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Abstracts

Abstract - English

Among the most studied topics in modern chemistry, nanoparticles play a domina-
ting role. Due to their broad range of applications, the need for tailor-made materials
is greater than ever. Therefore, a profound and detailed understanding of the syn-
thesis and growth processes that lead to nanostructures is necessary. Only with this
knowledge, reliable preparation-protocols are available and open the path to the de-
sired nanomaterials in bulk amounts. The work presented in this thesis focuses on this
challenge with special attention given to the synthesis and characterization of SnOy
nanomaterials.

In chapter 2, it has been examined how a simple change in precursor cation (i.e.
replacing Nat with Lit, KT, Rb*, Cst, TMAH and NH}) used in a template-free,
solvothermal preparation of SnOs nanoparticles drastically changes the morphology
of the resulting products. With a combination of molecular dynamics simulations
and careful transmission electron microscopy investigations, a relationship between
the adsorption energies of the different cations onto certain crystal faces of SnOs, the

reaction temperature and the observed morphology is established.
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Additionally, chapter 3 demonstrated that SnO2/NaySn(OH)g “core-shell” nanorods

can be fabricated in a simple one-step reaction.

After it has become more plausible how the growth of anisotropic SnO, nanostruc-
tures can be managed on solvothermal conditions, chapter 4 deals with the inves-
tigation of the formation of SnO, nanorods, obtained during a microwave-assisted
solvothermal reaction. Microwave preparations offer drastically decreased reaction
times, due to the very short heating times and ramps. By performing a careful time-
dependent study, X-ray powder diffraction data and high-resolution transmission elec-
tron microscopy investigations provided a much more detailed insight into the actual

growth process of the nanorods. Finally, a morphological reaction scheme is presented.

A combination of the results obtained in the previous chapters is presented in chap-
ter 5. Here, with the use of different precursor cations in a microwave-assisted syn-
thesis, a variety of nanostructures, ranging from purely anisotropic materials (SnO,
nanorods) to purely isotropic spheres, have been prepared. Subsequently, a very easy
and cheap way to incorporate these particles into a paste was developed. This paste
can then be used to prepare semiconducting photoanodes for a dye-sensitized solar
cell, applying the so-called “doctor-blading” technique. Electron microscopy was used
to investigate the particle morphology and the quality of the sintered SnO, films. BET
measurements helped to determine the surface area of the various nanostructures. The
characteristics of the solar cell device were investigated in strong collaboration with
Seoul National University, Korea. Solar cells with efficiencies reaching 2.8% could be
fabricated and a link between the particle morphology, the paste-preparation process

and the performance of the cell was proposed.
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In addition to the investigations of the controlled solvothermal syntheses of SnO,
nanorods, the search for porous structures or, as a next step, ordered arrays of one-
dimensional tubes, consisting of SnO, is of great interest; Chapter 6 summarizes the
work done in this area of research. As a first step, commercially available tin foil was
successfully smoothed using a multi-step electropolishing procedure. Subsequently, dif-
ferent reaction parameters were varied systematically and the observed structures were
characterized using laser microscopy and scanning electron microscopy. The search for
the optimum conditions to obtain ordered, porous SnO, films is the topic of ongoing

research.

To summarize, a more detailed insight into the factors which control the growth of
SnO, nanomaterials shall be gained and the performance of some of those materials
in dye-sensitized solar cells is investigated. Additionally, electrochemical pathways to
obtain porous SnO, nanostructures were investigated as a first step in the search for

ordered arrays of SnO, nanotubes.
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Zusammenfassung - Deutsch

Fiir viele Anwendungen von Nanomaterialien sind mafgeschneiderte Produkte wiin-
schenswert, weswegen ein tiefgreifendes und genaues Wissen der Reaktionsablaufe, die
zu diesen Produkten fiihren, unabdingbar ist. Um dies im Fall von SnO, zu erreichen,
behandelt diese Arbeit die kontrollierte Synthese und genaue Charakterisierung von

Nanopartikeln von Zinn(IV) Oxid.

Kapitel 2 beschreibt, wie das gezielte Austauschen eines Kations in einer Solvo-
thermal-Synthese die Morphologie der erhaltenen Partikel drastisch verdndern kann.
Hierfiir wurden Molekular Dynamik-Simulationen und umfangreiche Elektronen-mikro-
skopische Untersuchungen durchgefiihrt. Es konnte ein Zusammenhang zwischen den
Adsorptionsenergien der Kationen auf exponierten Kristallflichen der erhaltenen Nano-
partikel und der entstandenen Morphologie nachgewiesen werden. Zusatzlich wurde in
Kapitel 3 eine ,Eintopfreaktion® von SnO,/NaySn(OH)g ,Kern-Schale Materialien

betrachtet.

In Kapitel 4 wird der Wachstums-Prozess von SnOy Nanostdben genauer beleuch-
tet. Mit Hilfe einer Mikrowellen-Reaktionstechnik, die sehr kurze Heiz- und Abkiihl-
zeiten erlaubt, konnte der morphologische Reaktionsablauf genauer aufgeklért werden:
Das Wachstum startet von kristallinen, anisotropen Strukturen und schreitet solange
schnell voran, wie ein Reservoir bestehend aus amorphem SnO, vorhanden ist. Es
konnte gezeigt werden, dass nach Aufbrauchen dieses Reservoirs nur noch Um- und
Rekristallisierungvorgéange stattfinden, bis die endgiiltige Form der Stidbe erreicht ist.
Die spektroskopischen Eigenschaften der Nanostdbe in den einzelnen Wachstumsstufen

wurden untersucht.
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Die Anwendung der SnO, Partikel in Farbstoffsolarzellen ist das Thema von Kapitel
5. Durch das in den vorhergehenden Kapiteln gewonnene Wissen, konnten Nanopartikel
mit verschiedenen Morphologien in einer einfachen und energiesparenden Mikrowellen-
Synthese hergestellt werden. Anschlieffend wurden diese Partikel als Anodenmaterial
in Farbstoffsolarzellen getestet. Es konnten Effizienzen von bis zu 2.8% erreicht werden.
Dies ist einer der hochsten Werte, die fiir Zellen auf Basis von SnOy Nanopartikeln bis
jetzt gemessen wurden, was fiir die hohe Qualitdt der Partikel und der Solarzellenher-

stellung spricht.

Eine andere Art von Synthese von SnO, Nanostrukturen wird in Kapitel 6 beschrie-
ben. Es sollten mit Hilfe von elektrochemischen Reaktionswegen, (selbst-organisierte)
geordnete Felder von Nanorohren hergestellt werden. Hier konnte eine einfache Me-
thode zur Elektropolitur von Zinn erarbeitet werden. Weiterhin wurden erste pordse
Filme hergestellt, jedoch ist die Optimierung der Reaktionsbedingungen zur Synthese

geordneter Strukturen das Thema laufender Forschungsarbeiten.

Zusammenfassend lésst sich sagen, dass ein genauerer Einblick in die Faktoren, die
das Wachstum und die Morphologie von SnO, Nanomaterialien bestimmen, gewonnen
werden konnte. Die Giite dieser Substanzen als Anodenmaterialien in Farbstoffsolarzel-
len wurde untersucht, wobei bisher kaum erreichte (in Solarzellen basierend auf unmo-
difiziertem SnO,) 2.8% Effizienz beobachtet worden sind. Zusétzlich wurde ein erster
Schritt auf dem Weg zur elektrochemischen Synthese geordneter Felder von pordsen

Zinn(IV) Oxid Nanostrukturen gemacht.




Introduction

In this chapter, a brief overview of the general interest in solar cells and in particular
dye-sensitized solar cells will be given. The material that has been studied in this
work, i.e. SnOs will shortly be introduced. To conclude, the motivation and task for

this thesis work is presented.

1.1 General Interest

The quest for replacements of fossil fuels is the ultimate goal that motivates a great
number of material scientists [1]. The search for new materials that are capable of
helping to create a new “energy-landscape” is one of the biggest challenges of the
forthcoming years. The growth of our industries and societies cannot rely on the
endless abundance of natural resources such as oil, gas and coal. Especially with the
so-called peak oil, i.e. the year with the maximum production of oil, coming closer and
closer, the urge for a replacement of carbon-based energy sources is crucial. To further
limit (or eventually even decrease) pollution and with that hopefully the (potential)
anthropogenic influence on the earths climate, a drastic change to alternative power

sources is necessary. Opportunities for a change in energy production and consumption




1.1. General Interest

lie in many fields. Firstly, and most easily, each person can try to consume less power.
Optimizations of electrical grids and decentralized power creation are further options.
However, especially with an expected growth of both, population and prosperity of the
world, there is an increasing need for energy.

Possible alternative or regenerative energy sources include hydroelectricity (although
here other issues arise), wind and biogas energy production. Another promising part of
the solution of the energy problem are solar cells, i.e. devices that transform light energy
directly into electrical energy. Although their share of the total energy production [2]
is still only slightly above 1% in Germany (worldwide even less), this field has seen
a dramatic increase over past years, mostly (at least in Germany) due to subsidation
by the government. For the future, an impressive growth rate of more then 40% is
predicted, helping to make solar cells a cheaper option than they are as of today. This
is due to the fact that with increasing demand, the production costs can decrease faster.

Among the many varieties of solar cells, one can find silicon (amorphous [a-Si],
poly-crystalline [pc-Si| and single-crystalline [sc-Si|) solar cells, thin film cells, such as
CdTe or CIGS (Cu(In,Ga)(S,Se)2) and organic photovoltaic cells. All of them rely on
the principle of a p-pn-junction-n-type architecture. In all cases, the generation and

transport of the carriers takes place in the same material.




Chapter 1. Introduction

1.1.1 Dye-Sensitized Solar Cells

A very promising part of the large field of organic cells are photoelectrochemical cells.
The most popular one is the dye-sensitized solar cell, or “Grétzel™-Cell [3], named after
the inventor Michael Grétzel. Although the concept this type of cells are using (i.e.
mimicking photosynthesis) has been explored before,! it was the paper from Michael
Grétzel and his co-worker Brian O “Regan [3| in 1991 that initialized a run onto these
types of cells. Ever since, the number of publications and patents related to this topic
has increased. The breakthrough of Grétzel was to achieve unprecedented efficiencies
of ~ 7%. This was made possible through the combination of a nanoscale porous
TiO, layer sensitized with a ruthenium-based dye, sintered on top of a transparent

conductive oxide layer [4].

1.1.1.1 Principle of Operation

The basic principle of operation of a dye-sensitized solar cell is the creation of electricity
due to the absorption of a photon by a dye and subsequent transfer of an electron from
the excited state into the conduction band of a semiconductor. A typical dye-sensitized

solar cell consists of the following important parts:

e Two sheets of glass that are coated with a transparent conductive layer. The

materials most widely used are ITO and FTO, see below.

e A working electrode (the anode), consisting of one of the two glass sheets, a
nano-porous layer of semiconducting material, such as TiOy or SnO,. This semi-
conductor is sensitized by (a monolayer of) a dye that absorbs in the desired

wavelength range.

1Tt was as early as 1977 when the first patent has been filed that included all the characteristics of
todays cells. It was called dye-sensitized solar cell.
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e An electrolyte to close the electrical circuit with the counter electrode and to
regenerate, i.e. to reduce the (oxidized) dye after electron injection. Most elec-

trolytes consist of a redox couple dissolved in an organic matrix.

e The counter electrode, consisting of the second sheet of glass. Often, a thin layer

of platinum is used as the cathode.

1.1.1.2 Transparent Conductive Oxide

The requirements for the conductive glass are a high conductivity to ensure the collec-
tion and transport of all carriers that are created as well as good thermal stability. The
most widely used TCOs are ITO which stands for indium tin oxide and FTO, which is
fluorine-doped tin oxide. Although ITO is superior in terms of conductivity, it is far
more expensive and does not have the same thermal stability and processability that

FTO possesses.

1.1.1.3 Semiconducting Layer

The most prominent material, that still shows the highest efficiency values is nano-
structured TiO [5-7]. Promising alternatives are ZnO [8, 9], NboOs [10, 11] and
SnO, [8, 12]. It is desirable to achieve the highest surface area possible since the dye
adsorption increases with increasing area. However, a major drawback of nanoporous
anode-materials, consisting of smaller particles, are the inefficient electron percolation-
pathways towards the electrode. Oriented anisotropic structures, such as wires and
rods, that exhibit defined electron passageway, are promising emerging materials to

counter that issue [13-15].

10



Chapter 1. Introduction

1.1.1.4 Dye

The dye is perhaps the most interesting part of the dye-sensitized solar cell because it
is not only responsible for the photosensitization, it also gives this type of solar cells
some unique properties like a tunable color. In addition to this (possible) aesthetic
advantage, the dye must of course fulfill other straight forward requirements, such as
good adsorption behavior to the semiconductors surface, a broad absorption spectrum,
a low toxicity and of course an outstanding long-term stability [16, 17]. Up to date, the
most efficient dyes are the so called black dye and other ruthenium based pyridyl com-
plexes, such as N3 (RuLy(NCS),; L = 2,2’-bipyridine-4,4’- dicarboxylic acid) and N719
(RuLy(NCS)s :(TBA)g; L = 2,2’-bipyridine-4,4’- dicarboxylic acid, TBA = Tetrabuty-

lammonium). Their structures are shown in Figure 1.1, taken from Ref. [18].

COOTBA

7

HOOC N \N‘ ‘ X~ COOH

/N\‘/N e

COOTBA

N719 dye

s TBA = tetrabutylammonium cation

Figure 1.1: Various ruthenium-based dyes

11



1.1. General Interest

1.1.1.5 Electrolyte

In liquid-type cells, the most common electrolytes are based on the I~ /I3 redox couple,
usually dissolved in an organic solvent (e.g. acetonitrile). Although other alternatives
(such as (SeCN)s/SeCN~ or (SCN)y/SCN™) have been examined [4, 16], the iodide as
the reduced species and the triiodide (I3) as the oxidized species still yield the highest
efficiencies in liquid type cells. All solid-state dye-sensitized solar cells make use of
holeconducting layers instead of a liquid electrolyte.?

The process of current generation works as follows:

An incoming photon is absorbed by a dye-molecule and thus promoting an elec-

tron to an excited state.

e The dye in the excited state injects an electron into the conduction band (CB) of
the used semiconductor. Undesirable sidereactions include non-radiative relax-

ation processes and reactions with e.g. the electrolyte.

e The electron travels through the network of semiconducting particles. Once it has
reached the electrode, it can enter an electric circuit (E) and carry out electrical

work.

e At the counter electrode (CE, the cathode), an electron reduces the redox couple

(Red/Ox) that is included in the electrolyte.

e The reduced redox species transfers its electron to the positively charged dye,

with that re-reducing the dye and getting oxidized itself.

2For a much more detailed description of the building parts, as well as the operating mechanism of
a dye-sensitized solar cell please refer to Reference [4, 16] as they provide an excellent overview of
the most important features of these devices.

12



Chapter 1. Introduction

It becomes evident, that through the redox cycle, there is solar energy converted into
electrical energy without any net change in chemical composition. The overall reaction

scheme can be expressed as follows:

hy + Dye — Dye*
Dye* — Dye®™ + e~ (CB)
e” (E) — e~ (CE) + Electrical Work
Ox + e~ — Red

Red + Dye™ — Ox + Dye

hr — Electrical Work

1.1.2 J-V Characteristics of Dye-Sensitized Solar Cells

To describe the performance, i.e. the efficiency, of a solar cell the following values are
of interest [19]:

A solar cell delivers power in the bias range from 0 to V,.. In between these values,
the power density of the cell is given by equation 1.1, where P represents the power,

J and V represent the current density and the voltage respectively:

P=Jv (1.1)

The maximum of P (the maximum power point) is defined as the point where the
product of J and V reaches the largest value, therefore this voltage and current density

are referred to as J,, and V,,.
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1.1. General Interest

A quantity to describe the goodness of a cell is related to P,, and the open circuit
voltage V,. as well as the short circuit current J,.. It is called the fill factor and given

by equation 1.2:
Vindm

FF =
VoeJse

(1.2)

The higher the fill factor, the closer a J-V curve is to the optimum, see Figure 1.2.
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Figure 1.2: The J-V characteristics of a solar cell.

