in Figure 4.25 were taken from samples treated with "Polish-
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ing solution 2" at different voltages for 5 minutes. With rising voltage the samples’
roughness was decreased. While the sample treated with 10 V still exhibited some
larger scratches (see Figure 4.25 a), the vanadium foil polished at 20 V (Figure 4.25
b) was nearly flat, only some smaller irregularities are observed. When electrochem-
ically treated at 15 V, no scratches were observed on the foils’ surface, however, the
irregularities were larger, as compared to the 20 V sample. Figure 4.25 d shows an
elavation that was formed during the electropolishing process; a phenomenon ob-
served in all three samples. The origin of this irregularity could not be identified.
However, these results were the most promising so far.

ELseeeen R &
L

gEL e &

Figure 4.26: Laser microscopy images of vanadium foils polished with "Polishing solution 2",
which was refrigerated before the reaction. Sample a) was polished for 5 minutes
at 20 volt. The other samples were treated for 4 minutes at different voltages: b)
20 volt ¢) 15 volt and d) 10 volt.

In order to verify these results, another sample was treated at 20 V for 5 minutes
(see Figure 4.26). Surprisingly, the results were quite different from the first experi-
ment. While the smaller irregularities and rather steep elavations disappeared, they
were replaced by large flat areas that seem to be arranged in layers. However, the

136



4.4. Anodization of Vanadium

only difference to the first experiment was the reaction solution, which was left stand-
ing outside the freezer for 2 days in between the experiments.

Another study was conducted to investigate the influence of the reaction duration on
the polishing results. For that purpose, the same reaction conditions as used above
were applied; i.e. three different voltages were used; only the duration was reduced
to 4 minutes. Again the results were very different from the experiments presented in
Figure 4.25. Regardless of applied voltage, all samples were extremely flat and com-
pletely homogeneous, no significant irregularities were observed (see Figure 4.26 b,
c and d). Surprisingly, the difference between the samples shown in Figure 4.26 a
compared to b, ¢ and d is relatively large, while the latter samples are quite similar
to each other. Apparently, the applied voltage did not make a significant difference.
It should be noted that the solution was left outside the fridge for another two days
before the samples shown in Figure 4.26 b, ¢ and d were prepared. These observa-
tions led to the conclusion that in fact the age of solution is a decisive factor, while the
influence of the applied voltage seems to be limited.

100.0 50.0 0. Oy

Figure 4.27: Laser microscopy images of vanadium foils polished with "Polishing solution 2",
which was refrigerated before the reaction. Both samples were polished under
the same conditions (4 minutes, 10 V) but with a) a freshly prepared solution and
b) a solution that was left in the lab for four days.

In Figure 4.27 a and b two samples polished under the same conditions (10 V, 4
minutes) using a freshly prepared and an "old solution", respectively, are shown. The
solution used for sample a was left outside the freezer for four days. It is clearly ev-
ident that the aging of the solution has a tremendous influence on the result of the
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electropolishing. While the samples polished with a fresh solution was rather irregu-
lar, the sample polished with old solution was perfectly flat and thus suitable for the
subsequently following electrochemical anodization. The reason for this behavior is
the topic of ongoing research.
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Figure 4.28: Laser microscopy images of vanadium foils polished with "Polishing solution 2",
which was refrigerated before the reaction. Samples a) and c¢) were treated for 4
minutes at 10V using the same solution, only on different days. Sample d) was
subjected to a 2nd polishing step for 30 seconds at 10 V and sampled b) was
treated using the used solution from sample a).

Two additional experiments were conducted under the same conditions and with
the same solution as used above. The mixture was left standing outside the freezer
for one and two days, respectively (see Figure 4.28 a and c). An improvement of the
polishing results towards a smooth and even surface is clearly evident. This change
can be directly attributed to the aging of the polishing solution.

Finally, it was tested whether the aging of the solution can be artificially accelerated
or if a second polishing step can be used instead. Accordingly, the same solution
used to polish the sample shown in Figure 4.28 a was used again for the electropol-
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ishing of another vanadium foil (see Figure 4.28 b). While the surface of the sample
is not as flat as seen in Figure 4.27 b, a positive effect of the artificially aged solution
is clearly visible. The effect of a second polishing step for a shorter duration was also
tested (see Figure 4.28 d). The sample shown in 4.28 ¢ was subjected to a second
treatment for 30 seconds at 50 volt. The high voltage was used to initiate a "break-
down" of the irregular areas. However, no significant difference was observed due to
the second polishing step.

139



Chapter 4. Anodization of Valve Metals

Anodization of Vanadium: General Remarks

There is one general difference between the anodizations of vanadium and titanium.
In the case of titanium, a detachable oxide layer is formed after a 3 h anodization. The
oxide layer formed during the anodization can be removed due to a lattice mismatch
between the oxide and the underlying metal.[2] In the case of longer anodizations (in
general 12 h or more), a removal is not possible anymore; due to the long reaction
duration the lattice mismatch is compensated. For the anodization of vanadium, on
the other hand, a loose precipitate, which consists of platelets and normally has an
orange color, is formed on the vanadium foil. After drying, the precipitate turns black,
which is most likely due to a reduction from V°* to V4*). When investigated via SEM,
the dried precipitate seems compact in nature, no pores are found. It is noteworthy
that the precipitate can easily be washed away and is undergoing a color change from
orange to green in the process, which is most likely caused by a reduction process to
V3T,
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Anodization of Vanadium Part I: The First Steps

In a first step the anodic oxidation of vanadium described by Stefanovich et al. was
reproduced ("Anodization solution 1"). They claimed to obtain a solid vanadium oxide
film, however, due to the differing focus of their study, no SEM images of the as-
obtained films were shown. Herein, the experiments were conducted at a voltage of
60 V for various reaction durations. The reactions were carried out in the "Copper-
setup".

Figure 4.29: SEM images of vanadium oxide films obtained by the method of Stefanovich et
al.. The experiments shown here were conducted at 60 V for a) 15 h and b) 5
minutes.

When the vanadium foil was anodized for 15 h, a rather solid vanadium oxide film
was obtained. On the surface of the film few randomly distributed holes were ob-
served (see Figure 4.29 a). The sample looked whitish to the naked eye, indicating
the formation of an oxide layer on the metal. For shorter reaction durations (exem-
plarily shown for a sample treated for 5 minutes in Figure 4.29) up to 3 h, no oxide
formation on the sample was observed, in fact, no difference was found compared to
a polished sample, neither in an SEM investigation, nor to the naked eye.

In summary, oxide films can be obtained with the method published by Stefanovich
et al., when a sufficiently long reaction time is allowed. The randomly distributed
holes are probably due to the benzoic acid, which can act as a weak etching agent.
Compared to Stefanovich et al. the reaction duration necessary for film formation is
rather long, this may be attributed to the setup used. Commonly, vertically arranged
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assemblies are used (such as the "Glass-Setup"), leading to an unhindered diffusion
compared to the spatially confined "Copper-setup”. The long reaction duration can
also be an explanation for the appearance of holes, which may be formed via chemi-
cal, not electrochemical, etching involving benzoic acid, thus requiring longer times.

As the second step the "Anodization solution 2" was tested with the "Copper-setup”
as the reaction vessel. The solution is the same as used in the anodization of titanium
metal. In priciple, this mixture can also be used for other metals, since the mechanism
for the pore formation is expected to be the same. Stefanovich et al. stated that the
oxygen which was later found in the oxidic films on vanadium substrates originates
from the borax in the solution, not from water or other sources, which would mean
that oxide formation is obstructed or prevented in absence of borax or similar reac-
tants. The experiments were conducted under the same conditiones as used for the
anodization of titanium, i.e. a voltage of 30 V was used. The effect of a variation of
the reaction duration was investigated.

Figure 4.30: SEM images of vanadium oxide films obtained with "Anodiazation solution 2" at
30 V for different reaction durations: a) 3h b) 72 hc) and d) 16 h.
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After a 3 h anodization the surface is optically unchanged, as opposed to anodiza-
tion of titanium in which a visible oxidic film is formed after the same time. In the case
of vanadium only some small particles are found on the surface, there is no sign of
a continuous film (see Figure 4.30 a). When the anodization is carried out for 16 h,
a non-uniform sample is obtained (compare Figure 4.30). Few randomly distributed
pores can be found on the sample, as well as areas with indentations and spongy
structures. Other parts of the sample seem empty, with only a few small particles
on the surface. The vanadium foil exhibits whitish areas, next to optically unchanged
parts. After performing an anodization for as long as 72 h, the sample does not
show any changes to the naked eye. When investigated by means of SEM, the sur-
face seems empty, meither oxidic structures nor particles were found. Apparently the
oxides formed on the sample after 3 h are dissolved again due to the prolonged an-
odization.

While oxidic films can, in principle, be obtained utilizing the "Anodization solution
1", it was found that the oxide formation is indeed obstructed, which is probably due to
the absence of boric acid as oxygen donor. Furthermore, dissolution of the as-formed
oxide occurs after prolonged anodization durations. A solution tailor made for the an-
odization of vanadium is required to obtain arrays of vanadium oxide nanotubes or
pores.
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Anodization of Vanadium Part Il: Aqueous Solutions

The experiments described in this section were performed using aqueous, saturated
boric acid solutions. Despite the solubility of vanadium oxides in water, there are sev-
eral advantages to aqueous solutions. The high conductivity of water leads to a high
current and thus a potentially more rapid reaction. Besides, the solubility of boric acid
in water is higher than in other common solvents, leading to the presence of a compa-
rably high amount of oxygen donor, which may facilitate the formation of a vanadium
oxide. All reactions were performed in the "Copper-setup" at 40 or 75 V for a reaction
duration of 5 or 30 minutes. The results are shown in Figure 4.31.
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Figure 4.31: SEM images of the surface of vanadium foils after a treatment with a saturated
boric acid solution in the "Copper-setup": a) 75 V, 30 min, ¢) 40 V, 30 min, b)
and d) 40 V, 5 min.

The image in Figure 4.31 a was taken from a sample that was treated for 30 min-
utes at 75 V. The surface of the sample looks etched after the treatment, there is no
sign of the formation of an oxide, neither in a SEM investigation, nor to the naked eye.
There irregular indentations ranging up to one um in size. The samples treated at 40
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V for 30 and 5 minutes (see Figure 4.31 b, c and d) look rather similar, only the etched
patterns are smaller; the indentations are well below 500 nm.