Finally, the efficiency of a cell is defined as the ratio of the power obtained at P,, and
the incident light power:

. Pout . Vme - ‘/OCJSCFF

P P 2 (1.3)

It becomes evident that the four most important quantities are the open circuit voltage
Voe, the short circuit current Jg., the fill factor FF' and above all the efficiency 7.
To achieve a better comparability, standardized test conditions for measurements are

common [20]. Please refer to chapter 5 for details.
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Chapter 1. Introduction

1.2 Tin(IV) Oxide

The material of choice in this work was tin (IV) oxide. It is a wide (direct) band-gap,

n-type semiconductor with a bandgap of ~ 3.6 eV [21] at room temperature.

1.2.1 Structural Properties

The mineral form of SnO, is called cassiterite (in German, common names are Kassi-
terite or Sperlingschnabel). Cassiterite has its name derived from the term Cassiterides
which means “islands off the western coast of Europe” in pre-Roman times (the exact
location of these “islands” has been hotly debated over the years, current thought is
that the source was probably mainland Spain and that even 2000 years ago, traders
had a habit of providing misleading locality information to protect their sources)3.
SnQO, crystallizes in the tetragonal space group P4,/mnm with the lattice parameters
being a — 4.73820 A and ¢ — 3.18710 A. The unit cell contains two tin cations and four
oxygen anions. The Sn** cations are coordinated by six O?~ - anions, forming slightly
distorted octahedra, whereas the oxygens are surrounded by three tin ions, forming an
almost regular triangle, see Figure 1.3. The SnOg - octahedra are connected by common
vertices in the ab-plane and by common edges in the [001] direction. The electronic
structure [21-23| of SnO,, which is a key feature for optoelectronic applications, of both
the bulk and several distinct surfaces has been investigated in great detail.. Figure 1.4

shows graphs of the band-structure (a) and the density of states (b) of SnO,.

3Taken from: www.mindat.org, 2010
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1.2. Tin(IV) Oxide

Lo

(a) (b)

L

Figure 1.3: The unit cell and coordination polyhedra of SnO,. (a) Octahedral coor-
dination of the tin cations; (b) Triangle around the oxygen anions.
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Figure 1.4: Band-structure and density of states (DOS) of SnO,. Taken from Ref.
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1.3. Aims of the Project

1.3 Aims of the Project

The solvothermal, template-free synthesis of nanoparticles is very often a “black box”
that does not allow any insight into the reaction mechanism or intermediate products,
either chemically or morphologically. It is therefore of great importance to fully under-
stand the parameters that influence the growth and the final morphology during this
type of reaction. To gain further understanding, careful considerations of all reaction

conditions is necessary. This is the exact objective target of this work:

With the help of extensive X-ray diffraction and electron microscopy studies, it shall
be revealed how one can tune the morphology of SnO, nanomaterials. Therefore, care-
ful parameter-dependent studies on the solvothermal and electrochemical syntheses of
SnO5 nanomaterials need to be carried out. Once it has become clear how to tune the
morphology of the obtained nanoparticles, a more detailed insight into the morpho-
logical evolution of anisotropic nanostructures would be desirable. This can be achieved
with the help of a microwave-reactor, due to the very fast heating and cooling times

that are possible.

As a next step, the synthesized, now tailor-made materials will be used as the anode
material of a dye-sensitized solar cell. Their performance depending on the morphology
and the reaction pathway shall be investigated. This will be embedded in a collabo-
ration with the group of Prof. K. Char (Seoul National University, Korea), supported

by the International Research Training Group 1404.
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Interaction of Alkaline Metal Cations with Oxidic
Surfaces: Effect on the Morphology of SnO,

Nanoparticles

2.1 Abstract

Reaction pathways to SnO, nanomaterials through the hydrolysis of hydrated tin tetra-
chloride precursors were investigated. The products were prepared solvothermally
starting from hydrated tin tetrachloride and various (e.g. alkali) hydroxides. The influ-
ence of the precursor base on the final morphology of the nanomaterials was studied.
X-ray powder diffraction data (XRD) indicated the formation of rutile-type SnOs,.
Transmission electron microscopy (TEM) studies revealed different morphologies that
were formed with different precursor base cations. Data from Molecular Dynamics
(MD) simulations provide theoretical evidence that the adsorption of the cations of
the precursor base to the faces of the growing SnO, nanocrystals is crucial for the

morphology of the nanostructures.
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2.2. Introduction

2.2 Introduction

Tin (IV) dioxide (SnO.) is a semiconducting material with a band gap of 3.6 eV at
300 K [1]. Tt is of considerable technological importance with a number of applications,
especially for combustible and toxic gas detection, thin film coatings and sensor devices
[2-7]. The basis of the sensor application is the modification of the conductivity of the
metal oxide by adsorption of gases from the atmosphere. In this process, the conduc-
tivity of the material may be enhanced by introducing carriers into SnQOs,, either by
doping or by oxygen deficiency [8]. Indeed, the material shows high quasimetallic elec-
trical conductivity but retains good optical transparency in the visible region |9, 10].
These properties can be used for transistors [11], or photovoltaic devices [12-14]. As
many of these applications depend on the surface area and the chemisorption of gas
molecules, a specific particle size and/or morphology is desired. Therefore synthetic
pathways for preparing nanowires [15-17|, -rods [18-21], or -tubes [22] have been de-
vised using sol-gel |23, 24|, thermal evaporation [17], template-assisted methods (such
as micro emulsions) [21], laser ablation [25], magnetron sputtering [26], microwave

irradiation processes [27-29|, hydrothermal [30-35] or nonaqueous procedures [36].

Although the preparation of SnOy by hydrolysis of hydrated tin (IV) chloride has
been reported before [37], a controlling effect of the precursor base cation has neither
been observed nor considered so far, whereas for metals or ionic compounds the addition
of extraneous ions or molecules is known to lead to pronounced changes in the crystal
morphology [38]. In particular for ionic crystals such as CaCOjz such morphology
modification by anionic [39], neutral [40-42| or cationic [43-45] surface species has
been reported. These changes can be rationalized in terms of binding of the additive
to specific crystal faces, which influences the growth rates accordingly. Typically, the

morphology change by cationic modifiers is caused by substituting the cations of the
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Chapter 2. Interaction of Alkaline Metal Cations with Oxidic Surfaces: Effect on
the Morphology of SnO, Nanoparticles

“host” lattice by the cations of the growth modifier. For oxide nanoparticles, that are
typically formed by polycondensation, cation substitution is rarely observed, and well
defined colloidal particles are obtained in the presence of anionic (e.g. phosphate for
a-Fey03) [46] or neutral surfactants (e.g. formamide for SnOs) [47]. In this chapter,
it will be demonstrated by varying the precursor base, that the cations are not merely
spectator species in the polycondensation reaction of hydrated SnCly with alkali bases,
but rather play a crucial role during the formation of the nanorods. The experimental

data are supported by results from Molecular Dynamics (MD) simulations.
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2.3. Experimental

2.3 Experimental

2.3.1 Materials

All starting materials were used without further purification or treatment.
SnCly - 5 HoO (98%) was purchased from Sigma Aldrich. LiOH - H,O (99%, Aldrich),
NaOH (99%, Aldrich), KOH (90%, Aldrich), RbOH - n H,O (Sigma-Aldrich) and
CsOH - H20 (96%, ABCR) were used in solid form. Tetramethylammoniumhydroxide
(25% w/w in water, Aldrich) and NH,;OH (25%, Aldrich) were used from solution.

2.3.2 Sample Preparation

SnO, nanoparticles were prepared using a solvothermal technique, modifying a reaction
pathway reported before [20]. In a typical synthesis, 3.5 ml of 0.5 M aqueous SnCly
solution and 3.5 ml of 5 M base (except TMAH, here, due to the lower concentration,
6.25 ml were used) in water were mixed together with 25 ml of a water /ethanol mixture
in the ratio 1:1. After several minutes of stirring the reaction mixture was transferred
into a 50 ml Teflon vessel and finally sealed in a hydrothermal autoclave. The autoclave
was heated to 200°C or 250°C, respectively, for 24 hours and allowed to cool down
to room temperature radiatively. The resulting white-gray powder was separated by
centrifugation (9000 rpm) and washed several times with water and ethanol. Finally,

the powder was dried at 75°C overnight.

2.3.3 Characterization
Electron Microscopy

The products were characterized by means of transmission electron microscopy (TEM)

using a Philips 420 instrument with an acceleration voltage of 120 kV or a Philips TEC-
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NAI F30 electron microscope (field-emission gun, 300 kV extraction voltage) equipped
with an Oxford EDX (energy-dispersive X-ray) spectrometer with a Si/Li detector and
an ultrathin window for elemental analysis. Samples for TEM measurements were pre-
pared from ethanolic suspensions of the samples. A few drops of the ultrasonicated

suspension were administered onto a Cu grid coated with an amorphous carbon layer.

X-ray Powder Diffraction

X-ray diffraction patterns (XRD) were recorded using a Bruker AXS D8 Discover pow-
der diffractometer (CuKa radiation, graphite monochromator) equipped with a 2D
HiStar detector and a Siemens D5000 with CuKea; radiation (Ge (220) monochroma-
tor) and a Braun M50 position sensitive detector. Phase analyses were performed
according to the PDF-2 using Bruker AXS EVA 10.0 [48]. Crystallites sizes, intensity
alterations due to preferred orientation and anisotropic reflection profile broadening
due to anisotropic morphologies were determined by means of LeBail fits [49] and Ri-

etveld refinements, respectively, applying the fundamental parameter approach using

TOPAS Academic V1.0 [50].

Molecular Dynamics Simulations

The geometry optimization and molecular dynamics simulations were carried out with
the Materials Studio 4.4 program package from Accelrys [51]. SnO, surfaces were
prepared by cleaving a SnO, unit cell (ICSD-52151). A depth of 5 layers was chosen
to simulate the bulk properties. To provide enough room for the ions and to prevent
ghost interactions due to the periodic boundary conditions, a supercell of this slab was
built with lattice parameters of about 30 x 30 A2, The positions of Sn** and 02~ were

constrained.
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2.3. Experimental

On top of this SnO,y slab an amorphous cell of 50 ions (sodium, potassium, ru-
bidium, cesium, ammonia or tetramethyl ammonium) was placed, prepared with the
Amorphous Cell module within the Materials Studio program package. Subsequently,
the geometry of this composite was optimized with the Forcite force field-package using

the following parameters:

Ultrafine convergence criteria (energy change AE < 2.0 x 107° kcal - mol™!, force
change AF < 0.001 kcal -mol~! A~!, and displacement Ar < 1.0 x 107° A~! per step
and COMPASS force field [52], Ewald summation).

After the geometry optimization all ions that were not bonded directly to the surface
were removed. The subsequent molecular dynamics simulation was carried out with the
Forcite Quench module (NVT-ensemble, 298 K, 100.000 steps & 1 fs, ultra fine quality,
COMPASS force field, Ewald-summation). Every 2000 steps the current conformation
was saved and following this dynamic simulation the geometry of the resulting 51
frames was optimized. From this trajectory the approximated adsorption energy (E,q)

of the ions to the surfaces could be calculated according to
1 &
Ead = ; Zl Etotal,i - (ESnOg,i + Eions,i) (21)

In this expression F,q are the averaged adsorption energy, n the total number of frames
(normally 51), ¢ number of the actual frame, Ejyq; the energy of the SnO, ion compo-
site, Esn0,, the energy of the SnO, part without adsorbed ions, and Ej,s; the energy
of the pure ions without SnOs, each time in the i-th frame. The energy was normalized
to the number of adsorbed ions. Water was considered neither explicit nor implicit due
to the fact, that the presence of water in earlier studies on systems of polymers and
calcium carbonate only affected the absolute values of the adsorption energies but not

the trend of these energies in the systems investigated in this study.

28



Chapter 2. Interaction of Alkaline Metal Cations with Oxidic Surfaces: Effect on
the Morphology of SnO, Nanoparticles

Since the absolute values of energies obtained with forcefield-methods are not of
interest and the duration taken of a simulation can be decreased considerably, the

simulations were done without water.

2.4 Results and Discussion

Before and after the reaction, the pH value of the obtained mixed solutions was mea-
sured. Due to the large excess of the base, no net change in the pH was observed, with
the exception of TMAH. In addition, all precursor bases except NH,OH led to a pH
value of 14, before the solvothermal treatment, see Table 2.1. The decrease in pH in
the reaction with TMAH is due to decomposition of TMAH, which was proven by a
blind test where only TMAH with water and ethanol were kept at 200°C for 24 hrs.
The pH-decrease in the blind test remained the same. It becomes evident that the pH
value of the starting mixture itself has no influence of the morphology of the products,

as discussed later.

Table 2.1: pH - values of the reaction mixtures before and after the solvothermal
treatment.

Base pH before pH after

NaOH 14 14
KOH 14 14
RbOH 14 14
CsOH 14 14
TMAH 14 11
NH,OH 11-12 11-12

To clarify the phase composition of the obtained products, X-ray powder diffraction
data of all samples were collected. As shown in Figure 2.1 all bases except lithium
hydroxide yield single phase, rutile type SnO,. Products obtained with LiOH - due to

the lower solubility of these compounds - contained LiCl and Li;SnO3 and LiOH.
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Since these reactions did yield neither the desired anisotropic morphology nor the

expected product, no computational studies were carried out on this system.

Counts (arbitrary units)

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
26 (°)

Figure 2.1: Powder X-ray diffraction patterns of SnO, nanoparticles obtained at
200°C in the presence of different (LiOH, NaOH, KOH, RbOH, CsOH,
TMAH, NH,OH) precursor bases. The bottom trace corresponds to the
diffraction pattern of bulk SnO, (Cassiterite).

The Bragg positions and lattice parameters (data from LeBail fits) match well with
the filed values (PDF-2, entry (41-1445)) for Cassiterite (a = 4.7456 A, b = 3.1930 A,
space group No. 136 - P4;/mnm). The broad reflection profiles are due to the very

small crystallite size of the nanostructured materials.
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The X-ray diffraction patterns of samples prepared with NH;OH show broad reflec-
tion profiles without any intensity alterations due to preferred orientation, see Figure
2.2 (a). In contrast, the diffraction patterns of samples prepared with NaOH exhibit
comparably narrow profiles for the (011), (002) and (112) reflections while the pro-
files of the remaining, 'low /-index’, reflections are broad, see Figures 2.1, 2.2 (b) and
2.3. Rietveld refinements modeling this by two different rutile type SnO, phases with
different crystallite sizes fit only to the experimental diffraction pattern, if preferred ori-
entation is handled by means of spherical harmonics [53] in addition. Both, anisotropic
peak broadening as well as intensity alterations due to preferred orientation are in good
agreement with the anisotropic morphology of the nanocrystalline product.

Transmission electron microscopy (TEM) images show the particle morphologies
obtained with different precursor bases. Figure 2.6 shows that only the Na' cation is
capable of efficiently inducing a particle growth along the tetragonal axis [001] to yield

anisotropic structures with a large aspect ratio (up to 30), see also Figures 2.4 and 2.5.
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Figure 2.2: Rietveld refinements of the X-ray powder diffraction pattern of a sample
prepared with (a) M = NHJ and (b) M = Na' (black: experiment, red:
fit, blue: difference curve)
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Figure 2.3: Graphical display of the orientation distribution function as derived from
the Rietveld refinements. Left: NH,;OH, right: NaOH.
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Figure 2.4: Frequency plot of the aspect ratios of SnOs nanorods. The sample was
prepared with NaOH at 200°C.
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Figure 2.5: High resolution electron micrograph of a SnOy nanorod. The inset shows
the FFT. The sample was prepared with NaOH at 200°C.

The width of the Bragg reflections (calculated crystallite size 15.9 4+ 0.1 nm) in the
XRD pattern of the sample prepared with KOH match well with the data derived
from the TEM images which contain mostly particles or platelets with an average size
of 14.2 + 3.8 nm (75 particles). Only a very small fraction of the material may be
considered as nanorods or one-dimensional. The next larger base cation, Rb™, yields
a mixture of various rod-like structures with a very low aspect ratio. In addition, the
sample contained minor amounts of cubes and spheres. Samples prepared with CsOH
as the precursor base consist of a mixture of spheres, cubes and rods with a very small
aspect ratio.

The samples prepared with tetramethylammonium hydroxide (TMAH) exhibit a
strong reflection profile broadening, according to a crystallite size of 13.1 £+ 0.1 nm,
which is in good agreement with the particle size determined from TEM micrographs
(average size 13.4 + 3.7 nm, derived from 50 particles). Here, a mixture of smaller

particles (sphere-like mostly) and some anisotropic rod-like objects are obtained, but
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(a) ® ()

@ @ (f)

Figure 2.6: TEM images of the products obtained with different precursor bases: (a)
NaOH, (b) KOH, (¢) RbOH, (d) CsOH, (e) TMAH, and (f) NH;OH. The
samples were prepared at 200°C.

these particles are not well defined and exhibit a small aspect ratio. The width of the
reflections of the NH,OH batch is very broad due to the small crystallite size. The
particle diameters derived from the X-ray diffraction data (5.8 + 0.1 nm) compare well
with the observed particle size distribution from the TEM samples, which is 5.2 + 1.1
nm (average from 75 particles). High resolution micrographs indicate that the particles
are single crystalline, and most of them are terminated by the 110 surface. However,
some particles seem to show a different orientation (see Figure 2.7). Figure 2.6 (a)

shows the obtained nanorod materials, prepared with NaOH as the precursor base.
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Figure 2.7: HR-TEM micrograph and corresponding Fourier transformation of SnO,
nanoparticles prepared at 200°C with NH,OH as precursor base.

The direction of growth is [001], all the observed rods lie on a 110 face, see also Figure
2.5. Since no other orientation was observed and SnO, belongs to the tetragonal system,
it is likely that the nanorods are laterally delimited by the {110} zone. Actually this
means that the crystallographic planes (110), (110), (110) and (110) are the terminating
faces of the obtained nanorods.

These findings agree with comparisons of earlier theoretical studies with experimen-
tal data [54, 55]. The surface energies of SnO, follow the trend (110) < (100) <
(101) < (001) indicating the ¢ axis to be the preferential growth direction. However,
our results show that the base precursor has a great influence on the one-dimensional
growth. To further elucidate this influence, molecular dynamics simulations were car-
ried out to determine the adsorption energy of the respective cations on the crystal
faces that are important for the growth of one-dimensional SnO, nanostructures, i.e.

the [001] direction as the growth axis and the (110) as the enclosing faces.
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35
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Figure 2.8: Calculated adsorption energies of univalent cations to the (110) face of
rutile-type SnOs.

It is a well known fact that the enclosing faces of a crystal are usually those with the
lowest growth rate (i.e. the lowest surface energy) [56]. The surface energy is strongly
affected by foreign ions adsorbed to the crystal faces. The adsorption energies of the
alkali metal cations decrease with increasing atomic number, NH; and TMAH exhibit
even smaller adsorption energies (Figure 2.8), Figure 2.9 shows a comparison of the
number of adsorbed Na™ cations onto the 110 and 100 surface of SnO,. It is evident

that also this number is much larger on the 110 surface.
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Figure 2.9: Top view onto a SnO, surface with adsorbed Nat-cations (purple): Left
(110) and right (100) surface. For clarity the adsorbed ions are shown in
van der Waals-representation, the underlying SnO, only in a small ball
representation (red: O, gray: Sn)

In general, the growth of Cassiterite-type SnO, is anisotropic, leading to a nee-
dle/column like morphology. The latter is only observed if crystallization conditions
are proper, i.e. high temperature and long crystallization time. Upon the conditions
leading to nanoparticles, one does typically not find these optimum growth conditions
and, thus, very often spherical or at least non-anisotropic morphologies for compounds
crystallizing in anisotropic structures are observed. In here, the high adsorption pro-
bability of Nat cations on the 110 face (also compared to the other crystal surfaces)
facilitates the crystallization process already on non-optimum conditions, while the

lower absorption probabilities of all the other tested cations are not sufficient.

SnO, synthesized in aqueous ammonia solution exhibits a nearly spherical morphol-
ogy because the ratio for blocking the 110 and 001 face is ~ 1, i.e. there is no preferential
growth direction. As it has been reported that an increase of the temperature leads to
the formation of nanorods with different aspect ratios [57], all studies were repeated
at higher temperatures. The results for samples obtained at 250°C are summarized
below. The phase purity of the samples was checked and confirmed by means of X-ray
powder diffraction. As a result of the higher reaction temperature, all samples display

sharper reflection profiles which points to larger crystallite size, see Figure 2.10.
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Figure 2.10: Powder X-ray diffraction patterns of SnOs nanoparticles obtained after
24 h at 250°C in the presence of different (LiOH, NaOH, KOH, RbOH,
CsOH, TMAH, NH,OH) precursor bases. The bottom trace corresponds
to the diffraction pattern of bulk SnO, (Cassiterite).
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TEM investigations (Figure 2.11) of the samples revealed that with Na‘t as the
precursor cation, the rod-like morphology is maintained. The aspect ratio of the par-
ticles increases because their diameter remains almost constant whereas their length
increases. Some much larger rods are obtained as well. However, in contrast to a
previous report [57], all measured rods are terminated by the 110 face which is clearly

observable in the Fourier transformation of the high resolution TEM images in Figure

2.12.

Figure 2.11: TEM images of the products obtained with different precursor bases: (a)
NaOH, (b) KOH, (c) RbOH, (d) CsOH, (e) TMAH, and (f) NH,OH.
The samples were prepared at 250°C.
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(a) | (b)

(c) (d)

Figure 2.12: HR-TEM micrographs and Fast Fourier Transform (FFT) of SnO,
nanorods, prepared with NaOH at 250°C. The rods lie on the (110)
plane.

The samples synthesized at 250°C exhibit anisotropic morphologies not only in the
presence of Na™, but also with K™ and Rb™. This can be related to the more suitable
crystallization conditions. Nevertheless the observed aspect ratios are smaller for KT,
Rb* and Cs* compared to Na™, which -again- is in line with the trend of the adsorption
energies. In order to make sure that the nanorods prepared with potassium, rubidium
and, to some extent, cesium are also terminated by the 110 surface, HR-TEM mea-
surements were carried out on these samples as well. As shown in Figure 2.13 (for K*),
these nanorods in different sizes are also enclosed by 110 faces and grow along [001].

Syntheses carried out in aqueous ammonia solution mostly yield isotropic particles.
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(111)
(001) (110

(c) (d)

Figure 2.13: HR-TEM micrographs of nanorods prepared by hydrolysis of SnCly with
KOH at 250°C.
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2.5 Conclusion

It was demonstrated that the morphology of anisotropic SnO, nanoparticles obtained
by polycondensation of hydrated tin tetrachloride at a given pH (large excess of base)
strongly depends on the cation of the precursor base, not only on other reaction para-
meters such as precursor concentration, temperature and time. It could be shown
that the trend of decreasing aspect ratios, especially at a reaction temperature of
200°C, can be related to decreasing adsorption-energy Eaq and -probabilities of the
base cations on the 110 surface of SnO,. At a reaction temperature of 250°C, more
suitable crystallization conditions lead to the formation of anisotropic morphologies
with the precursor cations potassium and rubidium as well, however with a much
smaller aspect ratio than with sodium. This finding supports the effect of the counter
cation on the morphology of the nanoparticles. The main interaction energy between
the SnOs surfaces and the adsorbed cations is the coulomb interaction. This interaction
is mainly determined by the charge-to-radius-ratio of the adsorbed ions and therefore

explicable in terms of the Pearson [58-62] concept of hard and soft acids and bases

(HSAB).
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A simple One-step Reaction Pathway towards

SnO; - NaySn(OH)¢ “core-shell” Nanorods

3.1 Abstract

A simple reaction pathway to obtain core-shell nanorod type SnO, materials was in-
vestigated. The products could be prepared by a solvothermal technique starting from
tin (IV) chloride and sodium hydroxide as the precursors. X-ray powder diffraction
data (XRD) and energy dispersive X-ray spectroscopy (EDX) show the presence of
SnOy and NagSn(OH)g. Transmission electron microscopy (TEM) pictures reveal the
rod-shaped morphology with dimensions from 5-25 nm in width and up to 200 nm in
length. High-resolution TEM micrographs clearly indicate the presence of a shell con-
taining sodium and a higher amount of oxygen than the core. The influence of the

shell on the optical properties of the core-shell nanorods has been examined.
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3.2. Introduction

3.2 Introduction

Among the many varieties of nanostructures, core-shell materials have been the subject
of great attention over the last years [1]. Through careful preparation techniques, a
wide-range of tunable properties is achievable, often improving the single properties
of both, the core and the shell material. Applications include, but are not limited to,
solar cells [2], here especially dye-sensitized solar cells (DSSC), catalysis, separations,
and diagnostics [3, 4]. In this vast field, core-shell nano-“composites” with SnO, are of

vivid interest.

Tin (IV) oxide is a wide band-gap semiconductor [5] (E, = 3.6 €V) material that
crystallizes in the rutile structure (SG: P4s/mnm). Synthetic routes towards (1D)-
nanostructures of SnO, include thermal evaporation [6], solution phase-growth |[7-9]
and template-assisted methods [10]. Those nanomaterials are prominently used e.g.
in gas sensing devices [11] and in dye-sensitized solar cells. However, especially in
solar cells, due to the high electron mobility [12] (which creates a lot of recombination
problems), SnOs is often used in conjunction with other semiconductors or insulators,
in most cases in the form of core-shell structures. Therefore, one-step reaction pathways
towards these materials could offer a significant facilitation of the fabrication of those
substances. The observed shell material in this contribution is NagSn(OH)g. Stannates
such as ZnySnOy can also be found as electrode materials in solar cells [13, 14]. Thus,
a combination between a SnO, core and a stannate shell, obtained in a simple one step
reaction could establish a promising alternative for photoanodes in dye-sensitized solar

cells.
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3.3 Experimental

3.3.1 Sample Preparation

The obtained products were prepared by a facile solvothermal technique, modifying
a reported reaction pathway [15]. In a typical synthesis, 3.5 ml 0.5M SnCly - 5H50
solution and 3.5ml 5 M NaOH were mixed together with 25 ml of an ethanol : water
mixture with a ratio of 15:10. After several minutes of stirring, the reaction mix-
ture was transferred into a 50 ml Teflon vessel and finally sealed in a hydrothermal
autoclave. The autoclave was heated to 200°C for 24 hours and allowed to cool down
to room temperature naturally. The obtained white-gray powders were separated by
centrifugation (9000 rpm) and washed several times with water and ethanol. Finally,

the powder was dried at 75°C.

3.3.2 Characterization
Electron Microscopy

The products were characterized using transmission electron microscopy (TEM) using
a Philips 420 instrument with an acceleration voltage of 120 kV or a Philips TECNAI
F'30 electron microscope (field-emission gun, 300 kV extraction voltage) equipped with
an Oxford EDX (energy-dispersive X-ray) spectrometer with a Si/Li detector and an
ultrathin window for elemental analysis. Samples for TEM measurements were pre-
pared from ethanolic suspensions of the samples. One to two drops of the ultrasonicated

suspension were administered on a Cu grid coated with an amorphous carbon layer.
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X-ray Powder Diffraction

X-ray diffraction patterns (XRD) were recorded using a Siemens D5000 with CuKay
radiation (Ge (220) monochromator) and a Braun M50 position sensitive detector.
Phase analyses were performed according to the PDF-2 using Bruker AXS EVA 10.0
[16]. Crystallite sizes, intensity alterations due to preferred orientation and anisotropic
reflection profile broadening due to anisotropic morphologies were determined by means
of LeBail fits [17] and Rietveld refinements [18], respectively, applying the fundamental

parameter approach using TOPAS Academic V4.1 [19].

Infrared Spectroscopy

Infrared spectroscopy was performed using a Mattson Instruments 2030 Galaxy-FT-IR
spectrometer.

UV-VIS-Spectroscopy

UV-VIS diffuse reflectance spectroscopy (DRS) was performed on a Cary 5G UV-
Visible-NIR spectrophotometer at room temperature in the wavelength range between

200 and 600 nm using BaSO4 (Merck) as the white standard.
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3.4 Results and Discussion

If the procedure described in the experimental part is used with a ethanol : water mix-
ture in the ratio 1:1 (v/v), only phase pure tin (IV) oxide nanorods can be observed.
However, a simple change of the ratio ethanol : water changes the phase composition
of the obtained materials from SnOy (1:1) to NagSn(OH)g (20:5). The intermediate
ratio of ethanol : water (15: 10) does not yield a simple phase mixture, but “core-shell”
materials, see Figure 3.1. This is attributed to the different solubilities of the reaction
products in the water-ethanol mixtures; The yield of stannate increases with increasing
ethanol content, due to the higher solubility of Na,Sn(OH)s in water.

To clarify the phase composition of the obtained core-shell materials, X-ray powder
diffraction data were recorded and Rietveld refinement was performed to determine the
crystallite sizes and the ratio of the two phases. The positions of the reflexes and the
lattice parameters match well with the filed values in the literature [20]. For cassiterite,
the lattice parameters were found to be a = 4.7492(4) A and ¢ = 3.1885(3) A.

For the sodium stannate (SG: R3), the lattice parameters were determined to be
a = 5.9690(9) A and ¢ = 14.2380(32) A. Figure 3.2 shows the data including the
Rietveld refinement, applying two separate phases, with the first one being SnO, and
the second one NaySn(OH)g. A quantitative analysis shows that &~ 85% of the material
are SnOy with the remaining 15% being attributed to NasSn(OH)g. The computed
reflection profiles of the SnO, phase do not exactly fit to the observed ones due to the

anisotropic particle morphology.
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Figure 3.1: X-ray diffraction data of the samples obtained with different wa-
ter : ethanol ratios. The blue and black bars represent the calculated
20-values for the reflexes of NagSn(OH)g and SnO, respectively.

60



Chapter 3. A simple One-step Reaction Pathway towards SnOs - NaySn(OH)g

“core-shell” Nanorods

[T T T TT 0T T TI]

Counts (arbitrary units)

©

Y

Obs

Calc

Calc. Diff.

10 15 20 25 30 35

40

45 5
20(°

0
)

55 60 65 70 75 80 85

Figure 3.2: Rietveld refinement of the X-Ray diffraction data. The blue and black
bars represent the 20-values for the reflexes of NaySn(OH)g and SnO,

respectively.

Further, due to the fact that the reflexion profiles attributed to the stannate phase are

rather narrow, the X-ray data suggests that there are two separate crystalline phases:

The SnO, nanorods (i.e. the origin of the broad reflexions that show anisotropy) and

the stannate phase with a crystallite size that is “too large” for a nanostructured shell

material. For such shell materials, especially a nanostructured one, one would expect

the profiles to be much broader, due to the very small crystallite size.
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Transmission electron micrographs reveal the presence of rod-shaped materials. Fig-
ure 3.3 shows a single core-shell nanorod. A shell consisting of a thin diffuse layer
and sphere-shaped particles is clearly observable around the anisotropic core. The vast
majority of rods found in a typical sample exhibits this structure, i.e. rod-like cores

including a shell.
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Figure 3.3: TEM images of the obtained nanostructured core-shell material. (a) Low
magnification image of a single core-shell nanorod; (b) EDX line-scan
across one core-shell nanorod.