While the formation of an oxide layer on the vanadium foil using aqueous solutions
was not succesful, etching of the samples occured. For the formation of vanadium
oxide nano-tubes or -pores it would be interesting to be able to etch the vanadium foil
in an organized fashion. Possibly a well arranged array of nanoindentations can serve
as a substrate for the subsequent growth of nanotube on the same. A similar mech-
anism was described for the anodization of titanium (see section 4.3), in which case
the addition of small amounts of fluoride leads to the desired growth of nanotubes,
with an ordered array of nanoindentation below the oxide layer.

0.5 wt% of either ammonium fluoride or oxalic acid were added to the saturated
boric acid solution, thereby dramatically increasing the conductivity of the respective
solutions. As a consequence the current for the anodization was rather high (above
750 mA), which lead to the development of heat in the solutions. Thus, the reactions
were only carried out for 10 minutes at 40 V or for 3 h at a voltage of only 10 V.

Figure 4.32: SEM images of the surface of a vanadium foil after treatment with a saturated
boric acid solution containing 0.5 wt% oxalic acid in the "Copper-setup” for 3 h
at 10 V.

Figure 4.32 exemplarily shows the outcome of the described experiments; SEM
images of a sample treated for 3 h at 10 V with a saturated boric acid solution con-
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taining 0.5 wt% oxalic acid are shown. However, the observed results for the other
experiments were indistinguishable from the ones shown in Figure 4.32. Additionally
no significant difference compared to the samples obtained without oxalic acid or am-
monium fluoride was observed. The samples were etched and no pores were found.
In Figure 4.32 b the difference between the untreated and the etched part of the sam-
ple is shown, verifying the change in the sample upon the electrochemical treatment.

Aqueous solutions of boric acid with or without additives are not suitable for the
anodization of vanadium foil. No oxide layer could be obtained, the samples were
instead etched during the anodization. It was neither possible to alter the etching
process to obtain ordered indentations, rather than irregular ones. The reaction so-
lution was too "aggresive", owing to aforementioned high conductivity, caused by the
high amount of dissolved boric acid and the rather rapid diffusion in the low viscosity
solvent water, as well as the high solubility of vanadium oxides in water.
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Anodization of Vanadium Part lll: Organic Solvents

Ethylene glycol: "Standard conditions"

To address the issues mentioned in section 4.4.3 organic solvents were used in
this part of the study. The increased viscosity of non-aqueous solvents was already
utilized for the formation of TiO, nanotube arrays,[88] leading to a more controlled
and ordered growth of the nanotubes. Additionally, both boric acid and vanadium ox-
ides are less soluble in organic solvents, as compared to water, possibly favoring the
formation of an oxide layer over an etching process.

First, ethylene glycol was studied as a solvent; owing to several advantages, such
as sufficient solubility of reactants, miscibility with water in any ratio and a reasonably
high viscosity and conductivity, EG is the most prominent solvent for the anodization
of titanium. Additionally the "Anodization solution 2", which was also based on EG
did exhibit some porous structures, making ethylene glycol a promising candidate as
a solvent. The solution was made as described in the experimental section (2 wt%
of water and 0.5 wt% of ammonium fluoride or oxalic acid dissolved in EG saturated
with boric acid). The experiments were carried out for 3 h at a voltage of 40 V using
the "Copper-setup". The conditions described here will be referred to as "Standard-
conditions" from now on. Deviations from these conditions will be noted later in the
text. The results are shown on Figure 4.33.

Figure 4.33: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" (2 wt% of water and 0.5 wt% of ammonium fluoride or oxalic acid
dissolved in ethylene glycol saturated with boric acid, 3 h reaction duration, 40
V, "Copper setup": a) Ammonium fluoride b) and c¢) Oxalic acid.
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The surface of the sample obtained using NH,F was corrugated, yet porous. The
pores are polydisperse and no order is observable. As opposed to the samples shown
before, the vanadium foil was not etched, but an oxide film was formed on top of it.
The highest areas of the oxide layer seem rather flat, only shallow pores can be seen,
which points towards the formation of a mesoporous oxide, rather than an array of
nanotubes (see Figure 4.33 a). Another sample was produced using oxalic acid as
an etching agent. While most parts of the film look similar to the "NH,F" sample
(see Figure 4.33 c), other areas show the formation of wire-like structures, that form
bundles (see Figure 4.33 b), which can be affiliated to the more aggressive nature of
H,C,0, as an etching agent and thus an etching process in the oxide layer.

However, in these experiments large areas exhibiting a porous structure were found
for the first time. The presence of boric acid is necessary to form a continous oxide
layer (compare section 4.4.3) and both NH,F and H,C,O, can induce the formation
of porous structures.

Ethylene glycol: Different setups

The samples shown in this section were made under the same condition as de-
scribed above, only the "Teflon-Setup" was used instead of the "Copper-setup”. The
results are shown in Figure 4.34.

Figure 4.34: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" (2 wt% of water and 0.5 wt% of ammonium fluoride or oxalic acid
dissolved in ethylene glycol saturated with boric acid, 3 h reaction duration, 40
V, "Teflon-setup": a) ammonium fluoride b) and c) oxalic acid.
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In this case, the differences between the "NH,F and H,C,O, samples" were more
pronounced compared to the previous section. The NH,F sample, on one hand, was
flat, no elevations or indentations were found. Pores were visible on the samples’
surface, however, the pore-density was rather low, their distribution random and the
shape irregular (see Figure 4.34 a). In case of the H,C,O4 sample, on the other hand,
the surface was completely covered with a dense, unordered array of nanopores (see
Figure 4.34 b). Figure 4.34 ¢ shows that the highest areas of the oxide layer on the
vanadium foil were again rather flat (also compare 4.33 a). The difference between
the two samples is clearly evident, which was a rather unexpected result. One pos-
sible explanation is a slower reaction progress due to the hindered diffusion in the
"Teflon-setup” (the "tube" that connects the sample to the rest of the reaction ves-
sel is longer, compared to "Copper-setup"). The slower reaction progress explains
both the low pore density for the "NH,F sample”, as well as the missing wire-like
structures in the "H,C,O, sample”, i.e. no etching of the sample occurred. Based
on these observations it is also reasonable to conclude that the reaction proceeds
faster when oxalic acid is used instead of ammonium fluoride. Other than reaction
velocity, the results obtained using the "Teflon-setup" were rather similar to the ones
in the "Copper-setup". Due to the more rapid reaction progress, the "Copper-setup”
is preferable.

Ethylene glycol: Temperature control

The samples described previously in this section were fabricated without an active
temperature control, i.e. the experiments were conducted at room temperature. In
order to aid the uniform growth of a vanadium oxide layer, all samples were from now
on prepared at a controlled temperature of 25°C.

Figure 4.35 and c shows the surface of the "NH,F samples", which are similar to
the samples obtained without temperature control. The surface is corrugated and
porous, neither order nor size control was achieved. The highest areas of the sample
do not exhibit pores. The "H,C,O, sample", on the other hand, looks completely dif-
ferent (see Figure 4.35 b and c). It is completely non-uniform and uneven. Bubble-like
structures are observed, additionally there is no complete pore-coverage and the size
and shape of the pores is irregular.
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Figure 4.35: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" (2 wt% of water and 0.5 wt% of ammonium fluoride or oxalic acid
dissolved in ethylene glycol saturated with boric acid, 3 h reaction duration, 40
V, 25°C, "Teflon-setup": a) and ¢) Ammonium fluoride b) and d) Oxalic acid.

The results display a major drawback of the reactions discussed so far: A lack of

reproducibility. There are multiple possible reasons for this behavior:

e The concave substrate leading to variations in the electric field on the vanadium
foil.

e The solubility of boric acid in ethylene glycol depends on the ambient tempera-
ture.

e An aging effect of the anodization solution is possible, as shown for the elec-
tropolishing solution.

e The formation of an insoluble gel on top of vanadium foil.
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However, pores were found in all samples, demonstrating the principal feasibility of
the applied method.

Ethylene glycol: Components of the anodization solution

The composition of the reaction solution was based on work reported in literature
and experience gathered via the anodization of titanium. It was stated earlier that in
this work and in the literature [79] that boric acid or borax, respectively, represents a
necessary component for growth of an oxide layer. The presence of an etching agent,
such as oxalic acid was found to be a necessary prerequisite for the formation of pores
or tubes, rather than a solid oxide layer, in the literature concerning anodizations.[13]
In this line of experiments, the actual influence of the aforementioned components
was investigated for the reaction system investigated in this study.

2] b

Q%m S%m 2

Figure 4.36: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" (2 wt% of water and 0.5 wt% of ammonium fluoride or oxalic acid
dissolved in ethylene glycol saturated with boric acid, 3 h reaction duration, 40
V, 25°C, "Teflon-setup"): a) No oxalic acid was used b) No boric acid was used
¢) Both oxalic and boric acid were left out.

Figure 4.36 a shows a SEM image of a vanadium foil anodized without oxalic acid.
No trace of pores was observed, but a corrugated oxide layer was formed. When
an anodization solution without boric acid was utilized, the sample exhibits etched
structures, similar to those obtained in aqueous solutions. Again, no pore formation
occurred (see Figure 4.36 b). If neither oxalic nor boric acid were used, most of the
sample was completely flat (see upper part of 4.36 c), while tetrahedral structures
were observed in some parts of the sample (see lower part of 4.36 c). Their origin is
the subject of ongoing research.
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In neither of the samples pore formation was observed; clearly demonstrating that
all components are required to induce the growth of nanopores or tubes. The boric
acid is most likely the oxygen source for the formation of the oxide layer, while the
oxalic acid etches the pores into the same.

Ethylene glycol: Reaction duration

Judging from the contrast of the SEM images shown so far and the little optical
changes of the vanadium foil before and after the anodization, the pores obtained are
rather shallow. Thus, longer reaction durations were tested, in order to determine
whether the pore length can be enhanced.

Figure 4.37: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" but for a prolonged reaction duration of 16 h using: a) H,C;0O4 b)
and c) NH,F.

The results for the "H,C,0O, sample" are shown in Figure 4.37 a. The sample is
completely uniform, however, no pores were found on its’ surface. It was observed
that structures similar to the etched ones in the samples made with aqueous solutions
were formed. Apparently no oxide film was formed, but the vanadium foil was etched
during the reaction. For the anodization utilizing NH4F, on the other hand, a corru-
gated oxide film was obtained. Parts of the sample were covered with unordered,
polydisperse pores, while also non-porous areas were found. In general the pore-
density was rather low.