The HR-TEM micrograph (Figure 3.4) shows that the core of the materials is crys-
talline. Lattice fringes are clearly visible. Covering the anisotropic core, one can see
a shell that seems to be amorphous since no clear lattice fringes are observable. This
is, again, contradictory to the diffraction data. Firstly, because the stannate phase is
supposed to exhibit a sufficient crystallinity to yield narrow reflexions (i.e. one should
be able to observe lattice fringes, although this might also have a different origin such
as the diffraction contrast of the stannate) and secondly, it is clearly observable that
the shell is also in the range of nanometers, meaning that the reflexion profiles of this

phase should be rather broad, as aforementioned.
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Figure 3.4: HR-TEM picture of a single core-shell nanorod. The arrow points out the
shell layer.

To get a better insight into the chemical composition of the core-shell materials,
energy dispersive X-ray spectroscopy (EDX) was employed. A line-scan across one
core-shell particle (Figure 3.3 (b)) reveals that the elements tin (Sn - yellow line),
oxygen (O - deep red line) and sodium (Na - orange line) are present. No other elements
could be detected, proving again the purity of the prepared materials. Interestingly,
the sodium (although very low in absolute values) and oxygen content are higher at
the edges of the rod. The inner part consists almost entirely of tin and oxygen. This
is pointing again towards the fact that the shell material is composed of NaySn(OH)g,

although not necessarily crystalline.
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Figure 3.5: UV-Vis absorption spectra of pure SnOs nanorods and SnOs/NaySn(OH)g
core-shell structures.

To investigate the influence of the core-shell structure onto the optical properties,
UV-Vis absorption and FT-IR spectra were recorded. The optical absorbance is pre-

sented in Figure 3.5.

The onset of the absorption corresponds for the pure SnO, nanomaterials to a band-
gap of ~338nm — 3.68 V. For semiconducting nanoparticles, there is an expected
shift of the absorption edge to higher energies (compared to bulk values) due to the
quantum confinement when the particle size decreases below the electron Bohr radius.
For SnO,, this radius has been calculated to be 2.7 nm. Since in our case only the tip

of the rods is smaller than that radius, we only observe a mild shift towards higher
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Figure 3.6: FT-IR spectra of pure SnOy nanorods and SnO,/NaySn(OH)g core-shell
structures.

energies. It is obvious that the core-shell material exhibits an additional feature, leading

to a second onset at around 380 nm, corresponding to an optical band-gap of 3.25eV.

The infrared absorption spectra are shown in Figure 3.6. The FT-IR spectrum of

L as well as

“pure” SnOy nanorods shows two broad absorption bands around 480 cm™
around 630 until 700 cm~!. These bands arise from stretching vibrations of geminal
oxygen atoms (rSnOSn) [21, 22|, with the band at 480 cm™' being attributed to the
symmetric and the bands at 630 cm™! being attributed to the asymmetric vibration

[23]. The metal-oxygen vibration in the bulk appears in the IR spectrum mostly

between 200 and 800 cm~!. However, this vibration in the surface lattice differs from
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that in the bulk and appears usually at higher wave numbers. The absorption bands
around 1615 cm ™! and 3400 cm ™! might be attributed to the §OHj stretching vibration
of surface hydroxyl group or surface bound water which has been observed due to the
re-adsorption of water molecules from ambient atmosphere. In comparison to that,
the core-shell material exhibits the same bands plus one additional one, at around
870 cm~'. This band can be attributed to OH-in-plane-bending vibrations [24] and is

a distinet difference between the bare and the core-shell material.

3.5 Conclusion and open Questions

Core-shell nano-materials could successfully be prepared using a very simple one-step
reaction pathway, starting from a tin precursor, a base and a water : ethanol mixture.
The presence of two phases was verified using X-ray powder diffraction. Transmission
electron microscopy was used to reveal the fact that a core-shell structure has formed.
Energy dispersive X-ray spectroscopy suggests that the shell consists of a phase richer
in oxygen and sodium than the core, which is only composed of tin and oxygen (i.e.
Sn0O,). However, the results from the TEM/EDX measurements and the XRD data on
the other hand are somewhat contradictory (see below). The optical properties have
been investigated using UV-Vis and FT-IR spectroscopy. It could be shown that the

shell significantly changes the optical behavior.

Unfortunately, due to unknown reasons, the reproducibility of the reaction became
insufficient, meaning that the results were not reproducible anymore in a satisfactory
way. Therefore, the following important issues that arise from the processing of the

data remain:

66



Chapter 3. A simple One-step Reaction Pathway towards SnOs - NaySn(OH)g
“core-shell” Nanorods

What is the exact origin of the diffraction reflexions of NaySn(OH)g? This has
not been elucidated completely since the shell material that is observed in the HR-
TEM pictures clearly contains sodium and a higher oxygen content than the SnO, -
core, however it seems that the shell is mostly amorphous and possesses a very small
crystallite size, and hence cannot be “responsible” for the occurrence of the sharp
reflexes in the diffraction patterns.

Are the changes in the optical properties solely due to the core-shell structure of the
materials or would a “nano-composite” show the same behavior?

A more detailed study of the infrared and raman behavior would also be necessary
to elucidate the differences between a possible core-shell material, a “nano-composite”
and the bare SnO, nanorods.

To summarize, evidence of a “nano-composite” of SnOy and NaySn(OH)g have been
found. HR-TEM and EDX analysis point towards the shell consisting of the stannate.
However, the diffraction data are not in line with these findings and therefore a more

careful investigation is necessary.
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Snapshots of the Microwave-Assisted Synthesis of

SnO, - Nanorods

4.1 Abstract

A microwave-assisted reaction pathway to rutile SnOy nanorods was investigated. The
microwave-treatment significantly reduces the reaction time compared to standard
hydro-/ solvothermal techniques. By moving the overall process into a shorter time
slot, the growth and crystal formation during the reaction could be monitored via
snapshots by trapping the intermediates through quenching. To gain a better insight
into the template-free growth of one-dimensional (1D) nanostructures, a parameter-
dependent (various temperatures/pressures and times were investigated) study was
carried out. For all materials, the phase purity and crystallite sizes were determined
by X-ray powder diffraction (XRD). The growth-orientation and terminating crystal
faces of the reaction intermediates were determined using HR-TEM measurements. A
growth mechanism was proposed. The optical properties were studied by means of

Raman and infrared spectroscopy.
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4.2 Introduction

Inorganic nanostructures have attracted enormous research interest over the past years.
One part of this huge field is the focus on semiconductor nanoparticles. Among
these, SnO, has been studied extensively. Being a wide band-gap semiconductor [1]
(E, = 3.6 ¢V at 300 K), 1-D tin dioxide nanostructures like nanorods |2, 3|, nano-wires
[4-6] and nano-tubes [7] have found applications as gas sensors [8-11], transparent
conducting surface layers and electrodes [12], transistors [6], as well as in photovoltaic
applications [13]. Especially the use of SnO, as an electrode material in dye-sensitized
solar cells is of great interest [14-16]. Synthetic routes to 1D SnO, nanoparticles include
thermal evaporation [5], template-assisted methods [17] (such as micro emulsions) and

solution-phase growth [3, 9, 13].

During the past decade, microwave-solvothermal methods have emerged as a power-
ful synthetic tool for metal oxide nanoparticles [18, 19]. Our information concerning the
kinetics of the formation of ternary or even binary metal oxides under microwave con-
ditions is limited for the following reasons: (i) The prediction of solvothermal products
is mostly impossible due to a lack of general theoretical models. (i) The structural
chemistry of transition metal oxide systems is often complicated, because a variety
of potential products can be formed. This renders the mechanistic investigation of

solvothermal reactions a key task of modern materials research.

Therefore, the microwave-assisted formation of 1D tin dioxide nanostructures is a
model reaction. By evaluating the kinetics of nanostructured SnOs, the formation
process of these materials was studied. By varying reaction parameters such as the
reaction time and temperature, a detailed insight into the growth process of SnO,
nanostructures under solvothermal conditions could be obtained. Compared to stan-

dard solvothermal techniques that rely on heating in conventional furnaces, the very
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fast heating and cooling times in a microwave reactor provide the unique opportunity
to take snapshots of the crystallization and morphological evolution of nanostructures

that provide similar kinetic information as studies of the growth mechanism by in situ

EXAFS and XRD [20].

4.3 Experimental

4.3.1 Sample Preparation

The obtained products were prepared by a facile microwave-assisted technique, modi-
fying a reaction pathway reported before |2, 21]. In a typical synthesis, 3.5 ml 0.5 M
SnCly - 5 HpO (Sigma-Aldrich) solution in water and 3.5ml 5M NaOH (Sigma-
Aldrich) were mixed together with 12.5 mL of an ethanol (Carl Roth, p.A.)/water
mixture with a ratio of 1 to 1 (v/v). After several minutes of stirring, the reaction
mixture was transferred into a 100 ml Teflon liner and finally sealed in a CEM XP-
1500 microwave vessel. The mixture was allowed to react in the microwave at various
pressures and times (the exact conditions can be found later in the text). After cooling
down radiatively for a maximum of 30 min, the obtained white-gray powders were sepa-
rated by centrifugation (9000 rpm) and washed several times with water and ethanol.

Finally, the powder was dried at 70°C overnight.

4.3.2 Characterization
4.3.2.1 Electron Microscopy

The products were characterized by means of transmission electron microscopy (TEM)
using a Philips EM 420 with an acceleration voltage of 120 kV and a Philips TECNAI

F30 with a field-emission gun and 300 kV extraction voltage, equipped with an Oxford
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EDX (energy-dispersive X-ray) spectrometer with a Si/Li detector and an ultrathin
window for elemental analysis. Samples for TEM measurements were prepared from
ethanolic suspensions of the samples. After treatment in an ultrasound bath, one to
two drops of the suspension were administered on a Cu grid coated with an amorphous
carbon layer. Scanning electron microscopy (SEM) pictures were obtained using high

vacuum mode SEM (Quanta 200 FEG; FEI Company, Eindhoven, the Netherlands).

4.3.2.2 X-ray Powder Diffraction

X-ray diffraction patterns (XRD) were recorded using a Bruker AXS D8 Discover
with HiStar detector operating with graphite monochromatized CuKa radiation in
reflection mode (point focus) and a Siemens D5000 with CuKa; radiation (Ge (220)
monochromator) and a Braun M50 position sensitive detector operating in transmission
geometry. Samples were either glued with VP /VA copolymer on top of glass substrates
or fixed between two strips of 3M Scotch Magic tape. Phase analyses were performed
according to the PDF-2 database (PDF-2, Release 2004, JCPDS - International Centre
for diffraction Data (2004)) using EVA 10.0 [22]. Crystallite sizes were determined
according to the fundamental parameter [23] approach in course of whole pattern fitting

(LeBail method) using TOPAS Academic [24].

4.3.2.3 Raman Spectroscopy

Raman spectra were recorded at room temperature using a Horiba Jobin
Yvon LabRAM HR spectrometer equipped with a Si-based CCD-detector (Peltier-
cooled) and an integrated Olympus BX41 optical microscope. The spectra were ac-
quired by averaging a spectrum integrated over 60 s per window in multi-window

acquisition mode twice, with 200 pixel overlap.
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4.3.2.4 Infrared Spectroscopy

Infrared spectra were recorded at room temperature using a Jasco FT-IR 4200. The
samples were measured as KBr-discs (Merck p.a.) in transmission mode. The spectra
were analyzed by Spectra Manager (Version 1.53.00; Jasco Corporation) and corrected
by baseline correction and smoothing (Means-Method; convolution width of 25). Due
to different linear baseline corrections, no quantitative information can be drawn from

the intensity of the absorption peaks.
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4.4 Results and Discussion

4.4.1 Ultra-short Heating Ramp Synthesis

Samples were prepared using the following heating times: ultra-short heating was per-
formed with 6 min (ramp: 1min, dwell time: 5min), and a series of reactions times
(ramps: 2.5 min and dwell times of 0 min, 1 min, 2.5 min, 5 min, 10 min, 15 min, 20 min,
30 min, 45 min, 60 min and 90 min). The samples of the ultra-short heating batch
(microwave power: 1600 W) reached a pressure of 44 bar, corresponding to a temper-
ature of about 225°C within one minute. The sample was then kept at this pressure
for 5 minutes. The phase identity of the as-prepared SnO; nanomaterials was deter-
mined by X-ray powder diffraction. Figure 4.1 shows the XRD pattern of the SnO,
nanorods. All diffraction lines can be attributed to Cassiterite (PDF-2, entry (41-1445)
SG: P4y/mnm). The TEM micrographs (Figure 4.2) show that even after this very
short period of heating time and the ultra-short heating ramp, rod-shaped structures
were formed. Although these particles already exhibit an anisotropic shape and are
enclosed by 110 faces (see Figure 4.2), the rods are not well defined and do not show
clear tips. To enhance the anisotropy of the structures and because many other mor-
phologies were observed, the reaction time was extended. An increase of the heating
time to 10 minutes (total reaction time 11 minutes) lead to an increase in the yield of
anisotropic nanoparticles, see Figure 4.3. These results indicate that SnOy nanorods

can be formed after a reaction time of only 2-3 min.
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Figure 4.1: X-Ray diffraction pattern of the samples prepared with 1 minute heating
ramp.

Figure 4.2: (a) High resolution TEM image of a single SnOs nanorod. (b) Bundle of
SnO, nanorods, obtained after 6 minutes of reaction time.
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Figure 4.3: TEM image of the sample heated for 11 minutes.
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4.4.2 Time-dependent Study

To enhance the yield of 1D nanostructures even further, the heating ramp was extended
to 2.5 min (at 1600 W) and various reaction times (0 [i.e. only the heating ramp]|, 1,
2.5, 5, 10, 15, 20, 30, 45, 60 and 90 min) were investigated. The pressure was set to
46 bar, equivalent a temperature of approx. 240°C. The phase purity of all samples
was confirmed by X-ray powder diffraction data (see Figure 4.4). All diffraction lines
can be attributed to Cassiterite (PDF-2, entry (41-1445)). To compare the microwave
reaction to a conventional solvothermal method (heated in a drying oven at 250°C),
all mixtures were treated for the same amount of time in a Teflon-lined stainless steel
autoclave. Even after 90 min reaction time, no nanorods were obtained from these
reactions, proving that the microwave-assisted pathway provides a much faster reaction

route towards one-dimensional nanostructures than conventional methods.

90 Min

Counts (arbitrary units)
N
o
S
3, 1 1

Counts (arbitrary units)

10 20 30 40 50 60 70 80 90 20 30 40 50 60 70 80
26(°) 20(°)
(a) (b)

Figure 4.4: X-Ray powder diffraction data of the as-prepared materials. (a) Diffrac-
tion data for the samples heated up to 10 min, (b) for samples heated for
more than 15 min.
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The powder diffraction data give a first hint towards the evolution of the growth
process: The reflection profiles of samples of these early reactions are very broad and
fit to one, crystallite size-dependent reflection profile broadening contribution exclu-
sively, indicating very small, isotropic crystallites (see also Figures 4.6 (a)-(b)). Upon
increasing the reaction time the profiles of all reflections narrow significantly. Fur-
thermore, the high intensity cusp of the reflection profiles of all reflections (hkl) with
[ # 0 are narrower than expected for a Voigt-type profile, pointing to a crystallite size
anisotropy. Thus, whole pattern fitting was performed by applying two different con-
tributions from identical crystallographic phase information differing exclusively in the
crystallite size and the individual reflection intensities. The determined values for the
crystallite size are interpreted according to the short and long axis of the anisotropic,

single crystalline nanoparticles (c.f. Figure 4.5).
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Figure 4.5: Crystallite size (CS) and anisotropy as a function of reaction time.
The blue and black symbols represent the long and short axes of the
anisotropic nanoparticles, respectively.
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Figure 4.6: TEM micrographs of the obtained rod-shaped materials. The images
correspond to reaction times of 0 (a), 1 (b), 2.5 (¢), 5 (d) and 10 min (e).

To visualize the growth process of the nanorods, transmission electron microscopy
images were recorded. The TEM micrographs (Figure 4.7 (a)-(f), Figure 4.6 (a)-(e))

show the morphologies of the nanorods prepared after different periods of heating.

(i) The TEM image of the sample heated for “0” minutes (i.e. only the heating ramp
was carried out, subsequently the sample was allowed to cool down radiatively) shows
very small particles with isotropic morphology. No nanorods are found yet. (i) After
one minute of heating time, the first anisotropic particles begin to form. Although the
vast majority of the sample still contains isotropic particles, some rod-shaped particles

with a small aspect ratio are observed already (Figure 4.6 (b)).
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(77) Reaction times of 2.5 minutes yield an increasing amount of SnOs nanorods (in
good agreement with the X-ray diffraction data). However, the particle size is still very
small (up to 20 nm in length and around 4 nm in diameter). (iv,v) A further increase
of the reaction time to 5 and 10 minutes leads only to an increase in the amount of the
anisotropic particles. (vi) The actual growth of the nanorods (indicated by the “jump”
of the particle size in the time slot between 10 and 15 minutes in Figure 4.5) begins
after a total reaction time of 17.5 min [2.5 min ramp and 15 min at 46 bar|. Now the
majority of the particles is rod-shaped, see Figure 4.7. However, particles with other
morphologies (cubes and irregular particles) are still present.

Tin dioxide nanorods are formed only, when sodium counter ions are present in
the reaction medium, whereas potassium rubidium or cesium lead to the formation
of platelets, mixtures of various rod-like structures with a very low aspect ratio or
spheres. Thus, the discussion about the mechanism of morphology control have to
include also the adsorption-energy Es4 and -probabilities of the base cations on the
110 surface of SnO, [25]. The interaction between the SnO, surfaces and the adsorbed
cations is dictated by the coulomb interaction. This interaction is mainly determined
by the charge-to-radius-ratio of the adsorbed ions and therefore explicable in terms of
the Pearson concept [26-30] of hard and soft acids and bases (HSAB).

In addition to the morphological heterogeneity, the TEM pictures show that the
enclosing crystal faces are not yet well defined. Although the anisotropic morphology
is clearly visible and the enclosing faces of most rods belong to the {110} zone, the
rods do not possess very sharp and distinct tips (see Figure 4.8). Furthermore, rods
with different growth orientations are observed after rather short reaction times (15

and 20 minutes [17.5 and 22.5 min including the heating rampl]).
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Figure 4.7: TEM micrographs of the obtained rod-shaped materials. The images
correspond to reaction times of 15 (a), 20 (b), 30 (c), 45 (d), 60 (e) and
90 min (f).
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(b)

Figure 4.8: (a) HR-TEM picture of a SnOy nanorod obtained after 15 min of reaction
time. (b) Fourier transform with indices for the corresponding reciprocal
lattice points according to the crystal structure model of Cassiterite.

Figure 4.9 shows HR-TEM pictures of SnOs nanorods obtained after 20 min of reac-
tion time. The Fourier transforms in Figure 4.9 (b) clearly indicate that the crystals are
terminated by the 020 faces but not the 110 face as expected for Cassiterite. However,
in this case, the growth direction is [001] as well. The edges of the rod are not well
defined. Upon increasing the reaction time (30 and 45 min), the nanoparticles grow in
size (length and width) and the crystallinity increases (see Figure 4.10). In addition,
less nanorods with an orientation that differs from [001] as the growth direction and

{110} as the enclosing faces are found in the samples [25].
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(b)

Figure 4.9: HR-TEM pictures of SnOy nanorods (20 min), insets show Fourier trans-
formation and indexing of the corresponding reciprocal lattice points (cas-
siterite).

Figure 4.10: HR-TEM pictures of SnOy nanorods after 30 min (a) and 45 min (b)
insets show Fourier transformation and indexing of the corresponding
reciprocal lattice points (Cassiterite).

87



4.4. Results and Discussion

It was noted that the cation of the base has a great influence on the particle growth
[25]. The enclosing faces of a crystal are usually those with the lowest growth rate (i.e.
the lowest surface energy) [31]; the surface energy is strongly affected by foreign ions
adsorbed to the crystal faces. The adsorption energies of the alkali metal cations de-
crease with increasing atomic number. In general, the growth of Cassiterite-type SnOq
is anisotropic with a rod-like morphology. This morphology, however, is only observed
if crystallization is carried out under equilibrium conditions, i.e. at high temperature
and long crystallization times. Under the conditions described here these optimum
growth conditions are certainly not met. Therefore spherical or non-anisotropic mor-
phologies are observed in the early stages of the crystallization. The high adsorption
probability of Na™ cations on the 110 face (also compared to the other crystal surfaces)

facilitates the rod formation even under non-optimum conditions.

After a reaction time of 60 min, almost all of the investigated nanorods are enclosed
by the 110 crystal faces of SnOy which is known to be the most stable surface of the
Cassiterite/rutile structure-type in aqueous or basic solution due to its polarity [32-34|
(see Figure 4.11). These results are in line with studies of the thermal dehydration
of a SnO, gel by Harrison and Guest [35] using infrared (IR) spectroscopy and X-ray

diffraction.

Crystalline bulk SnO, exhibits (110), (101) and (100) planes in the ratio 3:1:1. A
reaction time of 90 min eventually leads to a sample that consists almost entirely (see
Figure 4.12) of highly crystalline SnOy nanorods with a [001] growth direction, enclosing
faces from the {110} zone and clearly pronounced edges and tips (see Figure 4.13). The
Fourier transform of this image shows sharp bright spots, indicating a high degree of
crystallinity. The results can be interpreted in terms of hydroxylated exposed 100, 101
(both of which contain clusters of three hydroxyl groups attached to each surface tin

atom) and 110 (which contains both isolated and geminal pairs of hydroxyl groups
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() (b)

Figure 4.11: Nanorods after 60 min (a) and FFT showing the enclosing crystal
faces (b)

attached to surface tin atoms, unidentate hydroxyl groups whose Sn-O bond axis is
orthogonal to the plane, [defined in Ref. [35] as terminal OH groups| and geminal pairs
of hydroxyl groups attached to surface tin atoms) crystal planes of the rutile structure,
the former ones predominating.

In summary, one can clearly show that the growth process of the nanorods starts from
initially formed crystalline materials after very short reaction times (15 and 20 min).
However, many crystal morphologies, like spheres and cubes, are found in the samples,
and the anisotropic structures do not yet exhibit very pronounced edges and tips. In
addition, orientations that differ from the most prominent growth direction [001] with
{110} zone as the lateral limit are found.

Reaction times of 30 min and more lead to nanorods in higher quantities (containing
less morphological impurities) with well defined edges and tips that look smoother and
“rounder”. The overall crystallite size (determined from the XRD analyses) only in-

creases slowly. After another 15 min (a total of 45 min) the crystal size increases faster
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Figure 4.12: (a) SEM overview picture of nanorods after 20 min; (b) SEM overview
picture of nanorods after 90 min.

which points to a faster volume growth of the rods and a further improved morpholog-
ical homogeneity (see Figure 4.7 (d)). The edges and tips are more pronounced. Upon
even longer reaction times (60 and finally 90 min) a significant increase in both, the
size of the rods (see TEM pictures and XRD fits) and the crystallinity, is observed. The
edges and especially the tips are very clearly pronounced and always oriented along the
enclosing {110} -faces. Therefore, a morphological growth process is proposed, starting
from ill-defined anisotropic rod-shaped structures proceeded by Ostwald ripening (see
Figure 4.14). As long as there is amorphous and ill-defined SnO, present, the growth
of SnO, nanocrystals proceeds fast. After this reservoir of reactive material is used up,
crystal growth proceeds more slowly as a re-dissolution and re-crystallization process
of the crystals is required. The critical factor is the chemical potential of the individual
nanocrystal; in a dynamic process only well-ordered and defect-free crystals are formed

eventually.
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(a) (b)

Figure 4.13: (a) HR-TEM picture of a nanorod heated for 90 minutes. (b) Fourier
transformation and indexing of the corresponding reciprocal lattice
points (cassiterite).

S/ ,Crystal“-Growth A

15 Minutes 30 Minutes

Edge/Tip
forming and shaping

Volume-Growth :

90 Minutes 60 Minutes

Figure 4.14: Proposed growth evolution of the SnO; nanorods.
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Since many applications of tin dioxide are found in optoelectronic devices, the optical
properties of the various nanostructured SnO, samples were investigated using Raman
and IR spectroscopy. Raman spectra were recorded from samples after 15 minutes
of growth time, because only here the relevant phonon modes can be detected. The

corresponding spectra are shown in Figure 4.15.
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Figure 4.15: Raman-spectra of the samples prepared at 46 bar.

It is evident that the Raman behavior of the materials changes with increasing size

of the anisotropic particles. The Raman active modes Ay,, By, and E; appear in all

1

samples at around 626 cm™!, 769 cm™! and 474 cm™! respectively (Table 4.1 for the

exact positions for each sample). In addition to these modes which can also be found
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in bulk SnOs, the samples containing smaller nanorods as well as smaller particles (rods
at the beginning of the growth process) exhibit features in the Raman spectra that are
typical for very small crystallite sizes. Those modes, By, and the mode marked with
(*) can only be found in samples where the surface to volume ratio is large, making
the surface modes more prominent in comparison to the (bulk) volume modes. The

bands are around 576 cm~! and 354 cm ™!

respectively. As the nanorods grow in size
and only the tip was/is small enough to show “surface” modes, these Raman modes
disappear, which agrees with other reports found in the literature [36-38]. It also points

towards the fact that the samples become more homogeneous since fewer morphological

side-products are found, i.e. that the sample consists only of larger nanorods.

Table 4.1: Exact positions of the various Raman modes observed in the samples

Raman mode (cm™1)

Sample * Eg Blu Alg Agu ng
15 min 355 477 576 628 694 771
20 min 355 476 573 628 693 770
30 min 354 476 576 628 694 768
45 min 355 477 578 629 694 769
60 min - 477 - 624 - 767
90 min - 471 - 625 689 767

All SnO, samples exhibit an intense and broad IR absorption band in the range of
3600 to 2600 cm ™! with a maximum at 3440 cm ™! indicating the presence of adsorbed
water (see Figure 4.17). Furthermore, all spectra show weak absorption bands at
2924 cm™!, 2850 cm™! and 1635 cm™! arising from the KBr (see Figure 4.16). The

1

absorption bands below 800 cm™ are assigned to the absorptions of the SnO,.

As indicated in Ref. [39] for SnO, crystals in rutile structure with space group

P4, /mnm, the zone centre IR active modes in the point group Dy, are E, 618 cm™!

(TO) and 770 cm'(LO); Ay, at 477cm™! (TO) and 705cm™~! (LO) (TO: mode of
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transversal optical phonons; LO: mode of longitudinal optical phonons). The Ay,
(TO) vibrations originate from the symmetric and anti-symmetric Sn-O-Sn stretching
modes. For the present samples one of these absorptions is found around 500 cm™1.
The shift from the corresponding band at 477 cm™* (found in earlier studies in crystals
of bulk SnO,) [39] is due to different size and shape [40].

For the samples with a reaction time of 15, 60 and 90 min, a further band is observed
at about 520 cm ™!, which is assigned to a surface vibration mode without specific sym-
metry. The 15 min, 20 min and 30 min reaction time samples have an absorption band
at around 650 cm™!. According to Ref. [41], this band corresponds to the E, (TO)
mode. Remarkably, the maximum shifts to higher wavenumbers upon increasing re-
action time (641 cm™!, 649 cm™! and 652 cm™!) indicating a higher crystallinity. The
band also broadens with increasing reaction times (up to 45 min) where a second max-
imum at higher wave numbers arises (657 cm™! and 662 cm™!). The latter is assigned
to be the Ay, (LO) mode.

With the increase of reaction time, a further maximum arises at higher wavenumbers

which corresponds to the E,(LO) (60 min: 630 cm™!, 656 cm™! and 683 cm™!; 90 min:
632 cm™!, 656 cm™!, 671 cm™! and 690 cm™!), see Figure 4.17.
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Figure 4.16: Normalized FT-IR-spectra of the samples prepared at 46 bar.
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Figure 4.17: Normalized FT-IR-spectra (in the range between 600 and 700 cm~!) of
the samples prepared at 46 bar.
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4.5 Conclusion

A simple and very fast microwave assisted reaction was used to monitor the growth
process of SnO, nanocrystals by taking “snapshots” of reaction intermediates. X-Ray
powder diffraction data clarified the phase composition and full pattern profile fitting
(LeBail) gave a first hint towards the growth process of the one-dimensional nanostruc-
tures. (HR)-TEM measurements revealed that the SnOy nanorods start growing from
crystalline yet ill-defined anisotropic (rod-like) structures. These structures grow by
Ostwald ripening until the final morphology is reached (after 45-60 minutes). As long
as there is amorphous SnO, present, the growth of SnO, nanocrystals proceeds fast.
After this reservoir of reactive material is used up, crystal growth proceeds more slowly
as a re-dissolution and re-crystallization process of the crystals is required. The optical
properties of the products were investigated using FT-IR and Raman spectroscopy. It
could be demonstrated that the IR and Raman behavior is closely related to the evo-
lution of the growth process, i.e. with increasing reaction time the anisotropy increases

until after 60 min the crystallization is complete.
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Microwave-assisted Synthesis of SnO,
Nanoparticles and their Application in

Dye-Sensitized Solar Cells

5.1 Abstract

Tin (IV) oxide nanoparticles with a variety of morphologies for the application as
anode material in dye-sensitized solar cells were prepared using a simple, fast and
energy saving microwave-assisted reaction. Morphology control was achieved through
the variation of the precursor base which is known to have a strong influence on the
growth process of SnOy nanostructures. The obtained materials were investigated
using X-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). BET isotherms were applied to determine the surface area.
A simple and cheap way to prepare a semiconducting paste, needed for the coating of
the photoanode, is developed and presented. Finally, the photovoltaic performance of
the synthesized nanoparticles in dye-sensitized solar cells was investigated. Very high
efficiencies of up to 2.8% could be achieved, which is among the highest reported values

for cells based on unmodified SnO5 nanomaterials.
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5.2 Introduction

The applied nanostructures, including their materials properties and the interfaces in
dye-sensitized solar cells [1-3| (DSSCs) are considered to be one of the major factors in
determining the photovoltaic performance of these types of cells. In particular, efficient
charge transport in the semiconductor, i.e. low recombination rates and scattering at

the interface are required [4, 5.

In the most efficient DSSCs, TiOy nanoparticles are widely used as photoanodes
and substrates for dye molecules due to their high device performance, based on large
surface area and an appropriate band-gap position [2, 6-8|. However, other oxides [9]
such as ZnO [10, 11|, NbyO5 [12, 13| and SnO, [10, 14-16] have also been used. Tin
oxide is a stable, n-type, wide band-gap semiconductor [17] (E, = 3.6 eV, at 300 K)
with excellent optical and electrical properties [18], such as fast electron conductivity
[19-21] (that are orders of magnitudes higher than TiO) and high stability, even under
long-term UV-radiation [22|. Nanostructured SnO, materials have been extensively

investigated as regards their applications in DSSCs [23].

However, SnO,-based DSSCs were developed with less success in comparison to
other semiconductors, and the power conversion efficiencies of cells employing SnO,
photoelectrodes reported so far are inferior to those of TiO [15]. This has mostly been
attributed to the faster electron recombination in SnOs layers and less strong adsorption
of dyes with acidic carboxyl groups [4, 24]. Additionally, in the case of SnO,, low V.
values are usually observed. This has been attributed to the intrinsically lower energy
of the conduction band level, compared to TiOy |7, 25-27|. Since the open circuit
voltage is a crucial factor in the performance of the dye-sensitized solar cell, attempts

are made to improve this low V..
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Theoretically, however, SnOy electrodes can achieve similar or better performance
if the mentioned interfacial problems could be overcome. One possibility to optimize
the properties is through surface modification of nanomaterials or morphology control
[15, 16, 22, 24, 28|. In this chapter, the investigation of the performance of different
SnO, nanostructures in DSSCs will be presented. Samples possessing different mor-
phologies have been prepared using a fast, facile and energy-efficient microwave-assisted
technique. The electrochemical properties, such as charge transport in the SnO,-based
anode and SnQO, /electrolyte interface properties, were elucidated using current-voltage
characteristics measurements as well as IPCE (incident photon-to-current conversion

efficiency).