In case of the oxalic acid it was concluded that the oxide film is corroded away by
the oxalic acid. The current at the end of the long-term reaction is very low, leading
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to a dominance of chemical etching over the formation of an oxide layer, which is in-
duced by the current. Based on this consideration it can be stated once again, that
the NH4F is a weaker etching agent than oxalic acid, which is most likely due to the
chelate-effect of H,C,O,, since the oxide film is still present after 16 h.

Ethylene glycol: Concentration of the etching agents
In order to elucidate the effect of the etching agents more clearly different amounts
of NH4F and H,C,O,, respectively, were used in this line of experiments.

Figure 4.38: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" but with a varying amount of NH4F and H,C50y4: a) 0.2 wt% NHF
b) 0.2 Wt% H2C204 C) 0.7 Wt% NH4F and d) 0.7 Wt% H2C204.

The surface of the vanadium foils anodized with 0.2 wt% NH,4F (see Figure 4.38 a)
was flat over large areas, as opposed to the corrugated surfaces observed in earlier
experiments. However, the sample exhibits randomly distributed, polydsiperse, low
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density pores on the entire surface. Additionally the pores seem small, compared
to a sample prepared with 0.5 wt% NH4F. A quantification of the pore size is difficult
due to the random size distribution. Very similar results were obtained for the sample
anodized with 0.2 wt% H,C,0,, the major difference being a larger pore size. The
behavior is another indication for the stronger etching effect of oxalic acid. This phe-
nomenon is even more evident for the samples anodized with 0.7 wt% H,C,0, and
NHF (see Figure 4.38 ¢ andd). In case of the NH,F sample a corrugated surface
was found again. While the lower parts of the sample are non-porous, there are sev-
eral hills scatterd all over the sample, which are porous. For the H,C,0O, sample, no
pores were found at all. The surface seems strongly etched and relatively flat. The
use of more etchant leads to a dominance of chemical etching compared to the elec-
trochemical growth of the oxide layer. Essentially these experiments show that the
amount AND nature of the etchant are both decisive. Too little leads to the forma-
tion of low density pores, too much leads to the dissolution of the oxide layer, which
represents a random process and is thus not desirable for the formation of ordered
arrays of nanopores. The evident difference of the etching effect of NH,F and H,C,0,
shows that the results obtained with the same amount of the respective agent are not
comparable to each other. From now on, only oxalic acid was used, due to the more
rapid nature of the etching process compared to NH,F.
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Ethylene glycol: Concentration of boric acid

It was already demonstrated that the complete omission of boric acid prevents the
generation of an oxide layer and thus pore formation. While for the experiments de-
scribed so far saturated boric acid solutions were used, herein the amount of boric
acid was varied. Three different concentrations were used, i.e. 0.02 g/ml, 0.06 g/ml
and 0.1 g/ml. For both of the lower concentrations the outcome was similar to the
sample fabricated without boric acid (compare Figures 4.39 a and 4.36 b). No pores
were found on the sample and the surface seemed etched. Apparently no oxide was
formed in course of these reactions. On the surface of the sample made with a solu-
tion containing 0.1 g/ml boric acid pores were observed. The surface was corrugated
and the pores, which were roundish and rather well ordered, were found on most
parts of the sample. However, the pores were comparably shallow, judging from the
weak contrast of the SEM images. Additionally, high amounts of unwanted particles
were found on the sample. The last experiment nicely shows the different functions of
the chemical species involved in the anodization. While the oxide formation is due to
the boric acid, and is thus hindered if the amount of H;BOs is reduced, the pores are
formed due to the oxalic acid. If an oxide layer is formed (as in the sample containing
0.1 g/ml H3BOs), roundish pores are obtained when 0.5 wt% oxalic acid is used, as in
the sample prepared with a saturated boric acid solution.

Figure 4.39: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" but with a varying amount of boric acid: a) 0.02 g/ml b) 0.1 g/ml.
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Tetra-ethylene glycol: "Standard conditions"

Porous oxide layers could be formed using ethylene glycol as a solvent for the an-
odization reactions; in some experiments even partially ordered ones were obtained.
However, both reproducibility and uniformity of the samples was found to be problem-
atic. The reproducibility issue can be addressed by carefully controlling the reaction
parameters and other factors, such as the preparation of the reaction solutions and
the vanadium foil. In principle, uniformity can be achieved by adjusting the ratio be-
tween oxide formation and etching of the pores into the vanadium oxide. This can be
done via adjusting the amount or chemical nature of the etchant (see last section) or
changing the solvent, which directly influences the solubility of the as-formed vana-
dium oxide and the rate at which the oxide will be etched.

Figure 4.40: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with tetra-ethylene glycol as solvent using: a) and c) 0.5 wt%
H,C,0, b) and d) 0.5 wt% NH,F.
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The viscosity of the solvent influences the diffusion of reactants in the solution; a
solvent with a higher viscosity will thus lead to lowered diffusion and a decreased
etching rate. Based on these considerations tetra-ethylene glycol was tested as a
solvent for the anodization of vanadium foil.

The "Standard-conditions" are the same as described in the last section, only the
solvent was changed (2 wt% of water and 0.5 wt% oxalic acid or ammonium fluoride
dissolved in tetra-ethylene glycol (TEG) saturated with boric acid, 3 h reaction dura-
tion, 40 V, 25°C, "Copper-setup”). The results of the experiments are shown in Figure
4.40. It is noteworthy that both samples exhibit flat and uniform surfaces, additionally
the reaction is completely reproducible. However, some defects are still found on top
of the sample (see Figure 4.40 a and b). Both the samples prepared using H,C,0,
(see Figure 4.40 a and c) as well as NH,F (see Figure 4.40 b and d) are rather similar.
The surfaces are completely covered with unordered, polydisperse pores with an av-
erage pore size of around 120 to 130 nm. In the case of ammounium fluoride as the
etching agent, the pores seem rather shallow; similar observations were made before.

Tetra-ethylene glycol: Reaction duration

The solubility of vanadium oxides is lower in tetra-ethylene glycol, as compared
to ethylene glycol. Additionally the effect of the etchant should be lowered, due to
a decreased diffusion in TEG caused by its’ higher viscosity. Thus, longer reaction
durations in TEG may lead to a thicker, yet still uniform oxide layer, while avoiding the
formation of corrugated oxide films.

The results for samples anodized for 1, 6, 16 and 65 h, respectively, are shown in
Figures 4.41 and 4.42. The only significant difference compared to the sample made
using the "Standard-conditions" is the amount of defects that were observed on the
surface. While virtually none were found on the "1 h sample" (see Figure 4.41 a),
significantly more were found on the vanadium foil after a treatment of 6 h (compare
Figure 4.41 b). After 16 h the amount and size of the defects has further increased.
Their shape is roundish and they are porous themselves (as shown in Figure 4.42 a).
When the treatment was carried out for as long as 65 h the "defects" cover most of the
surface of the metal foil. They exhibit an irregular shape and parts are porous, while
others seem solid (see Figure 4.42 b). Beneath these defects and on the other parts
of the samples, a uniform pore coverage similar to the sample made using "Standard-
conditions" is found (compare Figure 4.41 b and d, as well as 4.42 b and d).
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Figure 4.41: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with TEG as solvent and varying reaction conditions: a) and ¢) 1 h'b)
and d) 6 h. Only H,C,0,4 was used as etching agent.

The pore size for all four samples was found to be the same as the sample anodized
for 3h,i.e. 120 to 130 nm. As for the anodization of titanium, [89] the pore size does
not depend on the reaction duration, but on the anodization voltage under otherwise
similar conditions at sufficiently long reaction durations. Interestingly, it was observed
that the size of pores varies in the vicinity of the defects for the 16 h sample (see
Figure 4.42 b); the pores exhibit diameters of around 240 nm in this case. The origin
of the defects and the varying pore size near them cannot be easily explained and is
the subject of ongoing research. However, the original intention to form a thicker, yet
uniform oxide layer could not be implemented due to the appearance of large defects.
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Figure 4.42: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with TEG as solvent and varying reaction conditions: a) and c) 16 h
b) and d) 65 h. Only H,C,0,4 was used as etching agent.
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Poly-ethylene glycol

The use of TEG as solvent under otherwise unchanged conditions (2 wt% of water
and 0.5 wt% oxalic acid dissolved in tetra-ethylene glycol (TEG) saturated with boric
acid, 3 h reaction duration, 40 V, 25°C, "Copper-setup") yielded to the formation of
uniform samples with little defects. It is thus interesting to utilize a solvent with an
even higher viscosity and lower solubility of vanadium oxides such as poly-ethylene
glycol, under otherwise similar conditions. It should be noted that also less boric acid
could be dissolved in PEG, compared to all other solvents used.
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Figure 4.43: SEM image of the surface of a vanadium foil after treatment under "Standard-
conditions" with poly-ethylene glycol as solvent. Only H,C;0O, was used as
etching agent.

No pores could be found on the sample anodized with PEG as solvent. Interest-
ingly, defects similar to those observed in "TEG-samples" were found on this sample,
too (see Figure 4.43). They consist of bundled holes of a roundish shape. Addition-
ally cracks were observed (see right part of Figure 4.43), which points towards the
formation of a flat oxide layer, since these cracks are not found on pristine samples.
No etching of the oxide layer occured, most likely due to the limited diffusion owing to
the high viscosity of PEG, as compared to the other solvents used.
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Mixture of ethylene- and tetra ethylene glycol: "Standard conditions"

When ethylene glycol was used as solvent under "Standard conditions" (2 wt%
of water and 0.5 wt% oxalic acid dissolved in the respective solvent saturated with
boric acid, 3 h reaction duration, 40 V, 25°C, "Copper-setup") roundish pores on a
corrugated surface were obtained as a result. If the solvent EG was exchanged with
TEG, on the other hand, a uniform and even pore coverage with little defects was
obtained. However, in this case the pores were irregularly shaped. A combination
of the properties of both solvent (Viscosity, solubility of the reactants and vanadium
oxide) may present a solution to this issue. In principle there are two possibilities to
achieve this combination:

1. A mixture of TEG and EG can be used

2. Another solvent, such as di-etyhlene glycol, can be utilized

The first attempt was made with a 1:1 volumetric mixture of TEG and EG, which
was saturated with boric acid after blending the two solvents. All other conditions re-
main as usual.