5.3 Experimental

5.3.1 Materials

All materials were used without further purification or treatment. SnCl, - 5 HyO
(98%) was purchased from Sigma Aldrich. The precursor base solutions were prepared
by mixing the appropriate amounts of NaOH (>99%), KOH (>90%), Tetramethy-
lammonium hydroxide (TMAH; 25% w/w in water) and NH;OH (25%), all Sigma
Aldrich, with MilliQ water. Ethanol (p.A.) was purchased from Carl Roth and VWR.
PEG 400 and PEG 20000 were obtained from Sigma Aldrich. Triton-X-100 was ob-
tained from Acros Organics. Chemicals used for the fabrication of the solar cells in-
cluded, MPII (1-methyl-3-propylimidazoliumiodide, C-TRI), N719 (Solaronix), tBP
(4-tertbutylpyridine, Aldrich), and GuSCN (guanidinium thiocyanate, Sigma). Ace-

tonitrile and t-butanol were obtained from Sigma-Aldrich.
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5.3.2 Preparation of SnO, Nanoparticles

Nanoparticles were prepared using a microwave-assisted method. The detailed pro-
cedure for this method was derived from syntheses described in our previous work
[29]: In a typical procedure, 3.5 ml 0.5 M tin(IV) chloride solution in water and 3.5 ml
5M NaOH (or KOH or TMAH! or NH,OH) were mixed together with 12.5 ml of an
ethanol /water mixture with a ratio of 1 to 1 (v/v). After several minutes of stirring,
the reaction mixture was transferred into a 100 ml Teflon liner and finally sealed in
a CEM XP-1500 microwave vessel. After a heating ramp of 10 minutes, the reaction
mixture was allowed to react in the microwave for 2 hours at an internal pressure of
46 bar, corresponding to a temperature of 240°C. After cooling down radiatively, the
obtained white-gray powders were separated by centrifugation (9000 rpm) and washed

several times with water and ethanol. Finally, the powder was dried at 75°C overnight.

5.3.3 Materials Characterization
X-ray diffraction

X-ray diffraction (XRD) patterns were recorded using a Siemens D5000 instrument
with CuKay radiation (Ge(220) monochromator) and a Braun M50 position sensitive
detector in transmission geometry. Samples were prepared between two “Scotch Magic”
films. Phase analyses were performed according to the PDF-2 database (PDF-2, Re-
lease 2004, JCPDS - International Centre for diffraction Data (2004)) using EVA 10.0
[30]. Anisotropic peak broadening due to anisotropic crystallite shape was modeled
within the fundamental parameter approach [31, 32| determining individual crystallite

sizes CSpy, for any reflection (hkl) according to the quadratic form:

'Due to the lower concentration, 6.25 ml of TMAH solution were used. The other amounts were
adjusted accordingly to reach the same total volume of 19.5 ml
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CSpw = 1/norm. - (R~ -C - h) (5.1)

with h = (hkl) and C;; = (a;)"/? - (a;)%/? being the second rank symmetric tensor of

the square roots of the crystallite dimensions in directions 7 and j, respectively [33].

Electron Microscopy

The products were characterized by means of transmission electron microscopy (TEM)
using a Philips 420 instrument with an acceleration voltage of 120 kV. Samples for
TEM measurements were prepared from ethanolic suspensions of the samples. A few
drops of the ultrasonicated suspension were administered onto a Cu grid coated with
an amorphous carbon layer. Scanning electron microscopy was performed using a FEI

Nova nanoSEM under high vacuum mode.

Film Thickness Measurements

The film thickness on the FTO substrate was measured using a Keyence VK-8710 laser
microscope and a surface profiler (alpha-step 1Q, TENCOR). Surface morphology was

checked by optical microscopy (OM).

Dye-Loading Amount

To determine the amount of dye adsorbed on the photoanode, the N719 dye loaded
SnO, photoanodes were immersed into 10 mM NaOH for 12 hrs at 30°C. Subsequently,
the absorption spectra were measured and the intensity of the most intense band in

the region 505-515 nm was compared.
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Surface Area

Surface areas of the various SnOy morphologies were evaluated from BET analysis using

a QuantaChrome Autosorb 6B instrument applying a multipoint BET measurement.

5.3.4 Solar Cell Fabrication
Paste Preparation

100-150 mg of the SnOs nanoparticles were dispersed in a mixture of EtOH (0.5 ml)
and Triton-X-100 (2 drops). PEG400 (8 drops) was then added and the solution was
placed in an ultrasound bath for 1 hour. Subsequently, 2 drop of PEG20k dissolved in
water (5.5 g in 10 ml) were added and the mixture was homogenized in a ball-mill for

45 minutes.

Device Fabrication

The photoanodes were deposited using the “doctor-blade” method, applying the pre-
pared semiconductor paste on the FTO substrates (sheet resistance 8 €)/sq., Pilkington)
and sintered at 450°C for 30 minutes.

Subsequently, the electrodes were dipped into a 0.3mM solution of NT719
(cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ruthenium(II)  bis-tetra-
butylammonium, Solaronix) in acetonitrile and tert-butanol (1:1 v/v) for 18 hours
at 30°C and then rinsed with acetonitrile and dried with a nitrogen gas flow.

The electrolyte was composed of 0.1 M Lil, 0.6 M MPII, 0.05 M I, 0.5 M tBP and
0.05M GuSCN in acetonitrile. The Pt counter electrode was prepared by thermal
decomposition of 0.01 M HyPtClg, spin-coated onto the FTO substrate (heating: 450°C
for 30 minutes). Two holes were drilled into the Pt counter electrode for an easy

electrolyte injection. Surlyn (25 pm, Solaronix) was used as a spacer between the
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photoanode and Pt counter electrode. The Surlyn was attached around the active area
and then sealed by heat-pressing at 90°C and a pressure of about 1.8kg-cm™2. As
a last step, the electrolyte was filled in through one of two holes in the Pt counter
electrode and finally the holes were sealed with Surlyn film and another cover glass. A

scheme is shown in Figure 5.1.

5.3.5 Solar Cell Characterization

The photovoltaic performance of the cells based on SnO, nanostructures was charac-
terized by current-voltage (J-V) measurements and incident photon-to-current conver-
sion efficiency (IPCE). Current-voltage characterization of the DSSC was carried out
using a Keithley Model 2400 source meter and solar simulator with 300 W Xenon arc-
lamp (Newport) under 1 sun illumination (AM 1.5, 100 mW - cm™2). The light intensity
was calibrated according to a silicon solar cell (PV measurements, Inc.). For the best
cells, a light shading mask was placed on top of the residual area of the front-side FTO
substrate to prevent an overestimation of power conversion efficiency. The quantum
efficiency of the cells was analyzed by IPCE (incident photon-to-current conversion

efficiency, PV measurements, Inc.).

113



5.3. Experimental

(a) (b) (c)

(d) (e) (f)

(g)

Figure 5.1: Scheme of the various assembly steps of a solar cell: (a) represents the
bare FTO substrate; (b) shows the photoanode after the “doctor-blading”;
(c) subsequently, the anode is loaded with the dye and cut down to the
usual active area of 0.25 cm?, shown in (d); the Surlyn-spacer is added
(e) and the counter electrode is placed on top (f); the electrolyte is added
through the two holes in the counter electrode (g). Finally, these holes
are sealed with another Surlyn strip and a thin glass disc (not shown).
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5.4 Results and Discussion

All the samples were first subject to phase determination by means of X-ray powder
diffraction. Figure 5.2 shows that all precursor cations yield phase pure SnO, (cas-
siterite PDF-2, entry (41-1445) space group: P4,/mnm). Full profile pattern fitting
was applied to confirm the structural parameters of the samples, as well as to deter-
mine the crystallite sizes and to obtain a first hint of the morphological features (such
as anisotropy). The results are presented in Table 5.1. The reflection profiles of the
sample prepared with NH,OH are all very broad, indicating the very small crystallite
size of the particles. No hint for anisotropy is found since all three refined crystallite
sizes are approximately the same, pointing to isotropic particles. A comparison with
the values obtained for the three other samples shows that all of them exhibit at least
some anisotropy in the [001]| direction. Additionally, the reflection profiles are much

narrower, indicating a larger crystallite size, see Table 5.1.

Table 5.1: Refined crystallite sizes derived from LeBail fits. The errors correspond to
the threefold of the e.s.d. values.

Precursor CS, /nm CSp /nm CSg /nm

NaOH 149 £ 0.27 16.5 £ 0.30 34.7 £ 0.57

KOH 25,5 £0.69 284 +0.75 43.7 £1.20
TMAH 100 £0.24 13.2 £ 0.27 27.3 +0.54
NH,OH 87+£012 974+0.12 87 +0.15

To further elucidate the morphology of the obtained nanomaterials, transmission
electron microscopy was applied. Figure 5.3 shows the TEM micrographs of the various
prepared products, obtained by the use of different precursor bases. Using NaOH,
homogeneous bundles of nanorods can be found throughout the sample. Only very
few isolated rods are found. If KOH is used as the precursor base, the anisotropic

character of the sample decreases, meaning that in addition to smaller rods, spherical
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Figure 5.2: X-ray powder diffraction data and full pattern profile fitting of the data
obtained from samples employing different morphologies. The bars on
top represent the calculated d-values for SnO,.

particles and larger plates can be found in the sample. TMAH leads also to a mixture of
particles, platelets and rod-like structures. The most interesting feature in this sample
is the formation of larger platelets consisting of inter-connected smaller particles, see
Figure 5.3 (¢). As observed in earlier studies [29], if NH,OH is used as the precursor
base in the synthesis of SnO, nanomaterials, small, spherical particles (approx. 8 nm
in diameter) that are rather monodisperse are obtained. It can be concluded that
the trends in morphology that are observed after standard solvothermal reactions are

maintained during the microwave synthesis, however in a much shorter reaction time?.

2From now on, the different morphologies and cells using these materials will be referred to as
“NaOH”, “KOH?” cell etc., see Table 5.2
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Table 5.2: Summary of the obtained morphologies. Precursor refers to the base that
has been used in the microwave-assisted synthesis of SnO, nanomaterials.

Precursor Morphology

NaOH Bundles of nanorods
KOH  Rods, spheres and plates
TMAH Spheres, few rods, Platelets
NH,OH Spherical particles

The prepared nanoparticles with different morphologies were then tested for their
performance as an anodematerial in dye-sensitized solar cells.

As a first step of the fabrication of the device, the prepared semiconductor paste
was coated to the glass substrate using the “doctor-blade” method. SEM images were
recorded to ensure that all cells exhibit good film quality and to guarantee a high
degree of reproducibility. Figure 5.4 shows the top-view scanning electron micrographs
of the sintered photoanodes.

All of the films show a reasonable smooth surface and very few cracks or voids. The
ball-milling step reduces the amount of larger particle-agglomerates significantly. How-
ever, especially the film prepared with nanorod-shaped particles shows some residual
agglomerates, due to the fact that the rods grow in an inter-connected fashion (see the

TEM images in Figure 5.3 (a)).
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Figure 5.3: TEM micrographs of the as-prepared various morphologies obtained using
a microwave-assisted route; (a) shows the nanorods obtained with NaOH
and (b) the morphologies prepared with KOH. (c) shows the sample ob-
tained with TMAH; (d) depicts the spheres prepared with NH,OH.
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Figure 5.4: Top-view SEM pictures of the prepared photoanodes applying the various
morphologies. The used precursor bases have been (a) NaOH, (b) KOH,
(¢c) TMAH and (d) NH,OH.
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Cross-sectional SEM (Figure 5.5) images prove that the films stick nicely to the FTO
substrate and do not exhibit larger irregularities. All of the prepared photoanodes
show a good film quality and comparable thicknesses, usually in the range of 8-10 pm.
Variations in the thickness have been compensated by a sufficient statistic, meaning
that even if the film prepared with nanorods was slightly thinner or thicker than the
other films, those cells still showed the highest efficiency. The same is true for the other
comparisons, see Table 7.1 in the appendix.

To gain a better insight into the factors that influence the photovoltaic performance
of the different products, the surface area of the different morphologies and the dye
loading amount of the films has been determined, see Table 5.3.

Table 5.3: BET surface area and dye-loading amount of SnO, nanoparticles with dif-
ferent morphologies.

Precursor BET surface /m?.g! Adsorbed Dye /mol-cm™

NaOH o1 9.1 -107°
KOH 66 9.0 - 1075
TMAH 69 9.5 - 1075
NH,OH 149 1.1 - 107

The surface area determined by multipoint BET measurements agrees well with
the expected trend: When there are more smaller particles present in the sample,
the surface area increases, due to the increase in surface-to-volume ratio. Therefore,
according to the BET measurements, the samples that have been prepared with NH,OH
(i.e. the small spheres) possess a surface area that is almost three times as large as those
of the nanorod material, that has been prepared using NaOH as the precursor base.

Interestingly, the average amount of dye that is loaded onto the photoanodes em-
ploying the different morphologies is almost the same, only a slightly larger amount
is found to be adsorbed onto the samples with the highest surface area. That means

that despite the larger surface area of the samples consisting of small spherical nano-
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particles, there is not significantly more dye adsorbed onto the surface of the anode.
The determination of the reason for this behavior (e.g. like surface modification origina-
ting from the precursor base) is the topic of ongoing research. It can be noted that
all differences in current density are most likely not caused by the amount of adsorbed
dye, because this value is the same for all morphologies.

The IPCE (incident photon-to-current conversion efficiency) of the cells are presented
in Figure 5.6. The values for samples prepared with NaOH (bundles of nanorods) and
KOH (mixture of rods, plates and spheres) show a very high conversion efficiency
(~ 50%) at around 525-530 nm which corresponds to the absorption maximum of the
dye. This agrees well with the observed, high J,. values for these samples, see Table
5.4. Cells with anodes employing the “TMAH” sample (mixture of rods, platelets and
spheres) and the small spheres (prepared with NH;OH) exhibit lower values.

Figure 5.7 and Table 5.4 show the current-voltage characteristics of the best set of
cells. It should be emphasized again that the observed trend is valid for all cells and
is also true for any variations in film thickness or dye-loading amount, meaning that
the cells prepared with nanorods always performed the best whereas the cells prepared

with small, spherical particles showed always the lowest conversion efficiency.

Table 5.4: I-V data on the measured solar cells. Ref. 1 provides the data obtained
from a cell made with a “home-made” TiOs-paste, Ref. 2 shows the values
that are observable with a commercially available paste.

Precursor @Thickness /um V,. /V J, /mA-cm? FF Eff. /%

NaOH 10 0.477 11.58 0.51 2.8
KOH 9 0.365 11.60 0.43 1.8
TMAH 8 0.363 10.00 0.48 1.7
NH,OH 9 0.338 9.90 0.38 1.3
Ref. 1 15 0.752 9.60 0.69 5.0
Ref. 2 15 0.701 13.30 0.71 7.3
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Figure 5.5: Cross-sectional scanning electron microscopy pictures of the prepared

photoanodes applying the various morphologies. The used precursor bases
have been (a) NaOH, (b) KOH, (¢) TMAH and (d) NH,OH.
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Figure 5.6: IPCE data of the best set of cells.
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The most striking result is the very high V,. that can be observed in the case of
the electrode that employs SnO, nanorods. The value of 477 mV is very close to
the theoretical maximum, if one keeps in mind that V,. is determined by the energy
difference between the Fermi level of the semiconductor and the redox-potential of the
electrolyte (I3 /17). The position of the conduction band of SnO; has been determined
to be approximately 0 - 0.1 V (vs. normal hydrogen electrode, NHE), which means that
it is almost 0.5V lower than that of TiOy [25-27]. The redox-potential of the I3 /I~
- couple lies in the range between 0.4 - 0.53V (vs. NHE) [34, 35|, meaning that in
the case of the electrode that employs the nanorods, almost no recombination losses
occur. A further explanation for this behavior is the change in the flat-band potential

in anisotropic SnO, particles [36].

This is also evident in the dark current measurements; here, the samples that have
been prepared with NaOH show a clear shift (almost 150 mV) in the onset of the dark
current, see Figure 5.7(a). If the cells are fabricated with anodes consisting of particles
that have been prepared with nanoparticles with different morphologies show slightly
lower V,. values. They follow basically the trend: the more smaller particles are
present, the lower the open-circuit voltage is; thus, a mixture of different morphologies
(KOH, TMAH) shows almost the same value, whereas the small spheres show the

lowest V..

The measured J,. values are in good agreement with the obtained IPCE measure-
ments. Since all of the semiconducting films seemed to adsorb the same amount of
dye, despite the difference in morphology and therefore surface area, comparable val-
ues would be expected if the electron transport was equally efficient in every sample.
However, due to the difference in the IPCE values, a lower current, compared to the

other samples, is expected for the “TMAH” and “NH4OH” cells.
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This is exactly what the data show: The samples employing nanorods and a mixture
of rods, plates and small spheres (the sample that has been prepared with KOH as the
precursor base) show the highest current densities, with values of 11.60 mA - cm~2. This
rivals almost the current flowing in a sample prepared with a commercially available
TiO, paste, proving the very efficient electron injection and transport through the
photoanode. The current decreases as the amount of isotropic particles increases. This
can be attributed to the higher trapping-probability for an electron in a porous network
of smaller particles.

The fill factor, which gives an estimation of the parasitic losses within a cell (due to
the internal resistances) is above 35% in all cells. Again, the highest value is observed
in the “NaOH” devices, whereas the “NH4OH” cells exhibited the lowest fill factor.
The “KOH” and “TMAH” cells show intermediate values. This can be attributed to
the fact that in the “NH4OH” case, higher electron recombination rates and higher
internal /interfacial resistances occur. This is surpressed more efficiently in the “NaOH”
samples.

Possessing remarkably high V. and J,. values, an overall efficiency of 2.8% (measured
without a shading mask) is achieved in a cell that employs bundles of nanorods as
the photoanode. This is among the highest values known for a SnO, based cell, in
combination with the I3 /I™ electrolyte and the N719 dye as the sensitizer. Efficiencies
for the cells employing the three other morphologies are all well above 1%, again proving

the high qualitiy of the films and devices [16, 36| investigated in this study.
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5.5 Conclusion

It could be demonstrated that SnOs nanoparticles with various morphologies, prepared
using a fast and energy-efficient microwave-assisted reaction pathway, are suitable ma-
terials to be used as the photoanode in dye-sensitized solar cells. The products were
investigated using X-ray powder diffraction and transmission electron microscopy. As
a first step towards the device, an easy and cheap way to fabricate the “semiconducting
paste”, i.e. the paste that is used to coat the anode onto the conductive glass substrate,
was established. This method is only based on cheap and widely available chemicals
and does not require extensive materials processing. The films were investigated using
scanning electron microscopy to prove the quality of the semiconducting layer. Subse-
quently, the photoanodes were tested in a dye-sensitized solar cell using the N719 dye
and the standard I /I” redox couple. Cells employing bundles of nanorods showed
the best efficiency values, reaching up to 2.8%. This was attributed to the low rate of
recombination losses at the interface and a possible shift in the flat-band potential due
to the anisotropic morphology, as well as very efficient electron transport through the
network consisting of inter-connected nanorods. A more detailed investigation of the
factors that influence the efficiency, as well as to achieve even higher efficiencies, e.g.

through surface modifications (“core-shell” anodes) is the topic of ongoing research.
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Electrochemical Synthesis of Porous SnQO,

6.1 Abstract

The formation of porous tin oxide materials through anodic oxidation has been studied.
As a first step, an optimization of the electrolytic polishing of bare tin foil has been
established. This was achieved by careful tuning of the reaction parameters from
methods known to the literature. In order to form the porous oxidic layer, the polished
foil was subject to an electrochemical treatment. X-ray diffraction has been applied
to determine the phase composition of the prepared porous structures. Using different
electrolyte compositions and through the variation of certain reaction parameters such
as the time, voltage, temperature etc., a change in the morphology, i.e. as the pore
shape and wall thickness has been observed. This has been investigated by means of

laser microscopy and scanning electron microscopy.
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6.2 Introduction

The synthesis and characterization of self-ordered materials of so-called valve-metals
have attracted a lot of attention over the past years. The most prominent metal among
them (i.e. aluminum) has been studied for decades [1-3]. For aluminum, all sorts of
different preparation techniques are available and the materials properties, such as
the pore diameter, are very well tunable. In addition, in recent years other materials
such as titanium [4-6], niobium |7, 8| and zirconium [9, 10| have been found to form
ordered structures under the right experimental conditions. This opens whole new
fields of applications, since now not only the morphology is tunable, but there are also
additional materials, others than aluminum oxide, available. Therefore, the search for
ordered arrays of other metal oxides is a very vivid area of science.

Although the use of an anodic oxidation to form porous SnOs has been reported
before [11], no self-organized ordered structure with a defined pore-size and distribu-
tion has been achieved yet. This arrangement is of special importance since it might
facilitate many processes on which some of the applications of SnOy rely [12, 13|. One-
dimensional membranes could be used as electrodes [14] with a clearly defined electron
conduction pathway in solar cells. These membranes could also improve the gas sensing
abilities of these SnO since they offer a large surface area and a defined flow-direction
for the gas molecules [15|. Herein, it was systematically investigated how the variation
of different reaction parameters, that are crucial to the growth of porous tin oxide
structures influences the obtained morphology. The products were studied using X-ray
diffraction and various microscopy techniques. It could be shown that with the care-
ful choice of the electrolyte, a certain amount of morphology control is possible. The
search for an ordered array of SnO, nanotubes, possibly achievable by carefully tuning

the reaction parameters, is the subject of ongoing research.
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6.3 Experimental

6.3.1 Materials

All starting materials were used without further purification. Commercially available
tin foils with different thicknesses (0.125 mm, 0.25 mm and 0.5 mm) and purity grades
(at least 99.9%) were purchased from ABCR. The foil was cut down to a diame-
ter of 20 or 15 mm using a stamping tool. The polishing solution was composed of
I-butanol (99%, Acros Organics), methanol (p.A., Sigma-Aldrich), perchloric acid
(70%, Sigma-Aldrich) and Millipore water (18.2 M(2) [4]. Chemicals used in the
electrolyte included oxalic acid (p.A., Merck), sulfuric acid (95-97%, Sigma-Aldrich),
phosphoric acid (>85 wt.%, Merck) and potassium oxalate monohydrate (p.A., Acros).
Ethylene glycol (99%, EG) was purchased from ChemPur, diethylene glycol (99%,
DEG) and tetraethylene glycol (99%, TEG) were obtained from Sigma-Aldrich.

Graphite electrodes with different diameters were supplied by C. Conradty, Niirnberg.

6.3.2 Experimental Setup

The voltage was supplied using a Voltcraft PSP 1204 power source from Conrad Elec-
tronics. Different voltages were used during the reaction, the current was always limited
to 750 mA. The reactions were carried out in a homemade electrochemical cell consis-
ting of a massive copper block (diameter 10 cm) with a connector to the external circuit.
The foil was placed in the center of the copper block and then covered with a Teflon
vessel. This vessel had a circular hole in the bottom part (diameter 20 or 15 mm) and
a rubber ring as isolation. Finally, the two parts were connected to prevent leakage of

the electrolyte, using six screws. A schematic drawing is presented in Figure 6.1.
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(a)

(c) (d)

Figure 6.1: Scheme of the experimental setup. (a) shows the bare copper block, (b)
the foil placed in the middle, (c¢) the rubber ring as isolation and (d) the
Teflon vessel on top of the metal foil. The screws that are used to connect
the copper and Teflon part have been omitted for clarity.
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6.3.3 Sample Preparation

Electrolytical polishing was performed modifying a method described earlier [4, 16, 17|.
The electrolyte was composed of a mixture of methanol, 1-butanol, HC1O, and water.
The solution consisted of 562.5 ml MeOH, 375 ml BuOH, 53.6 ml 70% HC1O, and 8.9 ml

of water.

The bare metal foil was treated at a constant voltage between 40 and 50 V at room
temperature. 25 - 30 ml of the cold polishing solution were filled into to the experimen-
tal setup and the graphite electrode (diameter: 0.5 cm) was positioned at the bottom
of the Teflon vessel, slightly off center and thus not overlapping with the tin foil. The

polishing was performed in 5-7 steps, lasting usually 20, 12, 8, 4, 2 and finally 5 seconds.

The anodic oxidation was carried out in the same reaction cell, applying different
voltages, electrolyte compositions and reaction times. The distance between the anode
and cathode was kept at around 2 cm with the graphite cathode being centered above

the metal foil.

6.3.4 Characterization

Electron Microscopy

Scanning electron microscopy (SEM) pictures were obtained using high vacuum mode
SEM (Nova NanoSEM; FEI Company, Eindhoven, the Netherlands) and a FEI
NovaNano FEG-SEM 630. The anodized metal foils were attached to an aluminum
stub using an adhesive conductive carbon tape and were additionally contacted on the

surface with an adhesive copper band.
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Laser Microscopy

Laser microscopic pictures were recorded using a Keyence VK-8710 laser microscope
equipped with a movable x-y stage. The surface roughness was calculated according

to equation 6.1:

By= (5 et <22 (6.)

X-ray Powder Diffraction

X-ray diffraction patterns (XRD) were recorded using a Bruker AXS D8 Discover pow-
der diffractometer (CuKa radiation, graphite monochromator) equipped with a 2D
HiStar detector. Phase analyses were performed according to the PDF-2 using Bruker
AXS EVA 10.0 [18]. Crystallites sizes, intensity alterations due to preferred orienta-
tion and anisotropic reflection profile broadening due to anisotropic morphologies were
determined by means of LeBail fits [19] and Rietveld refinements [20], respectively,

applying the fundamental parameter approach using TOPAS Academic V4.1 [21].
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6.4 Results and Discussion

The first step in the fabrication of ordered porous materials is the removal of any
surface impurities (chemical as well as morphological); meaning the preparation of a
flat and smooth surface. This is usually achieved through an electrolytical polishing
procedure during which, through the application of an external voltage, the surface
impurities are removed. Figure 6.2 shows a fotographic image of a foil before and
after the electrochemical treatment. It is clearly visible that the surface roughness
has decreased dramatically. Whereas the untreated foil possesses clear manufacturing
signs, such as scratches from the roll-milling process, the polished foil exhibits a more
mirror-like finish. This is due to the higher reflectivity of the visible light and is a

result of the smoother surface.

Figure 6.2: (a) Tin foil as-purchased from the manufacturer (after cutting to size) (b)
tin foil after electropolishing.

A closer look at the surface using laser microscope images confirms this observation,
see Figure 6.3. The pristine tin foil shows a lot of rough areas with dents and peaks.
The preferential direction of the roll-milling process is observable (scratches that run
through the foil). In comparison to that, the polished foil shows a very smooth and

homogeneous surface over larger areas.
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This is only interrupted at grain boundaries. These borders between neatly polished

areas do not vanish, even after multiple repetitions of the polishing steps.

LU T

(b)

Figure 6.3: An image with 100x magnification showing: (a) Tin foil as-purchased
from the manufacturer and (b) tin foil after electropolishing.

The surface of the unpolished foil shows many surface irregularities, like “bumps”
and “valleys”, some of them reaching peak values of up to 12 um. This results in a total
surface roughness of R, = 0.26 ym. The polishing reduces this value dramatically. As
it can be seen in Figure 6.4 (b), the surface is almost perfectly flat. This is true for
most areas of the polished sample, only at the aforementioned grain boundaries, minor
“valleys” can be found. The average R, decreases to 0.03 ym, at some very smooth
regions even down to R, = 0.01 pm.

Scanning electron microscope images provide further hints that the surface has been
smoothened. A comparison (Figure 6.5) between the micrograph of an unpolished
foil with the polished metal clearly shows that after the polishing, no more height
irregularities are found over a range of several micrometers. This stands in contrast to

the rough surface of the bare tin foil.
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(a) (b)

Figure 6.4: Laser-microscopical height-image with 100x magnification showing: (a)
Tin foil as it has been purchased from the manufacturer (after cutting to
size); (b) Tin foil after electropolishing.

The polished foil was now subject to electrochemical oxidations using various elec-

trolyte compositions, voltages and reaction times, see Tables 6.1, 6.2 and 6.3.
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(b)

Figure 6.5: SEM micrographs of (a) Tin foil as it has been purchased from the man-
ufacturer; (b) Tin surface after electropolishing.
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6.4.1 Electrolytes based on Oxalic Acid

Table 6.1: Anodizations performed with oxalic acid electrolytes.

Solvent Conc. /mol-17! Voltage /V Time /min

H,O 0.5 ) )
H,O 0.5 10 )
H,O 0.5 10 10
H,0O, EG 0.25 ) )
H,O, DEG 0.25 3 )
H,O, DEG 0.25 7.5 )
H,0O, TEG 0.25 5 5

The first set of investigated electrolyte was based on oxalic acid dissolved in different
solvents, derived from Ref. [11], see Table 6.1. The acquired data have shown that the
formed product on the tin surface is depending on the voltage that is applied to the
system as well as the used solvent.

At 5V, using an aqueous electrolyte and after a reaction time of 5 minutes (a gas
evolution was observed during the reaction), “grains” become clearly visible on the
surface of the tin foil. On top of these grains, a colorless layer which consists of
Sn(Cy0y) is formed, see the X-ray powder diffraction data in Figure 6.6 (a) and the
laser microscopic image in Figure 6.7. Similar observations are made at a reaction time

of 10 minutes.
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Figure 6.6: X-ray powder diffraction data and LeBail fitting of the data obtained
from (a) a tin oxalate layer on top of the polished tin foil and (b) the
brown layer containing the amorphous precursor phase. The bars on top
represent the calculated d-values for reflexes of tin, tin oxide and tin
oxalate.
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Figure 6.7: Laser microscopic image of a tin foil anodized for 5 minutes. The elec-
trolyte consisted of 0.5 M oxalic acid, dissolved in water.
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An increase of the voltage to 10V, with the reaction time remaining the same,
reduces the formation of tin oxalate visible to the eye. On the surface of the tin foil,
a black-brown layer is formed. However, some colorless domains are still present. As
shown in Figure 6.6 (a), X-ray diffraction data reveal that the colorless parts consist of
tin oxalate while the brownish-black film contains an amorphous phase, possibly SnO
[11] or tin(II) hydroxide hydrate. The reflections that are attributed to bare tin result
from the tin foil underneath the porous layer. SEM micrographs of the film formed
with a voltage of 10 V reveal the porous nature of the film. It shows irregularly shaped
pores with a diameter in the range of 50-200 nm. No ordering is observed, the pores

form a random array, see Figure 6.8.

Figure 6.8: SEM micrograph of a film prepared by anodization with an electrolyte
consisting of oxalic acid dissolved in HyO.

The samples prepared with 0.25 M oxalic acid, dissolved in water and ethylene glycol
(ratio 1:1 v/v) showed a shimmering greenish-red surface. As it can be seen in the SEM

micrograph (Figure 6.9), no ordered porous film was obtained.
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The shimmering color of the film is attributed to the formation of a very thin oxidic

layer on top of the tin foil that reflects and refracts the light.

Figure 6.9: SEM micrograph of a film prepared by anodization. The electrolyte con-
sisted of oxalic acid dissolved in water and ethylene glycol.