Figure 4.44: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with a volumetric (1:1) mixture of TEG and EG as solvent. Only
H,C20, was used as etching agent.

The samples obtained are rather uniform, yet a significant amount of defects can
be observed (see Figure 4.44 a). Furthermore, the reaction is highly reproducible
and the resulting porous oxide layers are not corrugated. The majority of the sam-
ple consists of roundish, partially ordered, polydisperse nanopores with a diameter of
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around 100 nm, as shown in Figure 4.44 c. Most of the observed defects are irregu-
larly shaped holes/pores, while others are tube-like (compare Figure 4.44 b). It can be
stated that the idea to combine two solvents to achieve a uniform pore coverage and
a flat oxide film worked in principle. However, the pores are neither perfectly ordered
nor monodisperse and the amount of defects was higher than originally desired. In-
terestingly, the diameter of the pores is about 30 nm smaller for the solvent mixture
as compared to TEG. While the diameter of the pores is indeed determined by the
voltage under otherwise similar conditions, a change of the solvent accompanied by
a change of the conductivity of the anodization solution does have an effect on the
pore size. The "effective voltage" on the sample is higher, if the conductivity of the
solvent used is increased. [12]

Mixture of ethylene- and tetra ethylene glycol: "Anodization voltage"

Figure 4.45: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with a volumetric 1:1 mixture of TEG and EG as solvent at different
voltages: a) 20 V; b) 60 V. Only H,C50, was used as etching agent.

After rather roundish and ordered pores were obtained under "Standard-conditions",
the anodization voltage was varied in order to alter the size of the nanopores. Figure
4.45 a shows a SEM image of a sample anodized at 20 V. No pore formation was
observed on the surface of the vanadium foil in this case, only etching of the sample
occurred. Due to the resistivity of the anodization solution the " effective voltage" on
the sample is lowered, preventing the formation of an oxide layer. This leads to the
aforementioned dominance of chemical etching over the electrochemical reaction. If
the voltage was raised to 60 V the surface of the sample became corrugated; only
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on the highest areas of the sample roundish pores were observed, while the other
parts exhibited irregularly shaped pores (see Figure 4.45b). This behavior may be
attributed to the so called "breakdown voltage". [90]p At a certain voltage an oxide
is detached from the surface of a metal. The exact value of this voltage depends on
multiple parameters, such as conductivity of the solvent or reactivity of reactants in
the solution. However, the exact reason for the beahvior is not understood, yet, and
the influence of the anodization voltage is more compley than a simple size-tuning of
the nanopores.
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Di-ethylene glycol

In the previous section it was stated that the second option to obtain a solvent
with properties of both EG and TEG is the use of di-ethylene glycol, which will be
described in the following section. All other parameters were the same as in the
"Standard-conditions" (2 wt% of water and 0.5 wt% oxalic acid dissolved in the re-
spective solvent saturated with boric acid, 3 h reaction duration, 40 V, 25°C, "Copper-
setup”).

Figure 4.46: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with DEG as solvent: a) and c¢) "Sample 1"; b) and d) "Sample 2".
Only H>,C50,4 was used as etching agent.

For the first experiment conducted using DEG as a solvent (see Figure 4.46 a and c)
a perfectly uniform sample was obtained. Only a few unwanted particles are found on
the surface. The pores are well ordered, nearly monodisperse and have a diameter
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of roughly 70 nm. The majority of another sample anodized with DEG as solvent also
consisted of nicely ordered and monodisperse pores (see Figure 4.46 d), while parts
of surface of the vanadium foil were covered with irregularly shaped, polydisperse
pores and tubes (see Figure 4.46 b). It is also noteworthy that the well ordered pores
on this sample have a diameter of around 90 nm, i.e. they are 20 nm larger than
the pores of the first sample. This odd behavior cannot be explained so far. One
approach towards an explanation is an altered conductivity of the solvent, which may
be caused by water in the solvent or the other reactants. However, the explanation
remains speculative, until this phenomenon is fully investigated. Regardless, it can
be stated that the use of DEG resulted in samples that at least partially consist of the
desired well ordered, monodisperse nanopores. These experiments were repeated
several times, yet, the resutls of the first experiment could not be reproduced. While
nicely ordered pores were always found, defects also occurred in every sample. The
diameter of the pores was found to be between 70 and 90 nm for all samples. Despite
these variations, apparently the pore size decreases with increasing conductivity, i.e.
higher effective voltage on the sample, of the solvent in the anodization of vanadium.

Di-ethylene glycol: Reaction duration and anodization voltage

Figure 4.47: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with DEG as solvent and: a) a reaction duration of 16 h, as well as b)
an anodization voltage of 60 V. Only H,C,0, was used as etching agent.

The reaction duration and anodization voltage were altered in order to determine
the influence on uniformity of the sample and pore size, respectively. The other pa-
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rameters were the same as in the "Standard conditions". The SEM image in Figure
4.47 a shows the surface of the vanadium foil anodized for 16 h. The only signifi-
cant difference compared to samples anodized for 3 h is the pore size, which was
increased to around 140 nm. As previously mentioned the pore size predominantly
depends on the anodization voltage, however, the reaction duration needs to be long
enough to ensure the maximum pore size was already reached. In other words, at the
"beginning" of the anodizations the pores grow until the maximum diameter possible
at the applied voltage is reached. Afterwards no additional pore growth is observed.
[13] In the case describe here, this maximum diameter has not been reached after 3
h, causing the pore growth in the 16 h sample. It should not be neglected that on the
surface of this sample irregularly shaped pores and other defects are found.

When the voltage is increased to 60 V and the reaction duration remains at 3 h, an
increased pore diameter as compared to the sample prepared at 40 V is expected.
Indeed, an increased diameter of 120 nm was found (see Figure 4.47 b). The pores
obtained in this experiments are rather well ordered but not as monodisperse as be-
fore. Furthermore, large parts of the sample consist of irregularly shaped pores and
other defects.

Di-ethylene glycol: The "Glass-setup”

If all parameters in the whole reaction cascade from the unpolished vanadium to
the anodized foil are controlled carefully, a uniform sample is expected. However,
nearly all samples exhibit parts with defects. It is thus likely that the defects arise
from parameters that cannot be controlled very well, such as the ambient conditions
(e.g. fluctuations of the humidity), the processing of the as-purchased vanadium foil,
which is always concave, or the precipitation of a vanadium oxide on the surface of
the foil, which represents a random process. Among these parameters, the precipi-
tate on the surface of the vanadium foil can be prevented, while the influence on the
other parameters is limited. The final set of experiments was thus conducted in the
"Glass-setup" under otherwise similar conditions as described above (2 wt% of water
and 0.5 wt% oxalic acid dissolved in the respective solvent saturated with boric acid,
3 h reaction duration, 40 V, 25°C). Due to the vertical arrangement of the vanadium
foil and the counter electrode, the oxide does not precipitate on the vanadium foil.

Multiple samples were prepared under the experimental conditions described above
(see SEM images in Figure 4.48 a, c and d). All samples were almost completely uni-
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Figure 4.48: SEM images of the surface of vanadium foils after treatment under "Standard-
conditions" with DEG as solvent in the "Glass-setup". Only H,C50,4 was used as
etching agent.

form, defects in form of irregularly shaped pores (compare Figure 4.48 b) were rarely
found. The pores were monodisperse and well ordered, with a pore of 40 nm in all
samples (see Figure 4.48 c). it should again be emphasized that the pore diameter
depends on the anodization voltage, if all other parameters are the same. A change
of the setup naturally leads to altered parameters. The diffusion in the "Glass-setup”
is unhindered due to a lack of spatial confinement of the electrodes, which leads to a
higher current (compare next section) and thus smaller pore diameters. The outcome
is in line with the results presented earlier, where a higher conductivity of the solvent
also led to a higher current and thus smaller pores. If the solution is stirred the current
is further increased, however, the pore diameter remains at 40 nm. It is thus likely that
the maximum pore density (i.e. minimum pore diameter) possible under these condi-
tions was reached.
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Anodization of Vanadium: Current-Time-Curves of Selected Samples

Typical current time-curves for the anodization of vanadium are shown in Figures 4.49
and 4.50. These curves exhibit a characteristic shape, which is mostly determined
by the setup used for the anodization. Figure 4.49 shows the typical shape of the
current-time curve in the "Copper-setup”, which is exemplarily shown for a vanadium
foil anodized under "Standard-conditions" (2 wt% of water and 0.5 wt% oxalic acid
dissolved in the respective solvent saturated with boric acid, 3 h reaction duration, 40
V, 25°C, "Copper-setup") using DEG as a solvent.

— "Copper-setup”

Current (mA)

T T T T T
00:33:20 01:06:40 01:40:00 02:13:20 02:46:40

Reaction duration (hh:mm:ss)

Figure 4.49: Current-time curves of an anodization carried out under "Standard-conditions"
using DEG as solvent in the "Copper-setup".

The current quickly rises to its” maximum value, which is around 8.5 mA in this
case, followed by a rapid decay to the first minimum. Afterwards there is a short rise
of the current, subsequently followed by a steady decline. In this sample, the fall of
the current is accelerated between rouhgly 1 h and 90 min reaction duration, which is
followed by another steady decline. The current-time curves shows similarities to the
corresponsing data obtained while anodizing titanium [2] and can thus be interpreted
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in a similar fashion. In a first step, the electric field is build up leading to the rise of
the current to a maximum value. The subsequently following decrease is due to the
formation of a barrier oxide, which starts dissolving due to the etching agent (H,C,0,
or NH4F). The dissolution, which is enhanced and controlled via the electric field,
causes the barrier oxide to thin down leading to the small rise of the current. In
the case of the anodization of titanium this is followed by a steady state, in which
dissolution and formation of the oxide layer are in equilibrium leading to a constant
current. There are three likely explanations for the described decay of the current
observed for the anodization of vanadium:

1. The vanadium oxide formation is dominant over the dissolution, caused by either
a slow etching process or rather rapid formation of vanadium oxide.