To increase the viscosity of the electrolyte in order to decrease the gas evolution rate
and to reduce the growth speed of the porous film, due to the slower diffusion in a more
viscous solvent, ethylene glycol is exchanged with di-ethylene glycol (DEG). One can
observe again a shimmering greenish-red film on top of the polished tin foil. The SEM
image shows a more regular porous structure, than it has been obtained with ethylene
glycol, see 6.10 (a). An increase of the voltage by 50% to 7.5V does not change the
morphology significantly, see 6.10 (b).

If the viscosity is further increased (DEG is exchanged with TEG), a greenish-shiny
layer is formed. However, no significant improvement in the surface ordering or porosity

can be achieved, see Figure 6.10 (c).
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250 nm

(c)

Figure 6.10: SEM micrograph of a film prepared by anodization. The electrolyte
consisted in (a) and (b) of oxalic acid dissolved in water and di-ethylene
glycol. In (c) tetraethylene glycol was used instead. The used voltages

were 5V (a), 7.5V (b) and 5V (c).
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A different approach to control the morphology of the nanoporous structure was to
adjust the pH. Therefore, a buffer of oxalic acid, potassium oxalate and water has been

used as the electrolyte, see Table 6.2.

Table 6.2: Anodizations performed with oxalic acid buffer solutions.

pH Ratio Acid/Oxalate Voltage /V Time /min

2-3 1 10 )
4-5 0.1 10 )
5-6 0.01 10 5

The data have revealed that a change in the pH does not change the obtained mor-
phology significantly, except it appears that the pores formed at a more acidic pH are
etched on the edges. The length-scale of ordering, however is the same in all samples.
The SEM micrographs (Figure 6.11) show two porous films prepared with oxalate buffer

solutions at different pH - values.

Figure 6.11: SEM pictures of a porous film prepared with an oxalic acid/oxalate
buffer. The pH of the reaction mixture was (a) 2-3 and (b) 5-6.
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As it has been mentioned in the introduction, many applications in which porous
structures are used do not only depend on the morphology, but also on the materials.
Therefore, a sintering step after the anodization was performed to transform the as-
prepared porous layer (which consists of tin oxalate and an amorphous phase) into
SnO,. This was achieved by a thermal treatment at 350°C for 2 hours. However,
problems arise due to the fact that the conversion temperature of the as-prepared
materials into SnO; lies above the melting point of tin metal (231.93°C).

After the heat-treatment, the color of the porous layer changes from brownish-black
to colorless with a shiny-blue layer on top. The heating step has also led to the
deformation of the film on top of the tin substrate, causing the porous layer to change its
shape. The tin itself has molten and solidified again and therefore lost its circular/flat
form as well. This drastic change in shape of both, the film and the supporting tin foil,
make further applications more difficult. Still, X-ray powder diffraction data (Figure
6.12) confirm that after 2 hours at 350°C, most of the film has transformed into SnOs.
Still some residual oxalate can be found as well as some reflexes of tin which originate
from the foil underneath the porous film. To complete the transition into tin(IV) oxide,
a longer heating time and higher temperatures would be necessary.

SEM micrographs show that despite the detachment of the film from the supporting
tin foil, the film retains its porous morphology, see Figure 6.13. Some modulations are

visible that might be due to the melting of the supporting tin foil.
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Figure 6.12: X-ray powder diffraction data and LeBail fit of the data obtained from
a heated film.

Figure 6.13: SEM image of the surface of a sintered film, prepared with an oxalic
acid based electrolyte.
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The use of electrolytes containing oxalic acid has led to the formation of crystalline
tin oxalate as an undesired side-product during the reaction. To avoid this, alternative

electrolytes based on other acids have been investigated.

6.4.2 Electrolytes based on other Acids

Table 6.3: Anodizations performed with other electrolytes.

Electrolyte Conc. /mol-1"! Voltage /V Time /min

H3PO,4 in EG 0.25 10 60
H3PO4 in TEG 0.25 10 60
H,SO, in EG 0.25 10 60
Hy50, in EG 0.05 10 1500

Electrolytes that are based on other acids such as phosphoric acid and sulfuric acid
were used to grow the porous films. Sulfuric acid electrolytes usually have led to the
anodic destruction of the film, if the concentration is too high, e.g. 0.25 M. For lower
concentrations (0.05 M), even at prolonged reaction times, no porous surface layer could
be observed.

Phosphoric acid based solutions, on the other hand, did lead to the formation of
a shiny, brownish-green film on top of the tin foil. X-ray diffraction data (Figure
6.14) show that, in addition to the reflections originating from the tin foil, there is an
amorphous phase formed (the LeBail fit was carried out using the structural model of
SnO). SEM investigations revealed that the majority of the surface is covered with a
solid layer, see Figure 6.15 (a). Only in voids, where the surface layer has “cracked”
open, a structure similar to those obtained with oxalic acid based electrolytes can
be found. However, the pores seem to possess thicker pore walls and their shape is
more spherical than in samples prepared with oxalic acid, see Figure 6.15 (b). The
pore diameter observed in these samples is comparable to the diameter in the samples

anodized with oxalic acid. In both cases the diameter lies in the range of 50 - 200 nm.
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Figure 6.14: X-ray powder diffraction data and LeBail fit of the data obtained from
film prepared with a phosphoric acid electrolyte. The bars on top rep-
resent the calculated 26-values for reflections of tin and tin oxide.

A heat treatment of 450°C for 2 hours has again led to melting of the tin foil and
a subsequent detachment and deformation of the (now colorless) film. The film has
become very fragile, however the original features (the continuous film with porous
“islands”) remains. Cracks originating from the detachment process are also clearly

visible, see Figure 6.16.

In order to use the advantages of both, oxalic acid and phosphoric acid (i.e. a large
area of porous structures with a more defined, round shape), the combination of dif-
ferent acidic electrolytes was investigated. A mixture of 0.5 M oxalic acid in water and
0.75 M H3POy in ethylene glycol yielded the best results. A brown layer is formed on
top of the polished tin foil after an anodization at 10 V for 60 minutes. No shininess
has been observed this time, pointing towards the fact that there is no continuous layer

on top.
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(a) | ‘ (b)

Figure 6.15: SEM picture of a porous film prepared with a H3PO4-based electrolyte.
(b) shows a magnified image of the porous void in (a).

The pore size and shape resembles the samples prepared only with phosphoric acid.
However, as shown in Figure 6.17, no increase in ordering or homogeneity of the pores
can be obtained. Due to the very small amount of sample, no X-ray data could be

recorded.
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Figure 6.16: SEM pictures of a porous film prepared with a H3PO,-based electrolyte,
after the sintering step. The sintering was performed at 450°C for
2 hours.

Figure 6.17: SEM picture of a porous film prepared with a mixed acidic electrolyte.
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6.5 Conclusion

An easy and fast electropolishing procedure for commercially available tin foils has
been established. Making use of an electrolyte based on alcohols and perchloric acid,
a short, multistep polishing procedure has led to very smooth and clean surfaces. The
second achievement was the successful preparation of porous structures on top of the
polished tin foil. Scanning electron microscopy has revealed that electrolytes based on
oxalic acid and phosphoric acid (or a combination of both) lead to the formation of a
porous film. Using X-ray powder diffraction data, it could be shown that in the first
step of the anodization, in oxalic acid electrolytes, a mixture of tin(II) oxalate and an
amorphous precursor phase forms. The formation of the oxalate has not been observed
in earlier studies in the literature. These phases can be transformed into SnOy by a
subsequent heating step. The morphology is maintained during this step. However,
due to the low melting point of metallic tin, this treatment deforms the as-prepared
foils and leads to the detachment of the porous layer. The careful optimization of the
reaction parameters to eventually obtain an array of ordered nanopores is the topic of

ongoing research.
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Summary and Outlook

The aim of the work presented in this thesis was to gain insight into the growth
process of SnO, nanomaterials. This knowledge should then be used to control the

synthesis of these materials.

In chapter 2, it was demonstrated that the morphology of SnOs nanostructures
which can be obtained in a simple, template-free solvothermal synthesis is strongly
depending on the used precursor (base)cation. Among the alkaline metals, only the
Na' cation is capable of promoting the growth of highly anisotropic particles at elevated
temperatures. The higher homologes, such as potassium, rubidium and cesium (and
also TMAH) lead to ill-defined particle mixtures, particularly at temperatures around
200°C. If ammonia is used as the precursor base, one can observe nearly monodisperse,
spherical particles. This trend is also valid at temperatures near 250°C. Although in
this case the cations KT and Rb™ are capable of promoting one-dimensional growth
(due to more suitable crystallization conditions), yet still only Na™ yields well-defined
nanorods. This correlation between the cation and the morphology was attributed to
the decreasing adsorption-energy (Faq) and -probabilities of the base cations on the

110 surface of SnOy, which is the most stable and therefore exposed surface of SnOs.
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The main interaction energy between the oxide surfaces and the adsorbed cations is the
Coulomb interaction. This interaction is mainly determined by the charge-to-radius-

ratio of the adsorbed ions and therefore explicable in terms of the Pearson concept of

hard and soft acids and bases (HSAB).

Chapter 3 explored how a simple one-step reaction pathway can be used to prepare
SnOs - NaySn(OH)g “core-shell” nanorods. X-ray powder diffraction points towards the
fact that two different phases, SnOs and NaySn(OH)g, are present. The obtained TEM
micrographs confirm that a core-shell structure has formed, which can be confirmed
by (HR)-transmission electron microscopy images. An EDX (energy dispersive X-ray
spectroscopy) line-scan across one core-shell nanorod reveals the fact that the shell
material seems to be amorphous, however it contains a higher amount of oxygen and
sodium than the core, which consists of SnOs. Due to this obvious contradiction in the

observed data, a more detailed study is necessary.

Having demonstrated that the precursor cations influence the reaction and are not
merely spectator ions, chapter 4 deals with the question of how the morphologi-
cal growth of SnO, nanorods takes place. Therefore, a fast microwave-assisted re-
action technique was used. This reaction method made it possible to “quench” the
different stages that occur during the growth of one-dimensional nanomaterials. A
time-dependent study has revealed that these nanorods start growing from crystalline,
yet ill-defined anisotropic (rod-like) structures. These structures then grow further
by Ostwald ripening until the final morphology is reached after a reaction time of
45-60 minutes. Initially, this process is supported by an amorphous SnOs-precursor
reservoir and the growth of the nanocrystals proceeds fast. Once this reservoir of re-
active material is emptied, crystal growth proceeds more slowly since a re-dissolution
and re-crystallization process of the crystals is required. The optical properties of the

products were also investigated using infrared and Raman spectroscopy.
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It was demonstrated that the IR and Raman behavior is closely related to the evo-
lution of the growth process, i.e. with increasing reaction time the anisotropy increases

until after 60 min the crystallization is complete.

Chapter 5 describes how various SnO, nanostructures performed as anode material
in dye-sensitized solar cells. Combining the knowledge obtained in the previous chap-
ters, a fast and energy-efficient microwave synthesis was used to prepare SnOy nano-
materials. Morphology control was achieved using different precursor cations (Nat,
KT, TMAH and NH}). To use these materials in a solar cell device, an easy way to
prepare a semiconductor paste (which is used to prepare the photoanode employing the
so-called “doctor-blading” technique) has been established. The preparation is based
on a mixture of water, ethanol, PEG 400 and PEG 20000. All manufactured films
showed a very good quality and sufficient dye-loading. Interestingly, the amount of
dye that has been loaded onto the samples is almost the same for all morphologies,
despite the fact that their surface areas differ significantly. The solar cell devices have
achieved efficiencies of up to 2.8% which is remarkably high for a nanostructured SnO,
photoanode. Among all morphologies investigated, the cells that employ nanorods
have been the most efficient ones. This was attributed to the fact that the connection
between the particles, i.e. nanorods in this particular case, is very suitable for a fast
electron transfer towards the electrode, as a result of the decrease in grain-boundaries

and defined electron conduction pathways in such one-dimensional systems.

The focus from the preparation of rod-like particles and their application in solar cells
was then shifted towards a different approach to obtain nanostructured SnO,. This
is presented in chapter 6. As a first step, an electropolishing step for commercially
available tin foil has been established. This is used to smoothen the surface for the
subsequent anodization step and to get rid of possible surface impurities. The polishing

was achieved by employing a multistep electrochemical treatment.
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These very flat surfaces were subject to anodizations using various electrolytes, volt-
ages and reaction times. The use of oxalic acid as well as potassium oxalate in different
solvents such as water and ethylene glycol at low voltages and short reaction times has
led to the formation of nanoporous films with irregular formed pores with varying di-
ameters. If phosphoric acid was used on similar conditions, a porous structure with
thicker pore-walls was observed. However, up to date, no ordered array of well-defined
nanopores or -tubes has been found. Therefore, an optimization of the reaction pa-

rameters is the crucial next step in the future development of this type of reaction.

It can be concluded that the work presented in this thesis improved the insight into
the growth processes of (1D)-nanostructures and the parameters that influence this
reaction. This knowledge is fundamental to the preparation of SnO, nanomaterials
with different morphologies. These materials have proven themselves as suitable an-

ode materials to be used in dye-sensitized solar cells, reaching efficiencies of up to 2.8%.

Future work in this particular field of science includes further investigations of the
performance of SnOs nanostructures in other parts of a dye-sensitized solar cell, i.e. a
potential additive to the electrolyte. Then, a more careful examination of the factors
that have led to the formation of SnO; - NagSn(OH)g “core-shell” materials is needed
because these compounds could also offer an alternative to be used as anode materials

in dye-sensitized solar cells.
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Appendix

Table 7.1: I-V data of the measured solar cells

Sample Area V,. Jse FF Eff.
(em™) (V) (mA-cm™) (%)

abP060Na 0.250 0.448 10.60 044 21
abP060K 0.249 0.439 8.80 045 1.8
abPO60TMAH 0.248 0.424 8.80 045 1.7
abPO60NH; 0.246 0.386 10.00 0.40 1.5

abP065Na 0.253 0.448 11.30 043 2.2
abP065K 0.249 0.395 11.50 040 1.8
abP065TMAH 0.250 0.417 8.40 049 1.7
abP065NH; 0.250 0.376 8.70 037 1.2

abP070Na 0.258 0477 11.58 0.51 2.8
abP070-2Na 0.260 0.417 11.80 0.46 2.3
abP0O70K 0.254 0.365 11.60 043 1.8
abP070-2K 0.256 0.394 12.60 0.46 2.3
abP070TMAH 0.255 0.363 10.00 048 1.7
abP070-2TMAH 0.257 0.358 9.80 047 1.6
abPO70NH; 0.258 0.338 9.90 0.38 1.3
abP070-2NH; 0.258 0.346 9.80 039 1.3




T T T T T T T T T T T
O xxxxx -
0.0 lxllll;;ul!"’
N Vy4a on
h v A onm
= v A, %=
Q A o,
< VoA .,
g e
2 e
F -02| = NaOH v ac" i
§ e KOH N
v
- 4 TMAH .
5 v NHOH y A
ha [
3 .
- P Sy W yre——.

4 . I . I . I . I .
0.00 0.05 0.10 0.15 020 0.25 0.30 0.35

Open Qrcuit Voltage V. (V)
(a)
12 T T T j T T '
= NaOH |
10 |llllllllllll..... e KOH
“.Jg 8 i“““‘.‘l..l;!x!’;.... : 1|\-|I\|fl|p(\)l_|l-| 1
3 B ... - 4 E
£ ity
; Vv 2 u
2 or e ]
c Vv ’il
8 4+ vvv !l i
= v i
v A
G:) 2L v :. _
8 Vv A:I
0 ) | . | , | V' IA,I L
0.0 0.1 0.2 0.3 0.4 0.5
Open Qrcuit Voltage V. (V)
(b)

Figure 7.1: Current-voltage characteristics of abP060. (a) shows the dark current,
(b) the behavior under illumination.
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Figure 7.2: Current-voltage characteristics of abP065. (a) shows the dark current,
(b) the behavior under illumination.
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Figure 7.3: Current-voltage characteristics of abP070-2. (a) shows the dark current,
(b) the behavior under illumination.
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