2. The precipitation of a vanadium oxide on top of the nanopores hinders the cur-
rent flow.

Figure 4.50 shows the current-time curves for the anodization of vanadium con-
ducted under "Standard-conditions" using DEG as solvent in the "Glass-setup" with
and without stirring of the anodization solution in course of the reaction.

354

— "Glass-setup w/o stirring"
30 - — "Glass-setup” with stirring”
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Figure 4.50: Current-time curves of anodizations carried out under "Standard-conditions" us-
ing DEG as solvent in the "Glass-setup".
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As mentioned earlier, stirring of the reaction solution in the "Glass-setup” led to an
increases current, but did not have an influence on the pore size. It did neither influ-
ence the shape of the current time curve, which exhibits an exponential decay when
the "Glass-setup" is used. The argumentation is similar to the sample described in
Figure 4.49. Owing to a lack of obstacles, the electric field builds up rapidly, i.e. the
rise cannot be detected. The first current value is recorded after two seconds, which
is a technical limitation of the recording device. Most likely the electric field is already
completely built-up at that time. Afterwads the current decreases exponentially due
to the formation of the barrier oxide. The onset of the dissolution of the oxide layer
can neither be detected, most likely due to the high overall current. The final part of
the current-time curve is a steady decay, as described above. Since the precipitation
of vanadium oxide is prevented due to the vertical arrangement of the electrodes, this
is most likely caused by a dominance of the formation of the vanadium oxide over the
dissolution of the same.

Based on these considerations the determination of the thickness of the vanadium
oxide nanoporous layer on the vanadium foil at the end of the reaction is necessary.
It would furthermore be interesting to measure the thickness of the oxide layer at
different stages of the reaction.
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Anodization of Vanadium: AFM Measurements on selected samples

In order to determine the thickness of the porous vanadium oxide layer AFM mea-
surements were conducted on a sample anodized under "Standard-conditions" using
DEG as solvent in the "Glass-setup" (see Figure 4.51). From the depth profile the pore
depth and thus the thickness of the porous vanadium oxide layer was determined to
be 10 nm. This value is surprisingly low; a thicker vanadium oxide film was expected
after 3 h of anodization. In order to elucidate whether the method AFM is suitble for
the determination of film thicknesses of porous vanadium oxide films For compari-
son, a titanium foil anodized under the conditions described by Lee et al. [2] in the
"Teflon-setup" was also measured (compare Figure 4.52). The thickness of nanotube
array on this sample was determined to be around 1 um via cross-sectional SEM
measurements beforehand (compare 4.3). A pore depth of 10 nm was measured for
the titanium sample, too, i.e. AFM is not suitable for the determination of pore depth
in these samples. This is caused by a combination of the small pore diameter and
the low angle at which the cantilever is oriented towards the sample. The cantilever
cannot penetrate the pores completely.
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Figure 4.51: AFM image and corresponding depth profiles of a vanadium foil anodized under
"Standard conditions" using DEG as solvent.
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Figure 4.52: AFM image and corresponding depth profile of a titanium foil anodized for 5
minutes using the conditions described by Lee et al. [2] in the "Teflon-setup".
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Anodization of Vanadium: Cross Section SEM

Figure 4.53: Cross-sectional SEM images of vanadium foils anodized under "Standard con-
ditions" using DEG as solvent. The SEM images were obtained via different
methods: a) The sample was scratched with a diamond cutter, b) the sample was
cut with scissors and ¢) The sample was "shocked" at 400°C.

In case of the anodiaztion of titanium two methods were utilized to obtain cross-
sectional SEM images (compare section 4.3):

1. For samples anodized for longer durations the comparably thick oxidic film de-
tached itseld from the sample and could directly be measured.

2. For samples anodized for short durations the film was scratched with a diamond
cutter. Parts of the oxide film were detached in the process and could subse-
quently be measured.

Figure 4.53 shows attempts to obtain cross-sectional SEM images of the anodized
vanadium foil, neither of which was succesful.

Since the oxidic layer did not detach itself, it was scratched with a diamond cutter.
As shown on Figure 4.53 a, no parts of the film were detached from the surface of the
vanadium foil. Only a scratch originating from the diamond cutter was observed. The
oxidic layer is either strongly attached to the vanadium foil or it is too soft. A second
attempt to cut the sample with scissors (see Figure 4.53 b yielded similar results. The
oxidic layer was too soft, which led the porous layer to bend over the cutting edge.
Another possibility to detach an oxidic film from the underlying metal is temperature
induced stress. For that purpose the as-anodized foils were transferred to a furnace
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preheated to 400°C. The results of this experiment can be seen in Figure 4.53 c. The
thickness of the detached layer was determined to be around 200 nm, however, the
porous structure was destroyed upon heating the sample. Thus, it cannot safely be
stated that 200 nm is the actual thickness of the vanadium oxide layer. The determi-
nation of the film thickness is the subject of ongoing research.
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Anodization of Vanadium: XPS Analysis of selected samples

Phase analysis of the as-anodized samples via X-ray diffraction was impossible, ei-
ther due to the amorphous nature of the as-grown oxide or its insufficient thickness.
Consequently, XPS analysis was used for a determination of the oxidation states of
vanadium in the oxidic film.

In a first step it was attempted to determine the oxidation states of the vanadium
oxide on the metal substrate by comparison to purchased vanadium standards (V.05
(98%, Sigma-Aldrich), VO, (99%, Sigma-Aldrich), V,05 (>98%, Sigma-Aldrich)). The
data evalutaion was based on the XPS study published by Mendialdua et al. [91] All
samples were kept in ultra-high vacuum over night prior to the measurement, in order
to remove gaseous substances, such as oxygen, from their surface. A problem may
arise due to the fact that the standards are powders. The non-uniform surface of the
powders may lead to non-uniform charging of the sample, which is difficult to detect
and leads to random shifts in the binding energies. Polycrystalline standards were
used, i.e. different crystal faces may be exposed to the X-rays, leading to shoulders
in the peaks and shifts in the binding energies. The same may happen due to the
most likely amorphous nature of as-grown vanadium oxide [2]. All samples measured
here were not treated in any way prior to measurement.

According to Mendialdua et al., the O 1s peak of the vanadium is best suited as
energy reference and the elemental ratio of vanadium to oxygen cannot be used to
determine the oxidation state. Instead three values were used to determine differ-
ences in the oxidation state:

1. The energy difference between O 1s and V 2p;,, ("6"), which depends on the
treatment of the sample and the oxidation state. In general it was found that &
decreases with increasing oxidations state.

2. The full width at half maximum (FWHM) of V 2p;/, ("\") decreases with increas-
ing phase purity (on the surface) AND oxidation state. This value shows pre-
dominantly the surface oxidation, which contributes to the signal broadening
while it does not the shift the peak maximum. The systematic change of X is
more visible for the V 2p;/,- than for O 1s-peak, where )\ varies randomly with
changing oxidation state of vanadium. It is noteworthy that A\ strongly depends
on the background correction performed and thus the data evaluation software.
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3. The shape of the peaks indicates phase purity via shoulders or broadening.

The phase purity of the standards was confirmed via X-ray diffraction, however, it
should be noted that the surface of the samples (only the first 3-10 nm can be de-
tected via XPS) may differ from the bulk. According to Mendialdua et al. V;0; is
reoxidized on its’ surface upon exposure to the ambient atmossphere. The surface of
VO, is also readily over-oxidized when exposed to oxygen. V,0Os, on the other hand,
is partially reduced under ambient conditions. For these reasons Mendialdua et al.
applied different treatments to oxides of vanadium in order to obtain a "phase pure"
surface.

The results of the XPS measurements are summarized and compared to the cor-
responding literature values in table 4.1. The respective values for 6 and \ are given
in eV. Absolute energy values are not shown, since the position of the peaks was
normalized with respect to the oxygen O 1s peak, which was set to 529.8 eV. The
corresponsing XPS spectra are shown on Figure 4.54.

Table 4.1: Summary of the values for § and A (both in eV) for the vanadium standards and the
anodized sample compared to the literature.

Sample AO1s(eV) AV2pss(eV) 4(01s-V2ps) (eV)

V,0; standard 1.54 1.28 12.9
V5,05 literature 1.60 1.40 12.8
VO, standard 1.71 2.61 12.7
VO, literature 2.80 4.0 14.35
V,0; standard 1.88 2.54 13.2
V1,035 literature 2.0 4.8 14.84
Anodized foil 1.63 2.27 13.4

In the case of V,Oj5 the §- and A-values measured for the purchased standards and
the literature values are comparable. The shapes of the O 1s and V 2p;/, peaks are
rather symmetrical, small deviations from the symmetry indicate a slightly reduced
V,0s5. The measured FWHM for the VO, standard is also lower than the literature
value for both V 2p;3,, and O 1s, however, an increase was measured compared to
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Figure 4.54: XPS spectra of different samples: a) V5,03 standard b) VO, standard c¢) V5,05
standard d) Vanadium foil anodized under standard conditions.

V,0s, as expected. Especially the V 2p;/, peak is very unsymmetrical for the VO,
standard, which may be related to over-oxidation of the surface. The value for § is
very similar to the value measured for V,05, which was not expected. As opposed to
the findings of Mendialdua et al., a decreased value of 4 for the V 2p;/, in the V,0;
standard compared to the VO, standard peak was measured- statements by different
trend for the FWHM is observed here. For the V,0O3; standard sample, on the other
hand, the J-value increases, as compared to VO, which is in line with the findings in
literature. A pronounced shoulder in the oxygen peak was found for the V,0; stan-
dard, indicating multiple phases on the surface of the sample. The §- and A-values for
the anodized foil are in the same roughly similar to the ones measured and the values
found in literature.

As pointed out in the previous paragraph, the measured - and \-values for the
different vanadium oxide standards are not completely in line with the values from the
work of Mendialdua et al. This observation will be discussed below. However, the
mismatch between measured and literature values aggravates the data evaluation.
The X-value of the V 2p;/, peak is in between the values for V,05; and V,05/VO,,
while the energy difference between these peaks (J-value) would point towards V,0;
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as the oxidation state of the anodized sample. When compared to the literature val-
ues, on the other hand, both the §- and A-value indicate a phase mixture of VO, and
V;,05. Based on the data available an exact determination of the oxidation state of the
oxide film on the anodized vanadium foil is not possible. However, it seems likely that
the obtained composition is a phase mixture of VO, and V,0s.

The aforementioned inconsistencies of the in the XPS data may be due to multiple
phenomena that all affect the XPS signal:

e The measured energy values change upon the setup, i.e. the instrument used
has an influence on the results. The exact settings are rarely mentioned in pub-
lications. Additionally, the alignment of the instrument influences the outcome.

e The sample preparation influences the results strongly (as shown by Mendial-
dua et al.). Multiple procedures, such as sinterting, oxidation or reduction as
well as exposure to the ambient atmosphere influence the results. For these
reasons not even the standards can be compared easily to each other, let alone
the anodized sample to the standards.

e The crystallinity and the nature of the sample influence the outcome, too. The
anodized sample has a rather flat surface, compared to the standards and the
literature samples, which were measured in form of powders. Additionally, the
standards and the samples from literature are crystalline materials, while the
anodized sample is amorphous in nature.

¢ Different studies of vanadium oxides are normally consistent within themselves
(compare [91] and references therein) and the general trends mentioned before
can normally be observed, but the obtained values are not comparable to each
other.

In summary, the comparison of anodized vanadium foil to the standards or the lit-
erature does not lead to the desired result; the oxidation state cannot be determined
clearly. The §-value of a polished foil that was measured in XPS is 14.1 eV. Since this
sample is the best comparison to the anodized foil it can be stated, that the oxidation
state of the is increased upon anodization, but the starting and the final value cannot
clearly be determined.
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4.4.4 Conclusion and Outlook
Conclusion

In course of this study vanadium foils were successfully electropolished, i.e. they
were electrochemically cleaned and the surface roughness was decreased. The
best results were obtained using a solution that consists of a mixture of sulfuric acid,
methanol and trace amounts of water at low voltages for short durations. It was found
that the results could be significantly improved when the solution was left standing
in the laboratory for roughly four days. Also fresh solutions that were already used
for an anodization experiment led to better results, as compared to frehsly prepared
solutions. The samples obtained were extremely flat and no debris was found on their
surface. They were thus suitable for the subsequently following anodization.

A variety of different solvents and other experimental conditions were tested for the
anodization of vanadium foil. Finally, an ordered array of vanadium oxide nanopores
was succesfully prepared using a solution consisting of 0.5 wt% oxalic acid and 2 wt%
of water dissolved in DEG saturated with boric acid. The anodization was carried out
for 3 h at 40 V in the "Glass-setup". The fabricated samples were completely uniform
and the procedure was reproducible.

However, interesting conclusions were also drawn from the other experiments per-
formed. Anodizations utilizing the same solution as used for the anodization of tita-
nium showed that it is possible to obtain porous structures on vanadium foils using EG
as solvent and fluoride ions as etchant. Yet, the uniformity was low and large parts of
the sample were not coated with an oxide. Saturated boric acid in water led to etched
structures, neither pores nor an oxide layer were formed, which is most likely due to
the solubility of vanadium oxides in water.

When EG saturated with boric acid was used as solvent porous structure were ob-
tained upon addition of either oxalic acid or ammonium fluoride. The surface of the
samples was corrugated and the sample were non-uniform, though. Additionally, re-
producibility was an issue. However, it was found that both boric acid AND oxalic
acid were necessary for the pore formation. Stefanovich et al. stated that the oxygen
incorporated into the anodic film does not originate from the water in the solution,[79]
but from borax dissolved in the solvent. Water, on the other hand, is a necessary
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ingredient that aids the dissolution of oxalic acid. In additional experiments oxalic
acid was found to be the more potent etchant, compared to ammonium fluoride, as it
enhances the reaction velocity. If the boric acid content in the solution was reduced,
the reaction was first slowed down, before no pore formation was observed anymore.

TEG glycol was also used as solvent under otherwise similar conditions as de-
scribed above. The samples anodized utilizing TEG were uniform and completely
covered with polydisperse, unordered pores with a diameter of around 130 nm. At
increased reaction durations the diameter did not change, however, the amount of de-
fects increased. A mixture of TEG and EG as solvent led to the formation of roundish,
nearly ordered pores with a size of 100 nm, accompanied with irregularly shaped
pores. Nicely ordered, monodisperse pores with a diameter of around 80 nm were
found using DEG as solvent. However, the samples were non-uniform and defects
were found on each sample. When a vanadium foil was anodized in the a verti-
cal arrangement ("Glass-setup") the samples consisted of nearly perfectly ordered,
monodisperse nanopores with a diameter of 40 nm. It was found that a higher current
(either caused by a higher anodization voltage or an increased conductivity of the
solvent) lead to the formation of smaller pores.

Attempts were made to determine the pore depth or the thickness of the oxide layer
using AFM and cross-section SEM, respectively. However, the desired results could
not be obtained, yet. XPS was used to determine the oxidation state of the anodized
samples, however, an exact determination was not possible due to several reasons. It
can only be stated that surface of the vanadium foils exhibits a higher oxidation state
after the anodization, as compared to a polished sample.
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Outlook

The most important issue that needs to be adressed is the film thickness. First of all,
a reliable method for the determination of the film thickness needs to be found. A pos-
sibility would be the use of Fabri-Perot interference. Another option is the evaluation
of a mild sintering process to obtain a stable oxidic layer, which can subsequently be
investigated using cross-section SEM. There are also indications that the oxide layer
on the vanadium foil is rather thin, limiting the applications for the material. There are
numerous options that may lead to an increased film thickness, such as:

e A variation of the water content in the anodization solution to alter the solubility
of vanadium oxide.

e The growth of a solid oxide layer prior to anodization using a mixture of acetone,
borax and benzoic acid subsequently followed by etching the oxide layer with
the described anodization solution.

e This method can also be tested the other way round, i.e. the oxide would be
grown on a patterned substrate.

e A second anodization step could be performed as in the anodization of titanium

Revealing the reaction progress or mechansim, which can elucidated by via "Snap-
shots" of the anodization, i.e. interrupting the anodization at different points during
the reaction, would help to better understand the formation of the nanopores.

Even though the phase of the as-formed oxide film cannot be determined via X-ray
diffraction or XPS it should be possible to determine the phase of a thicker oxide film
after annealing. Finally even phase tuning may be performed that way. The possibility
to tune and determine the crystallographic phase is required for the material to be
used, e.g. in dye-sensitized solar cells.
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CHAPTER 5

Synthesis of Copper- and Indium Chalcogenide Nanorods
via Template-Assisted Precipitation

5.1 Introduction

Due to their size and shape dependent properties, semiconductor nanoparticles have
attracted considerable scientific attention.[92] The most prominent examples in the
case of p-type semiconductors are cadmiun and lead chalcogenides that have been
studied intensively.[93][94] However, despite their interesting properties, the toxic-
ity of lead and cadmium aggravates the application of these materials.[95] Thus, a
promising alternative is the direct band gap semiconductor CulnS,, with a tunable
band gap of 1.5eV, which leads to absorption in the visible regions of the suns’
spectrum.[96][97] Additionally, the material is highly stable, less toxic as compared to
its cadmium and lead counterparts and it exhibits a high extinction coefficient.[96][97]
CulnS, is already widely used in thin film photovoltaic devices, [98] thus a nanos-
tructured device based on CulnS, is very promising. Comparably few studies con-
cerning a shape controlled synthesis of CulnS, nanoparticles have been conducted
so far. The most promising way seems to be a synthesis based on copper and in-
dium salts combined with a sulfur source in solution.[99] Another possibility is the
thermal decomposition of single molecule precursors.[100] Herein, a precipitation re-
action between the respective metal salts and a sulfur source inside the pores of a
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polycarbonate membrane is presented. Owing to the the templated synthesis, nanos-
tructures such as long wires and tubes are accessible.

The utilization of a porous polycarbonate track-etched membrane as a template for
the precipitation of different kinds of materials is well established. To just name some
examples, it is possible to electrochemically deposit polypyrrole via a simple redox re-
action between pyrrole and Fe**;[101] additionally inorganic salts, like earth-alkaline
fluorides,[102] earth-alkaline tungstates,[103] metal sulfides [19] or CaCO; [104] can
be precipitated inside the pores of such a membrane.

In this work the polycarbonate membrane served as a template for the synthesis
of different chalcogenide nanostructures. First the binary compounds CuS and In,S;
were synthesized. It was found that CuS can be obtained both in form of nanotubes
and nanowires, depending on the experimental conditions, while indium sulfide was
only obtained as nanowires. In order to elucidate the formation mechanism, other
inorganic salts were precipitated as well. It was found that the reaction rate of the
precipitation of the binary compounds CuS and In,Ss is rather different, aggravating
their co-precipitation to form CulnS,. By subsequently depositing CuS and In,S3, re-
spectively, mixed copper-indium sulfides were synthesized. However, a control of the
stoichiometry was not achieved so far.

The copper-indium sulfide nanostructures can be utilized in different ways:

e Viaa removal of the membrane after the synthesis, e.g. by pyrolysis,[19] arrays
of CulnS, nanowires can be obtained in principle. These arrays can, for exam-
ple, be coated with an n-type polymer and subsequently be processed to form
a nanostructured photolvoltaic device.

e The precipitation reaction can in theory be performed in TiO, nanotubular ar-
rays, leading to a nanostructured solid-state solar cell directly.
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5.2 Experimental Information

5.2.1 The Setup for the Template Assisted Precipitation

The setup for the synthesis of chalcogenide nanowires is shown in Figure 5.1. A poly-
carbonate track-etched membrane was mounted between two half’s of a U-shaped
cell. An aqueous solution of copper and/or indium salts as well as a solution of thioec-
tamide or another sulfur source was filled into the respective half cells. The precipi-
tation of the chalcogenide nanostructures occured inside the pores of the membrane
during an incubation period of up to 4 days.

Cation (Cu*/In3*)| Precursor Anion

A4

Polycarbonate Membran

Figure 5.1: Photograph of the setup used for the template assisted precipitation of chalco-
genide nanostructures.
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5.2.2 Experimental: Procedure

Prior to the synthesis the surface of the polycarbonate track-etched membrane (Cy-
clopore PC, 0.1 um pore diameter, 25 mm diameter, neoLab) was passivated in order
to minimize particle formation on top of the membrane. A microcontact printed layer
of OTS (Octadecyltrichlorsilane, 95 %, Sigma-Aldrich) was applied for the passiva-
tion. Based on the method established by Wong et al.[19], a 10 mM solution of OTS
in hexane was administred to the surface of a PDMS (Polydimethylsiloxane)-Stamp.
The hexane was allowed to evaporate and the membrane was pressed onto the stamp
for 30 seconds. The procedure was performed on both sides of the membrane lead-
ing to a self-assembled monolayer of OTS on top of the membrane, i.e. the surface
of the template became hydrophobic.

For the synthesis of CuS nanostructures 50 ml of a 0.05M- 0.1 M solution of
Cu(NO3), trinydrate (p.A., Merck) was filled in one half of the cell, while a solution
of thioacetamide (p.A., for precipitation of heavy metals, Sigma-Aldrich) that served
as the sulfide source in the same concentration was filled in the other half. When In,S;
nanostructures were synthesized, a 0.05 M In,(SO,); (>98%, Sigma-Aldrich) solution
was used, while concentration of the thioacetamide solution was 0.3 M. For the syn-
thesis of indium chalcogenides 1 ml of nitric acid (65 wt% in water, Sigma-Aldrich)
was added to both the Iny(SO,); and the thioacetamide solution. The experiments
were conducted for 6 h when CuS was synthesized and for 96 h in the case of In,S;
synthesis. Acetic acid (p.A., Fluka), Na,S monohydrate (technical, Sigma-Aldrich)
and tri-sodium citrate (p.A., Merck) were also used for the indium sulfide synthesis,
details will be noted in section 5.3.3.

Precipitation of BaWO, (from Na,WO,-2H;0 (p.A., Sigma-Aldrich) and BaCl,
(99.9%, Sigma-Aldrich)) and AgClI (from AgNO; (99%, Sigma Aldrich) and NaCl (>98%,
Sigma-Aldrich)) were conducted for 24 h at a concentration of 0.1 M for both solutions.

Upon completion of the reaction, undesired particles that precipitated on the sur-
face of the membrane were removed by ultrasonication for roughly one minute. Af-
terwards the membrane was rinsed with water and ethanol (p.A., VWR). For TEM
investigations of the as-synthesized nanomaterials the membrane was dissolved in
roughly 5 ml of dichloromethane (p.A., Acros Organics).
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5.2.3 Experimental: Techniques

TEM, HRTEM and EDX: The chalcogenide nanostructures were characterized by
transmission electron microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM). For both TEM and HRTEM investigations the membranes were
dissolved in dichloromethane and the suspension was sonicated for a few seconds.
The mixture was subsequently applied on a carbon-coated copper grid.

TEM measurements were carried out with either a Philips 420 instrument with an
acceleration voltage of 120 kV or a FEI TECNAI F30 S-TWIN transmission electron
microscope working at 300 kV. TEM images and diffraction patterns were acquired
with a CCD camera (14-bit GATAN 794MSC). Elemental analysis was performed by
energy dispersive X-ray (EDX) spectroscopy and quantified within Emispec ESVision
software.

SEM: Scanning electron microcopy was used to characterize the polycarbonate
track-etched membrane. The surface topography of the template was investigated
using high vacuum mode scanning electron microscopy on a FEI NovaNano FEG-
SEM 630. The membrane was glued to an aluminum stub using conductive carbon
tape.

187



Chapter 5. Chalcogenides via Precipitation

5.3 Results and Discussion

5.3.1 The Template

Prior to the surface passivation and the synthesis, the membrane was investigated us-
ing SEM. The corresponding images of the surface of the polycarbonate track-etched
membrane are shown in Figure 5.2. The top of the template is rather corrugated
and irregular. Larger scratches and hills can be found. The pores with a diameter
of roughly 100 nm are randomly distributed throughout the entire membrane. While
the majority of the pores are isolated, some of them overlap and thus form irregularly
shaped, larger pores.

Figure 5.2: SEM images of the surface of the polycarbonate track etched membrane used as
the template for the precipitation reactions.
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5.3.2 Synthesis of CuS Nanostructures and other Inorganic Salts

In order to evaluate whether the precipitation of a ternary compound, such as CulnS,
can be achieved, the binary compound CuS and In,S; were synthesized before at-
tempting to prepare CulnS,. A binary system is easier to control and it is sufficient as
a "proof of principle".

The first precipitations were performed with 1 M solutions of Cu(NO3), and thioac-
etamide, respectively, and a reaction duration of 24 h. Thioacetamide decomposes
into hydrogen sulfide, acetic acid and ammonia when dissolved in water. This de-
composition is accelerated significantly in the presence of heavy metal ions, such as
copper or indium. The metal ions are subsequently precipitated by the S~ from the
hydrogen sulfide. However, due to the formation of large amounts of debris on the
surface of the template it was difficult to characterize these samples. The precipitates
could not be removed from the membranes’ surface easily, likely owing to the pro-
longed reaction time. Extended ultrasonic treatment led to a damage of the template,
which renders it impossible to separate the surface precipitate from the inside of the
membrane. By decreasing the concentration of the both Cu(NOs), and thioacetamide
to 0.1 M in combination with a reduced reaction duration of 6 h the formation of precip-
itates on the membranes’ surface could be minimized. Figure 5.3 shows TEM images
of a sample synthesized with 0.1 M solutions of Cu(NOs), and thioacetamide for 6 h.

Figure 5.3: TEM images of CuS nanowires synthesized via template assisted precipitation.
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The TEM image clearly shows that CuS nanowires were obtained via this method.
The diameter of the wires was slightly above 100 nm and thus matches well with the
size of the pores in the template. The length of the nanowires can reach up to 1pm.
In order to verify that the obtained nanostructures arise from the precipitated CuS
inside the membrane, different tests were performed. First, the surface passivated
membrane was dissolved in dichloromethane in order to evaluate whether wire-like
structures can be found in or due to the template. Hydrogen sulfide may be oxidized
owing to the atmospheric conditions and the prolonged reaction time. In order to ex-
clude a precipitation of sulfur inside the membrane a reaction using water on one side
of the U-shaped half cell and a 1 M thioacetamide solution on the other was performed
for a reaction duration of 24 h. Additionally, the same reaction was conducted using
a 1 M solution of NaNQO; instead of pure water in order to exclude a redox reaction of
the NO;~ ions in the reaction solution with hydrogen sulfide, which could potentially
lead to the formation of sulfur as well. The result of all these tests was negative, i.e.
no particles were observed in the TEM. Furthermore, the membrane remained opti-
cally unchanged.

However, although solid nanowires were obtained as the main product, the forma-
tion of side products was observed (see Figure 5.4).

s
500nm 200mm

Figure 5.4: TEM images of the side products occuring during the synthesis of CuS nanowires.

As shown in figure 5.4 CuS nanotubes could also be found, as well as single par-
ticles aligned to wires. This phenomenon is believed to be concentration dependent.
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Due to diffusion based on the laminar flow model, the ions consumed for the precipi-
taion will be replaced more rapidly in the center of the U-shaped half cell and thus in
the center of the membrane. In other words, the growth is accelerated in the areas
with a higher "effective" ion concentration. Since the formation of the nanowires is
likely to start at the walls of the membranes [101] a lower concentration may lead to
the formation of tubes. This assumption was verified by performing precipitations at
lower concentrations, as discussed below. Due to the carbonate groups in the mem-
brane, oxidic species are present on the interior of the pores, which can act as an
anchor for approaching Cu?* ions. These anchoring groups are not a necessity for
the precipitation of CuS, however, they most likely have a directing effect on Cu?*.
Due to the surface passivation oxidic groups on the exterior of the template should be
blocked. Regardless, a precipitation of CuS on the outside of the membrane is going
to occur if sufficient concentrations of the respective ions are present. A diffusion of
ions through the channels of the membrane cannot be excluded, especially for pro-
longed reactions. The alignment of particles to wires maybe due to two effects: First
the membrane may simply act as a trap for small particles in suspension, secondly
the ammonia set free by the decomposition of thioacetamide is potentially able to in-
duce an alignment of CuS particles, compare O’Sullivan ef al. [105]

Figure 5.5: TEM images of CuS nanotubes synthesized via template assisted precipitation.

By decreasing the concentration of the reactants involved in the precipitation, nan-
otubes were formed almost exclusively. Figure 5.5 shows TEM images of as-synthesized
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nanostructures using 0.05 M solutions of Cu(NO3), and thioacetamide, respectively.
The diameter of the nanotubes is similar to the one of the nanowires (compare Figure
5.3), however, their lengths can reach up to several micrometers. This result can be
seen as the verification of the reaction mechanism proposed above. By reducing the
concentration of the reactants involved, the reaction was slowed down and thus it was
possible to obtain nanotubes as the only product. The formation of side product could
not be completely suppressed, i.e. small particles aligned to wires were observed for
these reactions as well (compare Figure 5.4).

The precipitation was performed for BaWO, and AgCl as well. These experiments
were conducted in order to further the elucidate the precipitation process. In figure
5.6 BaWO, and AgClI nanowires are shown. These salts were precipitaed from 0.1 M
solutions of BaCl, and Na,WO, or AgNO; and NaCl, respectively. It is noteworthy
that neither nanotubes nor other side products were found in either cases.

N

Figure 5.6: TEM images of other inorganic salts synthesized via template assisted precipita-
tion: a) BaWO, b) AgCl

As for the BaWQO, sample, almost no impurities were observed (see Figure 5.6 a),
which is also evident from the fact that almost no precipitation occurred on the sur-
face of the membrane. During the passivation process the surface of the template
becomes hydrophobic due to the self-assembly of a monolayer of OTS, which binds
to the carbonate groups of the membrane via Si-O-C bonds, thus the octadecyl-group
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is on the surface. The hydrophobic nature of the octadecyl-group renders the precip-
itation of an ionic species like BaWO, unlikely. In case of the more covalent species
AgCl, significantly more precipitates on the template were observed. On the other
hand, less debris was found in comparison with a CuS precipitation conducted un-
der the same conditions. This was to be expected since CusS is not only a covalent
species, but it also has the lowest solubility of the investigated compounds. Neverthe-
less, surface passivation helps to prevent the precipitation of CuS on the membrane.
This is probably due to the blocking of oxidic species on the membranes’ surface,
which could otherwise act as an anchoring group for Cu?* ions. It is noteworthy that
the precipitated AgCl turned grey immediately after exposure to light. This can be ex-
plained by the photochemical reduction of Ag™, which is a well known phenomenon.
Every AgCl nanowire found was decorated with Ag particles. As expected, the di-
ameter of the AgCl nanowires was well below 100 nm due to the formation of silver
particles.
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5.3.3 Synthesis of In,S; Nanowires

NEXxt, the precipitation of In,S3; was studied. The most significant difference com-
pared to the precipitation of CuS was an enhanced reaction duration (6 h for both
CuS nanowires and tubes compared to 96 h for the precipitation of In,S3). Addi-
tionally, a precipitation of In,S3 was not possible from solutions containing solely
In2(SO4)3) (0.1 M) and thioacetamide (0.3 M), respectively. No precipitation occurred
within 120 h, which was the longest reaction duration investigated. For all reactions
an excess of thioacetamide was used in order to ensure the generation of a sufficient
amount of hydrogen sulfide. Acids as well as bases accelerate the decomposition
of thioacetamide into H,S, NH; and acetic acid and can, thus, be utilized as addi-
tives. However, even the use of mild bases such as tri-sodium citrate lead to the
precipitation of amorphous, white indium oxides/hydroxides. Despite the passivation
of the membranes surface, most of the precipitates were formed on top of the tem-
plate and nanowires could not be found. Another option to accelerate the precipitation
of In,S; is the use of Na,S instead of thioacetamide, in which case no decomposi-
tion of the precursor is necessary and thus sulfide ions are directly available for the
reaction. However, the sulfide ion is a strong base, thus again the formation of ox-
ides/hydroxides was favored over the precipitation of In,S;. This behavior can be
explained according to the "Pearson concept" of hard and soft acids and bases. In3*
is a Pearson hard ion and preferably forms bonds with the Pearson hard hydroxide
ion, while Cu?* is of medium hardness and Cu™ as well as S?>~ are Pearson soft.[58]
Cu?* ions are used as the precursor for the precipitation of copper sulfide, however,
in fact copper is incorporated in form of Cu™ into the compound CuS, which should
better be written as Cus'*(S,2-S'~). Upon addition of H,S to solutions containing
Cu?* ions, they are reduced to Cu™ while S?~ is oxidized to "S=". 2/3 of the sulfur
atoms form diatomic S,?~ units, while one defect electron is located in the 3p-band
built by the sulfur atoms.[58] The higher affinity of both Cu** and Cu* towards S~
explains the accelarated reaction.

Lowering the pH-value by using acidic additives decreases the amount of "free"
S2~ in the solution due to its’ basic nature, however, the formation of hydroxides can
be suppressed under these conditions and thus acidic additives were tested for the
precipitation of In,S;. It was found that mild acids, such as acetic acid, indeed sup-
pressed the hydroxide formation, which was tested by adding 1 ml of glacial acetic
acid to the respective reaction solutions (0.1 M Iny(SO4)3, 0.3 M thioacetamide). No

194



5.3. Results and Discussion

S500]mlinn 200Ining

L1 L |

Figure 5.7: TEM images of In,S3 nanowires synthesized via template assisted precipitation.

precipitation occurred at all, neither whitish oxide was observed, norln,S; nanowires
were formed even after 120 h reaction duration. The concentration of hydroxide ions
was further decreased by using 1 ml of 65 wt% nitric acid as an additive for the pre-
cipitation in both solutions. After a reaction duration of 96 h, the precipitation was
stopped and In,S; nanowires were observed for the first time (compare Figure 5.7).
Their diameter matches the pore thickness of the template. It is noteworthy that the
length of the nanowires only reaches up to 1um, which is rather low compared to
reactions investigated so far, especially taking into account the prolonged reaction
duration. This phenomenon is likely due to the extremely slow reaction. The In,S;
nanowires were further characterized by means of HRTEM and EDX. The results are
shown in section 5.3.5.

195



Chapter 5. Chalcogenides via Precipitation

5.3.4 Synthesis of Copper-Indium Sulfide Nanowires

The precipitation of a ternary compound is rather difficult, as compared to binary com-
pounds. In the case of CulnS, this is mostly due to the large difference in reaction
velocity. While the precipitation of CuS is finished after 6 h and can be performed with-
out using any additives in the reaction solution, the precipitation of In,S3 requires low
pH-values and long reaction durations. For this reason a two-step reaction was per-
formed. First CuS nanotubes were precipitated, as decribed above, followed by the
precipitation of In,S; inside the tubes. The reaction conditions for both precipitations
were the same as for the synthesis of the respective binary compounds. Compact
nanowires could succesfully be synthesized after the two subsequent precipitations
(see Figure 5.8). No sign of core-shell structure was observed, i.e. the Cu™ ions
did not remain at the membrane walls. An investigation of the composition and the
copper to indium ratio in these nanowires was conducted via HRTEM and EDX, as
shown in section 5.3.5.

500mom
—]

Figure 5.8: TEM images of copper-indium sulfide nanowires synthesized via template assisted
precipitation.
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5.3.5 HRTEM and EDX studies of In,S; and Copper-Indium
Sulfide Nanowires

The determination of the the exact composition of the obtained nanowires remains an
issue. The amount of sample obtained in one synthesis is rather low (around 3-5 mg),
as a consequence, multiple syntheses have to be carried out for a X-ray diffraction
experiment. In addition, the composition could not be determined using X-ray diffrac-
tion due to the amorphous nature of the synthesized nanostructures. HRTEM was
thus chosen for the determination of the crystal structure and composition of the syn-
thesized materials.

Figure 5.9a shows the HRTEM image of an indium sulfide nanorod whereas Fig-
ure 5.9b shows the corresponding Fourier transform. The d-values obtained from the
Fourier transform correspond well with the literature values of In,S;. [106] Addition-
ally EDX was performed on the indium sulfide nanorods. After quantification of the
results an indium to sulfur ratio of 2:3 was found. No significant amounts of other
elements could be detected, with the exception of copper, which arises from the TEM
grid. The combination of both HRTEM and EDX conclusively shows the formation of
In,S; nanowires.

0.1 um
L}

Figure 5.9: a) HRTEM images of an In,S3 nanowire synthesized via template assisted precip-
itation b)The corresponding Fourier transform showing d-distances that match the
crystal structure of In,Ss.
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Copper indium sulfide nanorods were also characterized by means of HRTEM and
EDX. Owing to the comparably low crystallinity of the as-obtained nanowires, all re-
sults discussed in this section are preliminary at best. In Figure 5.10a a high resolu-
tion TEM image of a copper indium sulfide nanowire is shown. It can be seen that the
crystallinity of the nanowire was rather low, however, nanocrystalline areas can be
observed. Figure 5.10b shows the Fourier transform corresponding to the crystalline
domain encircled by a red square in Figure 5.10a. The obtained d-values correspond
well with the values for Culn;Sg,[107] however, large parts of the nanowires were
too amorphous for an investigation via electron diffraction. Thus, the composition
Culn;Sg cannot be assumed for the entire sample. EDX analysis did not lead to a
conclusive picture. While copper and indium could be detected in every nanowire, the
copper-content varies strongly within one wire and in the whole sample. It was found
that copper and indium are not distributed evenly throughout the nanowires. Further
investigations are necessary in order to elucidate the composition of the as-obtained
nanowires.

- CulngSg [011]

Figure 5.10: a) HRTEM images of a copper-indium sulfide nanowire synthesized via template
assisted precipitation b)The Fourier transform corresponding to the red square in
in a) showing d-distances that match the crystal structure of CulnsSs.
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5.4 Conclusion and Outlook

5.4.1 Conclusion

In course of this study it was shown that chalcogenide nanostructures can be obtained
via a relatively simple precipitation reaction inside the pores of a polycarbonate track-
etched membrane. For this purpose metal salts and thioacetamide were utilized as
the reactants. Both, CuS nanowires and nanotubes were synthesized by adjusting the
experimental conditions accordingly. It was found that the precipitation of CuS starts
at the inner walls of the membrane, i.e. the reaction product could be controlled via
an adjustment of the respective concentrations of the reactants leading to an altered
reaction rate. In,S3 nanowires could also be synthesized by an acidification of both
the solution containing In** and thioacetamide, respectively. It is noteworthy that the
precipitation of indium sulfide required longer reaction durations as compared to the
precipitation of CuS. Furthermore, the use of basic precursors or additives led to the
formation of indium oxides/hydroxides instead of indium sulfide, which was attributed
to the Pearson hardness of the chemical species involved. The composition of the
indium sulfide nanowires was verified to be In,S; via HRTEM and EDX studies. Ow-
ing to the different reactions rates of the formation of CuS and In,S;, an attempt to
synthesize a ternary copper indium sulfide was carried out as a two-step reaction,
utilizing the same experimental conditions as for the respective binary compounds.
Compact nanowires were obtained, however, indium and copper were not distributed
evenly in the nanorods and thus the determination of the nanowires’ exact composi-
ton was not possible so far.

5.4.2 Outlook

The main issue of the nanostructures synthesized in this study is their low crystallinity,
which leads to problems in the determination of the composition of the as-synthesized
nanostructures, as well as limitations in the application. While the composition of the
indium sulfide nanorods could be determined via HRTEM and EDX, the same was
not possible for the ternary compound synthesized. Besides the low crystallinity also
an even distribution of copper and indium in the nanowires needs to be achieved in
order to synthesize a pure compound rather than an inhomogeneous solid solution. A
possible strategy to achieve both a higher crystallinity of the synthesized compounds
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and a better distribution of the metal cations in the ternary compound is a sintering
step under inert conditions that need to be applied to prevent an oxidation of the sul-
fur. After the sintering it is most likely possible to investigate the nanostructures via
X-ray diffraction, if a sufficient amount is synthesized.

In a next step the chalcogenide nanostructures can be utilized in two ways:

e The precipitation can in principal be transferred from the polycarbonate track-
etched membranes to a template consisting of TiO, nanotubes (see chapter 4),
which would represent the chemical synthesis of a nanostructured photovoltaic
device.

e The membrane can be removed, for example via pyrolysis, which would leave
an array of freestanding nanowires that can be utilized as the basis for the a
nanostructured photovoltaic device, for example by coating with a semiconduct-
ing polymer.

Furthermore, it would be interesting to investigate the growth of nanostructures to
learn more about their formation. This may enable one the synthesize of nanostruc-
tures other than the ones shown in this study, such as indium sulfide nanotubes. In the
case of ternary compound it may not only reveal the growth process of the nanowires
but also the evolution of their composition, which could be utilized for a control of the
copper to indium ratio.
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